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Maternal antibiotic treatment (MAT) during prenatal and intrapartum periods alters the bacterial composition and diversity of the intestinal microbiota of the offspring. The effect of MAT during pregnancy on the intestinal microbiota and its relationship with intestinal development remain unknown. This study investigated the effects of MAT during pregnancy on intestinal microbiota, injury and inflammation, vascularization, cellular proliferation, and the intestinal barrier in neonatal mice. At timed intervals, we fed pregnant C57BL/6N mice sterile drinking water containing antibiotics (ampicillin, gentamicin, and vancomycin; all 1 mg/ml) from gestational day 15 to delivery. The control dams were fed sterile drinking water. Antibiotic administration was halted immediately after birth. On postnatal day 7, the intestinal microbiota was sampled from the lower gastrointestinal tract and the ileum was harvested for histology, Western blot, and cytokines analyses. MAT significantly reduced the relative abundance of Bacteroidetes and Firmicutes and significantly increased the relative abundance of Proteobacteria in the intestine compared with their abundances in the control group. MAT also significantly increased intestinal injury score and cytokine levels, reduced the number of intestinal goblet cells and proliferating cell nuclear antigen-positive cells, and reduced the expressions of vascular endothelial growth factor and tight junction proteins. Therefore, we proposed that maternal antibiotic exposure during pregnancy disrupts the intestinal microbiota and intestinal development in neonatal mice.
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INTRODUCTION

Approximately 25% of women receive a course of antibiotics during pregnancy, and antibiotics account for 80% of medications used by pregnant women (Broe et al., 2014). They receive antibiotics to treat various conditions, such as bacterial vaginosis, urinary tract infections, and upper respiratory tract infections (Bookstaver et al., 2015). Although antibiotics are necessary for treating infections during pregnancy, they have short- and long-term effects. Maternal antibiotic exposure during pregnancy has been reported to be associated with lower rates of necrotizing enterocolitis and death in preterm infants and higher risks of asthma, atopic dermatitis, and hospitalization for infections in children (Blaser and Bello, 2014; Loewen et al., 2018; Miller et al., 2018; Reed et al., 2018; Alhasan et al., 2020).

The microbiota regulates inflammatory, infectious, and metabolic diseases and also causes, prevents, and sustains human diseases (Belkaid and Hand, 2014; Palm et al., 2015). Evidence suggests that host–microbe interactions may extend beyond the local environment to peripheral tissues (Marsland et al., 2015). Preclinical and human studies have demonstrated that maternal antibiotic administration during prenatal and intrapartum periods alters the bacterial composition and diversity of the offspring’s intestinal microbiota (Gonzalez-Perez et al., 2016; Yoshimoto et al., 2018; Dierikx et al., 2020; Zimmermann and Curtis, 2020). Microbiota profiles play a crucial role in intestinal barrier function and intestinal maturation in germ-free mice and human infants (Reinhardt et al., 2012; Sommer and Bäckhed, 2013; Kelly et al., 2015; Selma-Royo et al., 2020). However, the effects of maternal antibiotic treatment (MAT) during pregnancy on intestinal development and the relationship among MAT, the intestinal microbiota, and intestinal injury in neonates remain unknown. This study investigates the effects of MAT during pregnancy on intestinal microbiota and intestinal development in neonatal mice.



MATERIALS AND METHODS


Animals and Experimental Protocol

Our study was approved by the Institutional Animal Care and Use Committee of Taipei Medical University (license number LAC-2019-0290) and according to an Association for Assessment and Accreditation of Laboratory Animal Care approved protocol. Six time-dated pregnant C57BL/6N mice were housed in individual metal cages with hardwood chip bedding on a 12-h light–dark cycle and free access to laboratory food of a standard chow diet (Rodent Laboratory Chow no. 5001, Ralston Purina Company, St. Louis, MO, United States) and water. The facility temperature was maintained at 20–23°C, and the relative humidity was between 36 and 57%; at the same time, minimal environmental stress and basic environmental enrichment were carried out in strict accordance with the recommendations with our institutional guidelines. The mice were allowed to deliver vaginally at term. At timed intervals, two mice in the MAT group were fed sterile drinking water containing antibiotics (ampicillin, gentamicin, and vancomycin; 1 mg/ml) often prescribed to pregnant women and human newborns, starting from gestational day 15 to delivery (Gray et al., 2017). Two control and two antibiotic-treated dams gave birth to 9 and 14 pups. The diet of the mothers was continued throughout the nursing time until the analysis of the offspring. Each mother was housed with her offspring in a single cage, and all neonates (both male and female) were breastfed throughout the study. The control dams were fed sterile drinking water. Antibiotic administration was halted immediately after birth. The current study was designed and reported in adherence to the ARRIVE Essential 10: Compliance Questionnaire.



