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Transcriptomic analysis of reproductive organs of pregnant mice post toxoplasma gondii infection reveals the potential factors that contribute to poor prognosis
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Toxoplasma gondii is an obligate intracellular parasite of phylum Apicomplexa that poses a huge threat to pregnant hosts, and induces tragic outcomes for pregnant hosts, fetuses and newborns. However, the molecular mechanism underlying the tragic consequences caused by T. gondii remains to be revealed. In the present study, we applied RNA-seq to study the transcriptomic landscape of the whole reproductive organ of pregnant mice post T. gondii infection, aiming to reveal the key altered biological characters of reproductive organs of pregnant mice that could contribute to the tragic outcomes caused by T. gondii infection. The results of the present study showed that the transcriptome of reproductive organs of pregnant mice was significantly altered by T. gondii infection. A total of 2,598 differentially expressed genes (DEGs) were identified, including 1,449 upregulated genes and 1,149 downregulated genes. Enrichment analysis of the DEGs showed that the significantly altered features of reproductive organs of pregnant mice were excessive inflammatory responses, downregulated metabolism processes, and congenital diseases. The chemotaxis of immune cells in the reproductive organs of infected pregnant mice could also be reshaped by 19 differentially expressed chemokines and 6 differentially expressed chemokine receptors that could contribute to the damages of reproductive organ in pregnant mice. Overall, the findings of present study may help to understand the pathogenic mechanism of the acute T. gondii infection in reproductive organs of pregnant mice, and it could also help to improve toxoplasmosis therapeutics for pregnant individuals.
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1 Introduction

Toxoplasma gondii is a worldwide zoonotic pathogen which is prevalent in all warm-blooded vertebrates, including approximately one-third of the world’s population (Galal et al., 2018). Humans acquire T. gondii infection through various routes, including ingestion of oocysts shed by felid definitive hosts, consumption of raw or undercooked meat contaminated with T. gondii tissue cysts, or vertical transmission of T. gondii from infected pregnant women to the growing fetuses, resulting in congenital toxoplasmosis (Mahmoudvand et al., 2015). Recent researches showed that the overall prevalence of acute Toxoplasma infection in pregnant women was 1.1% (Rostami et al., 2019), while the latent toxoplasmosis was estimated to be 33.8% (Rostami et al., 2020), highlighting the high risk of maternal or congenital toxoplasmosis. Toxoplasmosis has been recognized as one of the most important infectious diseases during pregnancy (Torgerson and Mastroiacovo, 2013), causing devastating consequences such as abortion, stillbirth, and physical or mental impairments in newborns (Dubey et al., 2021).

The outcomes of maternal-fetal transmission and clinical manifestations largely depend on the period of pregnancy. Generally, congenital infection rarely occurs when pregnant women infected before pregnancy or during chronic infection (Elbez-Rubinstein et al., 2009). Without treatment, the incidence of congenital infection is 10–15% when T. gondii is acquired in the first trimester, while the incidence of congenital infection is up to 60% when T. gondii is acquired in the third trimester (Wong and Remington, 1994). The female reproductive system damages caused by T. gondii infection, such as endometritis, ovarian dysfunction, ovarian and uterine atrophy, decrease in reproductive organs’ weight and reproductive performance, have been confirmed in both humans and animals (Senegas et al., 2009; Liu et al., 2021; Vargas-Villavicencio et al., 2022; Souza et al., 2023). Experimental studies in pregnant mice have also demonstrated that acute T. gondii infection can lead to atrophic and hemorrhagic uterine horns with an increased number of fetal resorptions (Senegas et al., 2009; Vargas-Villavicencio et al., 2022). All of these changes prove that there is an exact association between host reproductive organ damage, abnormal fetal growth and infertility caused by T. gondii infection (Brito et al., 2020; Liu et al., 2021).

Several drugs have applied to cure toxoplasmosis during pregnancy. For example, spiramycin has been the main drug of toxoplasmosis treatment for pregnant women, with the aim of preventing mother-to-child transmission (Montoya and Remington, 2008). A combination of pyrimethamine and sulfadiazine is also employed to treat congenital toxoplasmosis (Serranti et al., 2011). However, the adverse effects of drugs used to treat toxoplasmosis in pregnant women or fetuses continue to be a major challenge. Therefore, it is an urgent need to reveal the pathogenic mechanism of T. gondii in pregnant women. The implementation of experimental animal models of congenital toxoplasmosis that mimic the human transmission patterns and clinical manifestations provides new opportunities for impeding the progression of toxoplasmosis. Although a large number of studies have been performed to elucidate the interaction between host and T. gondii, the molecular features underlying the parasite-induced adverse consequences in pregnant host, which could provide novel insights into developing effective strategies to block congenital toxoplasmosis, remains to be revealed.