Mouse Tissue Collection

The animals were euthanized with an overdose of isoflurane on postnatal day 7. The abdomen was opened through a midline incision, 2 cm of the lower intestine from the anus to the colon was harvested, and the microbiota was sampled using a culture-independent approach (community sequencing of the 16S rRNA gene using the Illumina MiSeq). The instruments were rinsed with ethanol and flamed before each harvest, and the tissues were excised, placed in tubes containing 1 ml of sterile water, and homogenized mechanically using the Tissue-Tearor (BioSpec Products, Bartlesville, OK, United States). The tissue homogenizer was cleaned and rinsed with ethanol and water after each sample was obtained. Water control samples from homogenization that had been exposed to clean instruments were sequenced as procedural controls. The last 2 cm of the terminal ileum was excised, fixed with formalin, and embedded in paraffin for histological evaluation. A part of the ileum was flushed with saline to remove residual fecal matter and immediately fresh-frozen in liquid nitrogen for protein isolation.



16S rDNA Gene Sequencing and Next-Generation Sequencing Analysis

The protocol followed in this study for 16S rDNA analysis is described by Yang et al. (2020). In brief, 16S rDNA was purified from fecal samples with a QIAamp Fast DNA Stool Mini Kit (QIAGEN, Germany) and from lung tissues with a QIAamp DNA Microbiome Kit (QIAGEN, Germany). 16S rRNA gene amplification and library construction were performed according to the protocols provided by Illumina.1 V3-V4 region of bacterial 16S rRNA genes was amplified with the universal bacterial primers 341F (5'-CCTACGGGNGGCWGCAG-3') and 805R (5'-GACTACHVGG GTATCTAATCC-3') containing Illumina overhang adapter sequences in the forward (5'-TCGTCGGC AGCGTCAGATGTG TATAAGAGACAG-3') and reverse (5'-GTCTCGTGGGCT CGG AGAT GTGTATAAGAG ACAG-3') primers using a limited cycle PCR. Illumina sequencing adapters and dual-index barcodes were added to the amplicon target using a Nextera XT Index kit. Quantification and quality of the libraries were checked using a QSep100 Analyzer (BiOptic Inc., Taiwan). Finally, the libraries were normalized and pooled in an equimolar ratio and sequenced with an Illumina MiSeq sequencer. The code of the 16S analysis was supported by Dr. IH Lin, and the information could be found at the Web site https://github.com/ycl6/16S-rDNA-V3-V4. The gene-specific sequences used in this protocol target the 16S V3 and V4 regions and were removed from the demultiplexed, paired reads using Cutadapt (v 1.12). The filtered reads were processed in the R environment (v 3.6.1) using R package DADA2 (v 1.14.1) following the procedure described by Callahan et al. (2016). Briefly, the forward and reversed reads were filtered and trimmed based on the read quality score and read length. Dereplication was then performed to merge identical reads; then, reads were subjected to the denoise DADA2 algorithm which alternate between error-rate estimation and sample composition inference until they converge on a jointly consistent solution. Finally, the paired reads were merged that required a minimal of 20 bp overlap and chimeras were subsequently removed. Taxonomy assignment was performed using the SILVA database (v 138) as a reference, with minimum bootstrap confidence of 80. Multiple sequence alignment of the SVs was performed using DECIPHER (v 2.14.0), and a phylogenetic tree was constructed from the alignment using phangorn, v 2.5.5 (Schliep, 2011; Quast et al., 2013). The count table, taxonomy assignment results, and phylogenetic tree were consolidated into a phyloseq object, community analysis, and Bray–Curtis distances were performed using phyloseq (v 1.30.0; McMurdie and Holmes, 2013). The alpha diversity indices were calculated using the estimate_richness function of the phyloseq package. The adonis and betadisper functions from the vegan package (v 2.5.6) were used for statistical analysis of the dissimilarity of composition between groups and homogeneity of dispersion, respectively. The enrichment analysis between groups was analysed using the linear discriminant analysis (LDA) effect size (LEfSe) method with Wilcoxon-Mann-Whitney test (at α = 0.05) and logarithmic LDA score more than 2 (Segata et al., 2011). Sequence reads were input into the European Nucleotide Archive under the accession number PRJEB43913.