Transcriptomic technology, a widely used high-throughput method, is able to determine the mRNA alterations in functional cells/organs. To our knowledge, the studies that investigate gene expressional landscape of reproductive organs of the pregnant female are limited. The present study used RNA sequencing (RNA-seq) technology to analyze differential genes that could link the pathogenicity of T. gondii to the reproductive organs of pregnant mice.



2 Materials and methods


2.1 Ethical approval

This study was approved by the Life Science Ethics Committee of Yunnan Agricultural University with the ethical code 202301012. Pregnant Kunming mice (6–8 weeks old and pregnant for a week) were purchased from the Experimental Animal Science Department of Kunming Medical University (Kunming, China). The mice were maintained in the Animal Biosafety Level 2 (ABSL-2) laboratory at room temperature. All mice were fed with commercial diet and had access to sterile water ad libitum.



2.2 Preparation of samples

Twenty pregnant Kunming mice were randomly divided into two groups: infection group (10 mice) and non-infection control group (10 mice). After 5 days of adapting to experimental environment, each mouse of infection group was intraperitoneally injected with 200 tachyzoites of T. gondii PRU strain that were suspended in 100 μL sterile PBS. Control mice of non-infection group were injected with the same volume of sterile PBS via intraperitoneal injection. Seven days post-infection (DPI), all mice were humanely sacrificed by CO2 asphyxiation. The reproductive organs (include ovary, oviduct, uterus, vagina and vulva) of pregnant mice were collected and stored at −80°C until use.

The DNA used for verifying the infection of T. gondii was extracted using TIANamp Genomic DNA Kit (TIANGEN, Beijing, China) and the RNA of reproductive organs used for RNA-seq was isolated by using of the TransZol Up (TransGen Biotech, Beijing, China) according to manufacturer’s protocol. The extracted DNA and RNA were stored at −80°C until used for detection of T. gondii infection or RNA-seq.

Confirmation of T. gondii infection was performed by amplifying T. gondii B1 gene by using of semi-nested methods as described by Hill et al. (2006). The PCR products were examined using gel electrophoresis on a 2.0% agarose gel containing 4S Green Plus Nucleic Acid Stain (Sangon Biotech, Shanghai, China). Three mouse reproductive organs were randomly selected from control/treatment group and used for transcriptomic sequencing individually. RNA-seq library construction and RNA sequencing were carried out at Majorbio Co., Ltd.



2.3 Analysis of transcriptomic data

Mus musculus genomic file and GTF annotation file (Version: GRCm38) were downloaded from Ensembl genome database1 and used as reference data for transcriptomic analysis. In this study, FastQC was used for the filtering of raw reads, Hisat2 (Kim et al., 2019) was used for read mapping, StringTie (Pertea et al., 2015) was used for calculating gene expression of mice, DESeq2 software2 was used for identification of differentially expressed genes (DEG). The gene with Padjust (p value adjusted with Benjamini and Hochberg method) < 0.01 and Log2 (Fold Change) > 1 or <−1 was identified as differentially expressed gene (DEG). Principal component analysis (PCA) and global gene expression correlation analysis were analyzed by using of stats package in R. KOBAS-i (Bu et al., 2021) was applied to analyze the GO terms or pathways enriched by DEG. The genes that associated with diseases were analyzed by using of KEGG Disease option in KOBAS-i database. The enriched GO terms or pathways with Padjust <0.01 were considered significantly enriched. Chemotaxis network among chemokines, chemokine receptors and its targeted immune cells was reconstructed/predicted according to previous review (Griffith et al., 2014).



2.4 Data verification by using of quantitative real-time PCR

The RNA sample used for the construction of RNA-seq library was also reverse-transcribed into cDNA using TransScript® Uni All-in-One First-Strand cDNA Synthesis SuperMix for qPCR Kit (TransGen Biotech, Beijing, China). Quantitative real-time PCR was performed by using of the PerfectStart® Green qPCR SuperMix (TransGen Biotech, Beijing, China) and Bio-Rad CFX96. Ten genes (Acod1, CD52, Fam13a, Gbp8, H2-D1, H2-DMb2, Mgl2, Mzb1, Cpxm1 and Ubb-ps) were randomly selected to verify the data of RNA-seq, and β-actin was used as reference gene to normalize the expression of tested genes. The primers used for qRT-PCR are shown in Table 1. The qRT-PCR conditions were set as follows: denaturation at 94°C for 30 s followed by 40 cycles of denaturation at 94°C for 5 s, annealing at 60°C for 30 s. Melting curve analysis ranged from 65°C to 95°C to ensure that specific products were amplified in each qRT-PCR reaction. The relative gene expressional alteration was calculated by using of the 2−ΔΔCt method (Livak and Schmittgen, 2001).



TABLE 1 Primer sequences used in the qRT-PCR experiments.
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3 Results


3.1 Infection of Toxoplasma Gondii in mice and the summary of gene expression data

In this study, all sequenced samples of the infection group were positive for T. gondii infection, while the samples of the control group were T. gondii negative (Supplementary Figure S1). More than 43 million raw reads were obtained in each sample, and 90% of the raw reads met the quality evaluation criterion of Q30. 90.17–93.46% of clean reads were mapped to the mouse reference genome (Table 2). The results of principal component analysis (PCA) and global gene expression correlation analysis are shown in Figures 1A,B, respectively. In this study, a total of 2,598 DEGs were found, including 1,449 upregulated genes and 1,149 downregulated genes (Figure 1C). The DEGs identified in this study are listed in Supplementary Table S1. To verify the data obtained from RNA-seq, qRT-PCR experiment was performed, and the results of qRT-PCR experiment are shown in Figure 1D.



TABLE 2 The quality data of RNA-seq.
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FIGURE 1
 The global transcriptomic character of infected mouse reproductive organs. (A) PCA analysis based on global transcriptomic data. (B) Global correlation analysis of gene expression. (C) Volcano plot of differentially expressed genes. (D) Verification of RNA-seq data using qRT-PCR.




3.2 Summary of DEGs enrichment analysis

The KOBAS-i database was applied to analyze the GO terms or pathways that were significantly enriched by DEGs. As shown in Supplementary Table S2, a total of 960 GO terms, 192 pathways and 45 diseases were significantly enriched by DEGs. In the significantly enriched GO terms, 659, 149, and 152 GO terms were classified into biological process, cellular component and molecular function, respectively. According to the Padjust value, the top 10 enriched biological processes were inflammatory response, signal transduction, immune response, neutrophil degranulation, cytokine-mediated signaling pathway, innate immune response, cellular response to lipopolysaccharide, apoptotic process, defense response to virus, and positive regulation of transcription by RNA polymerase II (Supplementary Table S2). Inflammatory response was the first biological process and 95% DEGs associated with this biological process were upregulated. According to the Padjust value, the top 10 enriched pathways were cytokine-cytokine receptor interaction, metabolic pathways, pathways in cancer, Epstein–Barr virus infection, chemokine signaling pathway, NOD-like receptor signaling pathway, measles, influenza A, viral protein interaction with cytokine and cytokine receptor, and kaposi sarcoma-associated herpesvirus infection, respectively (Supplementary Table S2). Cytokine-cytokine receptor interaction was the first enriched pathway and 86% DEGs in this pathway were upregulated (Figure 2A). Additionally, 175 GO terms and 34 pathways were only enriched by the upregulated or downregulated DEGs. Among the 45 enriched diseases, most immune related diseases were dominated by upregulated DEGs, while most congenital diseases or reproductive system diseases were dominated by downregulated DEGs.
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FIGURE 2
 The immune pathways in female mouse reproductive organs post T. gondii infection. (A) The enriched immune pathways in female mouse reproductive organs post T. gondii infection. Red presents upregulation, green presents downregulation. (B) The heatmap of differentially expressed chemokines or chemokine receptors. Color bar presents the normalized value. (C) The chemotaxis network among chemokines, chemokine receptors and targeted immune cells in the infected female reproductive organs. Red character presents upregulated gene, green character presents downregulated gene.