Histology

The ileum was separated into 5-μm sections, stained with hematoxylin and eosin, and examined through light microscopy for evaluation of intestinal morphology. The intestinal mucosal injury was scored on a scale of 0–5, where 0 = normal mucosal villi, 1 = subepithelial space at the villus tips and frequent capillary congestion, 2 = extension of the subepithelial space with the moderate lifting of the epithelial layer from the lamina propria, 3 = massive epithelial lifting down the sides of the villi with occasionally denuded villi tips, 4 = denuded villi with dilation of the lamina propria and capillaries, and 5 = disintegration of the lamina propria, hemorrhage, and ulceration (Chiu et al., 1970). The sections for goblet cell quantification were stained with Alcian blue staining, and the number of goblet cells per 100 epithelial cells was counted (Elgin et al., 2019).



Immunohistochemistry

After routine deparaffinization, the slides were immersed in a 0.01 mol/L sodium citrate buffer (pH 6.0) for heat-induced epitope retrieval. To block endogenous peroxidase activity and nonspecific antibody binding, the sections were preincubated for 1 h at room temperature in 0.1 mol/L phosphate-buffered saline containing 10% normal goat serum and 0.3% H2O2. All sections were incubated with the following primary antibodies for 20 h at 4°C: mouse monoclonal antioccludin, rat monoclonal anti-ZO-1 (both antioccludin and anti-ZO-1 were 1:20 diluted; Santa Cruz Biotechnology Inc., CA, United States), rabbit monoclonal anti-proliferating cell nuclear antigen (anti-PCNA; 1:100; Abcam, Cambridge, MA, United States), mouse monoclonal anti-vascular endothelial growth factor (anti-VEGF) and anti-CD68, and rat monoclonal anti-CD45R (all three antibodies were diluted at a 1:50 ratio; Santa Cruz Biotechnology). The sections were then treated for 1 h at 37°C with biotinylated goat anti-mouse IgG, goat anti-rat IgG, or goat anti-rabbit IgG (1:200; Jackson ImmunoResearch Laboratories Inc., PA, United States) before undergoing a reaction with reagents from an avidin–biotin complex kit (Vector, CA, United States). A diaminobenzidine substrate kit (Vector, CA, United States) was used to visualize the brown reaction products in accordance with the manufacturer’s instructions. All immunostained sections were viewed and photographed using an Olympus BX43 microscope. The quantification method for PCNA-positive cells and CD45- and CD68-positive stained cells was modified from Şensoy and Öznurlu (2019), the cells were counted in a total of 100 crypt cells, and the results were recorded as the percentage (%) of positive cells.



Intestinal Cytokine Levels

Intestinal tissues were homogenized in 1 ml of ice-cold lysis buffer containing 1% Nonidet P-40, 0.1% sodium dodecyl sulfate, 0.01 m deoxycholic acid, and a complete protease cocktail inhibitor. Cell extracts were centrifuged, and the levels of interleukin (IL)-1β and IL-6 in supernatants were measured with an enzyme-linked immunosorbent assay kit (Cloud-Clone Corp., Houston, TX, United States).



Statistical Analysis

All data are presented as the mean ± SD. A test for normality of variances was conducted using the Shapiro–Wilk test. Normally distributed data were analyzed using Student’s t-test. Non-normally distributed data were analyzed using the Mann–Whitney U test. The Kaplan–Meier method was used to determine the survival rate, and a log-rank test was used to compare groups. Differences were considered statistically significant at p < 0.05.




RESULTS


Total Intestinal Commensal Bacteria at Birth, and Survival Rate and Body Weight on Postnatal Day 7

Maternal antibiotic treatment significantly reduced the number of commensal bacteria in newborn mice compared with control newborns (p < 0.05; Figure 1A). Three control and three antibiotic-treated dams gave birth to 16 and 19 pups, respectively. At birth, seven mice from the control group and five mice from the MAT group were killed and their lower intestinal tract was used to determine the total bacterial load, which was quantified using qPCR with universal bacterial primers (forward: 5'-AAACTCAAAKGAATTGACGG-3'; reverse: 5'-CTCACRRCACGAGCTGA-3'). The rest nine mice born to the control dams survived (Figure 1B). Three mice and one mouse born to the antibiotic-treated dams died, on postnatal days 5 and 6, respectively. The mice born to control and antibiotic-treated dams had comparable survival rates. The mice born to the antibiotic-treated dams had significantly lower body weights at birth and on postnatal day 7 than did the mice born to the control dams (p < 0.001; Figures 1C,D).
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FIGURE 1. Effects of MAT on (A) total intestinal commensal bacteria at birth, (B) survival rate, (C) body weight at birth, and (D) body weight on postnatal day 7. MAT significantly reduced the number of commensal bacteria in newborn mice compared with that in the control newborns. The survival rates were comparable between the mice born to control and antibiotic-treated dams. The mice born to the antibiotic-treated dams exhibited significantly lower body weights at birth and on postnatal day 7 than that of the mice born to the control dams. *p < 0.05; ***p < 0.001. MAT, maternal antibiotic treatment.