3.3 The pathways associated with immune environment alterations

In the present study, a total of 18 pathways associated with immune environment were significantly enriched, including cytokine–cytokine receptor interaction, chemokine signaling pathway, TNF signaling pathway, Toll-like receptor signaling pathway, T cell receptor signaling pathway, Th17 cell differentiation, NF-kappa B signaling pathway, Jak-STAT signaling pathway, Th1 and Th2 cell differentiation, leukocyte transendothelial migration, natural killer cell mediated cytotoxicity, primary immunodeficiency, IL-17 signaling pathway, B cell receptor signaling pathway, complement and coagulation cascades, intestinal immune network for IgA production, antigen processing and presentation, and Fc epsilon RI signaling pathway. Interestingly, all DEGs were upregulated in the following pathways, including Toll-like receptor signaling pathway, T cell receptor signaling pathway, Th17 cell differentiation, NF-kappa B signaling pathway, natural killer cell mediated cytotoxicity, intestinal immune network for IgA production, antigen processing and presentation, Fc gamma R-mediated phagocytosis, and Fc epsilon RI signaling pathway (Figure 2A).

The expressions of 19 chemokines (Ccl11, Ccl19, Ccl2, Ccl22, Ccl28, Ccl3, Ccl4, Ccl5, Ccl7, Ccl9, Cx3cl1, Cxcl1, Cxcl10, Cxcl11, Cxcl13, Cxcl16, Cxcl2, Cxcl9 and Cxcl4 which also known as Pf4) and 6 chemokine receptors (Ccr1, Ccr5, Ccr7, Cxcr3, Cxcr6 and Xcr1) were significantly altered in the mouse reproductive organs post T. gondii infection (Figure 2B). The chemotaxis network among chemokines, chemokine receptors, and its targeted immune cells was reconstructed/predicted according to previous review (Griffith et al., 2014). As shown in Figure 2C, the 19 differentially expressed chemokines and 6 differentially expressed chemokine receptors regulate the chemotaxis of 27 immune/inflammation cells in the infected reproductive organs of pregnant mice, including dendritic cells (DC), neutrophils, monocytes, macrophages, Th1 cells, basophils, NK cells, Th17 cells, Treg cells, CTL, CD8 + T cells, mDC, B cells, Tn, Tcm, pDC, NKT cells, plasma cells, γδ T cells, Th2 cells, iDC, effector/memory T cells, eosinophils, mast cells, TFH (follicular help T cells), homing T cells and IgA-plasmablasts. The immune pathway maps of natural killer cell mediated cytotoxicity, antigen processing and presentation, NF-kappa B signaling pathway, and T cell receptor signaling pathway are shown in Figure 3.
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FIGURE 3
 The maps of immune pathways. (A) Antigen processing and presentation pathway. (B) T cell receptor signaling pathway. (C) Natural killer cell mediated cytotoxicity pathway. (D) NF-kappa B signaling pathway. Red highlight presents upregulated DEG.




3.4 The pathways associated with metabolism alterations

In this study, 32 metabolic pathways were significantly enriched by the DEGs of mouse reproductive organs, such as glycerolipid metabolism, fatty acid metabolism, arginine and proline metabolism, tryptophan metabolism, tyrosine metabolism, pyruvate metabolism, drug metabolism, metabolism of xenobiotics by cytochrome P450, butanoate metabolism, and congenital disorders of amino acid metabolism. As shown in Figure 4A, most of these enriched pathways were dominated by downregulated DEGs, and only 3 pathways (ether lipid metabolism, central carbon metabolism in cancer, and arachidonic acid metabolism) were dominated by upregulated DEGs. Among the 32 enriched metabolism pathways, congenital disorders of amino acid metabolism was regulated by most DEGs (Figure 4B). The alterations of drug metabolism pathway in infected reproductive organs of pregnant mice are shown in Figure 4C.
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FIGURE 4
 The metabolism pathways enriched by DEGs. (A) The percentage of upregulated/downregulated DEGs in enriched metabolism pathways. (B) The DEG number of enriched metabolism pathways. (C) The maps of drug metabolism-cytochrome P450 pathway and drug metabolism-other enzymes pathway. Red highlight presents upregulated gene, yellow highlight presents downregulated gene.