MAT Altered the Intestinal Microbiota Composition

We analyzed the taxonomic community structure of the intestinal microbiome on postnatal day 7 to determine its response to MAT (Figure 2A). At the phylum level, the intestinal microbiome in the control and MAT groups contained four major bacterial phyla (%): Actinobacteria (2.5 ± 3.1 and 1.3 ± 1.3, respectively), Bacteroidetes (37.3 ± 8.2 and 29.2 ± 8.3, respectively), Firmicutes (45.9 ± 4.7 and 39.2 ± 3.0, respectively), and Proteobacteria (11.8 ± 7.5 and 27.8 ± 10.8, respectively). The first three phyla accounted for >95% of the sequences in the two groups. MAT significantly reduced the relative abundance of Bacteroidetes (p < 0.05) and Firmicutes (p < 0.01) and significantly increased the relative abundance of Proteobacteria (p < 0.01) in the intestine compared with the control group. Although the intestine microbiota composition was distinct between the control and MAT groups, MAT group exhibited lower Shannon diversity and Simpson diversity and the differences were not statistically significant (p = 0.079 and p = 0.11, respectively; Figure 2B). Nonmetric multidimensional scaling revealed that the intestinal microbiome in the control group was significantly different from that in the MAT group (p < 0.000999; Figure 2C). To identify microbial taxa affected by MAT, linear discriminant analysis effect size (LEfSe) analysis was performed, which revealed significant differences in relative bacterial abundance at the family level (Figure 2D).
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FIGURE 2. Effects of MAT on (A) bacterial composition at the phylum level, (B) α diversity, (C) NMDS, and (D) histogram of the linear discriminant analysis scores of bacterial at the family level of the intestinal microbiota in 7-day-old mice. MAT altered the bacterial composition and diversity of the intestinal microbiota in 7-day-old offspring. MAT significantly reduced the relative abundances of Bacteroidetes and Firmicutes and significantly increased the relative abundance of Proteobacteria in the intestine compared with the abundances in the control group. No significant differences in Shannon diversity or Simpson diversity were observed between the control and MAT groups. NMDS revealed that the intestinal microbiome in the control group was significantly different from that in the MAT group. Bacterial taxa significantly differed across the control and MAT groups identified by LEfSe using the default parameters. *p < 0.05; **p < 0.01. NMDS, nonmetric multidimensional scaling; and MAT, maternal antibiotic treatment.




MAT Induced the Intestinal Injury and Reduced Tight Junction Protein Expression

Representative immunohistochemistry and Western blotting results for occludin and ZO-1 are presented in Figure 3. The mice born to the control dams exhibited a normal intestinal wall configuration, a well-defined striated border at the luminal surface, and prominent goblet cells in the epithelium (Figure 3A). Those born to antibiotic-treated dams exhibited fewer goblet cells in the epithelium, dilated capillaries and lacteal ducts in the lamina propria of the villi, separated lamina propria in the basal portion of the mucosa from the submucosa, and a significantly (5.5-fold) higher intestinal injury score compared with the mice born to the control dams (p < 0.05; Figure 3B). The immunoreactivity of ZO-1 and occludin was observed on the cell membrane between adjacent intestinal epithelial cells (Figure 3A). We observed an intact construct of ZO-1 and occludin staining in the mice born to the control dams. The mice born to the antibiotic-treated dams exhibited disrupted ZO-1 and occludin immunohistochemistry between adjacent enterocytes and significantly (0.4-fold) lower ZO-1 and occludin protein expression levels compared with the mice born to the control dams (p < 0.05, Figure 3B).
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FIGURE 3. Effects of MAT on (A) immunohistochemistry of the ileum and (B) intestinal injury score and Western blotting of tight junction proteins in 7-day-old mice. Compared with the mice born to the control dams, the mice born to the antibiotic-treated dams exhibited fewer goblet cells (asterisk) in the epithelium and a significantly higher intestinal injury score; they also exhibited dilated capillaries and lacteal ducts in the lamina propria of the villi (black arrow) and separated lamina propria in the basal portion of the mucosa from the submucosa (white arrow). Mice born to the control dams exhibited intact construct of ZO-1 and occludin staining (white arrow). Those born to the antibiotic-treated dams exhibited disrupted ZO-1 and occludin immunohistochemistry between adjacent enterocytes and significantly lower ZO-1 and occludin protein expression levels than the mice born to the control dams (n = 9). *p < 0.05. MAT, maternal antibiotic treatment.




MAT Reduced the Numbers of Intestinal Goblet Cells and PCNA-Positive Cells and VEGF Protein Expression

We quantified the goblet cells and PCNA-positive cells to assess the components of innate immunity and proliferation in the intestine, respectively (Figure 4A). The immunoreactivity for PCNA was localized to the nucleus and was observed along the epithelium of the intestinal mucosa and in the basal area of the intestinal crypts. Dark brown VEGF-positive staining was localized at the apical cytoplasm of the epithelial cells in both groups; only mice born to the control dams displayed positive results for the immunostaining of VEGF on the endothelial cells of blood vessels in the lamina propria. The mice born to the control dams exhibited more prominent immunoreactivity for PCNA and VEGF staining. Those born to the antibiotic-treated dams had significantly (0.7-fold, p < 0.001) fewer mucus-positive goblet cells and PCNA-positive cells and significantly (0.66-fold, p < 0.01) lower VEGF protein expression than did the mice born to the control dams (Figure 4B).
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FIGURE 4. Effects of MAT on (A) immunohistochemistry results and (B) results of quantitative analysis of goblet cells and PCNA-positive cells and Western blotting of VEGF in 7-day-old mice. The immunoreactivity for PCNA (white arrow) was localized to the nucleus and appeared along the epithelium of the intestinal mucosa and in the basal area of the intestinal crypts. Dark brown VEGF-positive staining (white arrow) was localized at the apical cytoplasm of the epithelial cells in both groups, and the VEGF-positive endothelial cells (black arrow) of blood vessels were observed in the lamina propria of the control group. The mice born to the control dams demonstrated more prominent immunoreactivity for PCNA and VEGF staining. The mice born to the antibiotic-treated dams exhibited significantly fewer mucus-positive goblet cells (blue stained) and PCNA-positive cells and significantly lower VEGF protein expression than did the mice born to the control dams (n = 9). **p < 0.01; ***p < 0.001. MAT, maternal antibiotic treatment; PCNA, proliferating cell nuclear antigen; and VEGF, vascular endothelial growth factor.




MAT Increased the Numbers of Intestinal CD45- and CD68-Positive Cells and Cytokines

CD45 and CD68 immunoreactivity was observed on the cytoplasm and the cell membrane of the small lymphocytes (Figure 5A). The CD45- and CD68-positive cells were scattered over the lamina propria of the villi and between the epithelial cells of the intestinal mucosa. The mice born to the antibiotic-treated dams exhibited a significantly (1.35-fold, p < 0.05) higher percentage of CD45- and CD68-positive cells and (1.32-fold and 1.57-fold, respectively, p < 0.001) higher IL-1β and IL-6 expression levels than those born to the control dams (Figures 5B,C).
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FIGURE 5. Effects of MAT on (A) immunohistochemistry results, (B) results of quantitative analysis of CD45 and CD68 cells, and (C) cytokines in 7-day-old mice. CD45 and CD68 immunoreactivity was observed on the cytoplasm and cell membrane of the small lymphocytes. The CD45- and CD68-positive cells (white arrow) were scattered over the lamina propria and between the epithelial cells of the intestinal mucosa. The mice born to antibiotic-treated dams exhibited significantly higher percentages of CD45- and CD68-positive cells and higher IL-1β and IL-6 expression levels than did those born to control dams. *p < 0.05; ***p < 0.001. MAT, maternal antibiotic treatment.





DISCUSSION

Our in vivo model demonstrated that MAT during pregnancy suppressed the intestinal microbiota and reduced the body weight of offspring at birth. Maternal antibiotic exposure altered the bacterial composition of intestinal microbiota, induced intestinal injury and inflammation, inhibited vascularization and cellular proliferation, and disrupted the intestinal barrier in neonatal mice. These findings suggest that the administration of antibiotics to women during pregnancy and the subsequent alterations to intestinal microbiota and intestinal development can cause short-term adverse effects.