3.5 The alteration of disease associated genes

In the infected reproductive organs of pregnant mice, a total of 45 diseases were significantly enriched by DEGs, including immune system diseases, primary immunodeficiency, allergies and autoimmune diseases, cardiovascular diseases, other immune system diseases, nervous system diseases, respiratory diseases, skin and soft tissue diseases, skin diseases, hematologic diseases, T-B+ severe combined immunodeficiency, cancers, primary ciliary dyskinesia, endocrine and metabolic diseases, combined immunodeficiency, tracheobronchial diseases, graft-versus-host disease, systemic sclerosis, allergic rhinitis, diabetes, digestive system diseases, type 1 diabetes mellitus, type 2 diabetes mellitus, IFN-gamma/IL-12 axis, allograft rejection, atopic dermatitis, cardiac diseases, Aicardi-Goutieres syndrome, vascular diseases, cancers of haematopoietic and lymphoid tissues, inflammatory bowel disease (IBD), other well-defined immunodeficiency syndromes, age-related macular degeneration, other nervous and sensory system diseases, Meier-Gorlin syndrome, systemic lupus erythematosus, tooth agenesis, mouth and dental diseases, eye disease, congenital malformations, congenital disorders of metabolism, congenital disorders of amino acid metabolism, congenital malformations of the musculoskeletal system, other congenital malformations, and reproductive system diseases. Most DEGs involved in infection or inflammation diseases were upregulated. However, most DEGs involved in congenital or reproductive diseases were downregulated (Figures 5A,B). The enriched diseases and their corresponding DEGs are shown in Supplementary Table S2.
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FIGURE 5
 The diseases enriched by DEGs. (A) The upregulated or downregulated DEG percentage of enriched diseases. (B) The upregulated or downregulated DEG number of enriched diseases. Red presents upregulation, green presents downregulation.





4 Discussion

Toxoplasma gondii is an opportunistic pathogen. However, it is fatal for immunocompromised patients or organ transplant recipients who receive immunosuppressive medications. It is clear that the infection of T. gondii can cause severe damage to female reproductive organs (Khan et al., 2001; Nishimura et al., 2017), and infection of T. gondii in pregnant hosts could lead to neurological defects in infants and induce devastating consequences, such as abortion, malformation, and stillbirth (Dubey, 2022). T. gondii cysts have been found in vaginal smears (Dominguez and Giron, 1976) and cervical smear (Gomez-Chavez et al., 2019) of women, and ovarian dysfunction caused by T. gondii infection has also been confirmed (Khan et al., 2006). Previous study confirmed that infection of T. gondii can cause significant damage and transcriptomic alteration in the epididymis of male mice (Zheng et al., 2019). However, the transcriptomic or microenvironment alterations in reproductive organs of pregnant hosts post T. gondii infection remains to be revealed. In this study, we applied RNA-seq to study the transcriptomic alteration in the whole reproductive organ of pregnant mice post T. gondii infection, aiming to provide clues for studying the biological changes that could contribute to abortion, malformation, stillbirth and the other devastating consequences caused by T. gondii infection.

PCA and global gene expression correlation analysis are widely used methods for revealing the variation between samples. As shown in Figure 1A, the infected samples and non-infected samples were clustered to different areas of the PCA plot. Global gene expression correlation analysis showed that the transcriptomic landscapes of the same group showed a high correlation index (R2 > 0.9), while the transcriptomic landscapes between different groups had a relatively low correlation index (R2 approximately equal to 0.8) (Figure 1B). The results of global gene expression correlation analysis consistent with those of the PCA analysis, which suggested that the transcriptomic landscapes between infected reproductive organs and non-infected reproductive organs were totally different, and infection of T. gondii had a significant influence on the transcriptome of reproductive organs of pregnant mice. In the present study, a total of 1,449 upregulated genes and 1,149 downregulated genes were identified in the reproductive organs of infected pregnant mice (Figure 1C and Supplementary Table S1). Our qRT-PCR experiment confirmed that the results of RNA-seq are reliable (Figure 1D).