Rat pups born to dams treated with perinatal antibiotics (amoxicillin or vancomycin) from day 8 prior to delivery to postnatal week 4 gained less weight than did pups born to control dams (Tulstrup et al., 2018). However, the effects of maternal antibiotic exposure during pregnancy on postnatal body weights are unknown. In this study, mice exposed to prenatal maternal antibiotics (ampicillin, gentamicin, and vancomycin) from gestational day 15 to delivery exhibited significantly lower body weights on postnatal day 7 than did mice exposed to sterile drinking water. This effect was not dependent on litter size but was associated with a reduced number of commensal bacteria in newborn mice born to antibiotic-treated dams. These results suggest that maternal antibiotic exposure during pregnancy alters body growth in the postnatal period, indicating that in utero antibiotic exposure alters organogenesis (Vidal et al., 2013). We demonstrated that MAT exposure increases mice mortality, although the survival rates were comparable between the mice born to the control dams and those born to the antibiotic-treated dams.

In this study, we found that MAT during pregnancy suppressed the development of the intestinal microbiota and disrupted intestinal development, as demonstrated by decreased numbers of goblet cells and PCNA-positive cells and decreased VEGF and tight junction protein expression. These results support the previous findings that the intestinal microbiota is crucial for intestinal development through the promotion of mucus production, cellular proliferation, vascularization, and preservation of epithelial junctions in germ-free mice and human infants (Reinhardt et al., 2012; Sommer and Bäckhed, 2013; Kelly et al., 2015; Selma-Royo et al., 2020). These findings suggest that antibiotics administration during pregnancy should be cautious and the manipulation of the intestinal microbiota might potentially prevent intestinal injury and promote intestinal development in antibiotic-exposed infants.

We demonstrated that MAT during pregnancy increases intestinal cytokine (IL-1β and IL-6) levels in neonatal mice. We also quantified intestinal lymphocyte populations of CD45- and CD68-positive stained cells and demonstrated that MAT during pregnancy increases the numbers of these cells. The results suggest that CD45 and CD68 cells produce cytokines, which is compatible with the finding that type 3 innate lymphoid cells in the neonatal intestine produce the cytokines IL-17 and IL-22 (Niu et al., 2020).

In this study, we used a combination of ampicillin, gentamicin, and vancomycin because they are the most commonly prescribed antibiotics during pregnancy (Mylonas, 2011). We demonstrated that MAT during pregnancy altered the intestinal bacterial composition, induced intestinal injury and inflammation, and disrupted the intestinal development in neonatal mice. These findings suggest that antibiotics should only be applied to pregnant women if antibiotics are really needed. Further studies are needed to evaluate the effect of each antibiotic on intestinal microbiota and development in the offspring.

Our study has several limitations. First, we did not evaluate the maternal intestinal microbiota at the end of antibiotic treatment. Studies have demonstrated that maternal antibiotic exposure during pregnancy disturbs the maternal and fetal intestinal microbiota and affects the health of the offspring (Calatayud et al., 2019; Younge et al., 2019). However, the effects of antibiotics on intestine development in pregnant mice were largely unknown. Second, we did not evaluate the effects of MAT during pregnancy on intestinal permeability in the offspring, though studies have demonstrated that MAT increases colonic permeability on postnatal day 14 in swine offspring and that a disrupted intestinal barrier is associated with impaired intestinal function in hyperoxia-exposed newborn rats (Arnal et al., 2015; Chou and Chen, 2017). Third, maternal antibiotic administration was halted immediately after birth and we measured the intestinal microbiota and intestinal development on postnatal day 7. We did not investigate the effects of MAT during pregnancy through immediate postnatal period in the offspring mice. These might explain the differences in bacterial composition, and tight junction protein expression between the control and MAT groups was not large. Fourth, we did not measure immunological parameters to elucidate the mechanisms underlying impaired intestinal development.



CONCLUSION

In conclusion, this study demonstrated that MAT during pregnancy alters the intestinal microbiota, increases intestinal injury and inflammation, inhibits intestinal cellular proliferation and vascularization, and disrupts the intestinal barrier in neonatal mice. Research on intestinal development after prenatal antibiotic exposure in neonatal mice will increase our understanding of intestinal barrier function and provide strategies for the prevention of long-term adverse effects of MAT during pregnancy. Avoiding antibiotics during pregnancy and the manipulation of intestinal microbiota has the potential to prevent and treat the intestinal injury in infants exposed to prenatal antibiotics. Further studies are required to explore the mechanisms that connect MAT during pregnancy with impaired intestinal development in neonates.
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