We wondered the primary biological functions of DEGs, GO and pathway enrichment analyses were performed. In the present study, a total of 960 GO terms were significantly enriched (Supplementary Table S2). Interestingly, most of the top 10 enriched biological processes were inflammatory/immune response related and dominated by upregulated DEGs, such as inflammatory response, immune response, neutrophil degranulation, cytokine-mediated signaling pathway, innate immune response, and defense response to virus (Supplementary Table S2). It is well known that immune/inflammatory responses of hosts are closely associated with the elimination of T. gondii. However, excessive inflammation/immune responses are also fatal to the life of infected hosts, especially the fetus of pregnant hosts (Savion et al., 2002; Schreiner and Liesenfeld, 2009). Maternal immune deregulation and adverse outcomes caused by T. gondii infection has been confirmed (Xu et al., 2013). In this study, 137 DEGs were enriched in inflammatory response (GO term: 0006954), and 124 of the 137 DEGs were upregulated, which suggested that strong/excessive inflammatory responses were induced in the reproductive organs of infected pregnant mice. Consistent with the results of GO enrichment, the cytokine-cytokine receptor interaction pathway, which plays an important role in reshaping the immune microenvironment, was the top pathway enriched by DEGs.

It is clear that alterations in immune cell composition will disrupt the balance of immune microenvironment and then contribute to adverse pregnancy outcomes (Gomez-Chavez et al., 2020). As shown in Figure 2A, the expressions of 89 genes of cytokine-cytokine receptor interaction pathway were altered in reproductive organs of pregnant mice post T. gondii infection, and 77 of the 89 DEGs were significantly upregulated, especially the chemokines and chemokine receptors. In the present study, a total of 19 chemokines and 6 chemokine receptors differentially expressed in the infected reproductive organs of pregnant mice. Among the 19 chemokines and 6 chemokine receptors, only one chemokine (Cxcl4) was downregulated (Figure 2B). Chemokines or chemokine receptors of cytokine-cytokine receptor interaction pathway is in charge of recruiting immune cells and reshapes the immune microenvironment of infected organs. According to the chemotaxis network of immune cells described in previous review (Griffith et al., 2014), in the present study, we found that the chemotaxis of 27 immune cells could be increased in infected reproductive organs of pregnant mice by the upregulated chemokines or chemokine receptors. The top 5 immune cells regulated by most differential chemokines and chemokine receptors were monocytes, DC, Th1 cells, neutrophils and NK cells (Figure 2C).

Monocytes can be recruited to sites of infection and differentiate into macrophages and DC to control T. gondii infection. Also, monocytes produce IL-1β to promote production of IFN-γ which is essential for the control of T. gondii (Hunter et al., 1995). However, T. gondii-infected monocytes are capable to adhere to placental syncytiotrophoblasts and result in destruction of the trophoblasts though TNF-α-dependent apoptosis (Juliano et al., 2006). It is well known that DC bridge the innate and adaptive immunity and are essential immune cells for the control of T. gondii in infected hosts (Cohen and Denkers, 2015), Th1 cells are major producers of IFN-γ (Sasai et al., 2018), NK cells have been important immune cells for the control of acute T. gondii infection (Gigley, 2016). However, the uncontrollable Th1 cells and NK cells are also effector cells that cause various pregnancy disorders or pregnancy loss (Veljkovic Vujaklija et al., 2012; Wang et al., 2020). In the present study, we found that the upregulated Ccr1, Ccr5, and Cxcr3 interacted with most differential chemokines and recruit several immune cells, such as monocytes, DC, Th1 cells and NK cells. Increased susceptibility to T. gondii infection has been confirmed in mice lacking the chemokine receptor Ccr1 (Khan et al., 2001). Ccr5 is essential for the trafficking of immune cells and critical for host survival post T. gondii infection (Khan et al., 2006). However, overproduction of Ccr5 is also a critical factor that contributes to interruption of early pregnancy in mice post T. gondii infection (Nishimura et al., 2017). Beside of Ccr5, the roles of Cxcr3 in T. gondii associated immunopathology in pregnant mice have also been confirmed (Nishida et al., 2021). Ccr5 interacts with a large number of chemokines, including Ccl5 and Ccl3. In the present study, the Ccl5, Ccl3, and Ccl7 were the top 3 differentially expressed chemokines that interacted with most chemokine receptors, regulating the chemotaxis of basophils, CD8 + T cells, CTL, DC, macrophages, monocytes, neutrophils, NK cells, Th1 cells, Th17 cells, Treg cells, B cells, Effector/memory T cells, eosinophils, iDC, mast cells, plasma cells, and Th2 cells. So, it is likely that the upregulated inflammatory genes, such as Ccl5, Ccl3, Ccl7, Ccr5, and Cxcr3, could be the key factors that cause mouse reproductive organ damage, and then contribute to the tragic pregnancy outcomes of toxoplasmosis.

It is clear that cross-presentation of antigens is mainly carried out by DC, and the antigen presentation is essential for initiating CD8+ T cell responses (Joffre et al., 2012), which can mediate T cells and NK cells to control T. gondii infection (Dupont et al., 2012). In the present study, we found that all DEGs of antigen processing and presentation pathway were upregulated in the reproductive organs of pregnant mice post T. gondii infection (Figure 3A). Robust Th1 and cytotoxic responses have been confirmed in the hosts with T. gondii infection (Poncet et al., 2019). However, uncontrollable T cell receptor signaling pathway and natural killer cell mediated cytotoxicity pathway are detrimental to health and pregnancy (Boyson et al., 2006; Rudd, 2010). In the present study, the DEGs of T cell receptor signaling pathway (Figure 3B) and natural killer cell mediated cytotoxicity were all upregulated (Figure 3C), suggesting the robust cytotoxic responses that are detrimental to pregnancy could occur in the reproductive organs of pregnant mice post T. gondii infection.

Beside of T cell receptor signaling pathway and natural killer cell mediated cytotoxicity pathway, we also found that all DEGs of NF-kappa B signaling pathway were upregulated in reproductive organs of pregnant mice post T. gondii infection (Figure 3D). NF-kappa B signaling pathway regulates transcription of more than 400 genes, including the genes involved in chemotaxis of immune cells, immune receptors, antigen presentation, apoptosis, as well as cell growth. It is an important pathway for the control of T. gondii infection (Caamano et al., 2000). However, unnormal activation of this pathway in pregnant animals can induce premature termination of pregnancy and the other bad outcomes for the mother and the fetus (Gomez-Chavez et al., 2021). So, strong immune/inflammatory environment in reproductive organs of pregnant hosts is a “double-edged sword” which can control the infection of T. gondii, however, it can also cause tragic outcomes for pregnant hosts.

Another factor that influences the pregnancy outcomes is the alteration of metabolism processes. In the present study, we found that the infection of T. gondii in reproductive organs of pregnant mice had a significant influence on metabolism pathways, such as tyrosine metabolism, pyruvate metabolism, fatty acid metabolism, and congenital disorders of amino acid metabolism (Figures 4A,B). Tyrosine is the precursor of dopamine and norepinephrine that regulates cognitive performance (Jongkees et al., 2015), and it is essential for the health of pregnant animals (Kudo and Boyd, 1996). Normal transportation or metabolism of pyruvate in reproductive organs is also required for pregnant women (Huckabee et al., 1962; Nieder and Corder, 1983). Fatty acids are the most important substances for pregnant animals, and disruption of maternal-placental metabolism of fatty acids will lead to malnutrition, hypotrophy, and preterm birth of fetus (Bobinski and Mikulska, 2015). Interestingly, distinct from the enriched immune/inflammatory pathways, most of these metabolism pathways enriched in present study were dominated by downregulated DEGs. So, it is likely that the downregulation of metabolism pathways in the reproductive organs could contribute to the malignant outcomes (such as stillbirth, abortion and fetal malformation) of toxoplasmosis during pregnancy.

Drug treatments play important roles in preventing the malignant outcomes of toxoplasmosis during pregnancy. In the present study, we also found that infection of T. gondii had a significant influence on the drug metabolism pathways of infected reproductive organs, such as drug metabolism-cytochrome P450 pathway and drug metabolism-other enzymes pathway. Most DEGs of these drug metabolism pathways were downregulated (Figure 4A). Especially, the DEGs of the drug metabolism-cytochrome P450 pathway were all downregulated (Figure 4B). As shown in Figure 4C, the genes involved in the metabolisms of tamoxifen, codeine, morphine, felbamate, cyclophosphamide, citalopram, irinotecan, and isoniazid were significantly downregulated. Tamoxifen treatment has potentially lethal effects on pregnant mice (Ved et al., 2019) and increases the risk of fetal abnormalities (Schuurman et al., 2019). Felbamate is an antiepileptic drug that can inhibit cytochrome P450 enzyme system (Morrell, 1996), which plays an important role in the detoxification of xenobiotics, cellular metabolism and homeostasis (Manikandan and Nagini, 2018). Cyclophosphamide can cause ovarian damage, cell apoptosis, and inhibition of cell proliferation in placenta (Chen et al., 2022; Furukawa et al., 2023). Citalopram is one of the most commonly used antidepressant medications during pregnancy (Miksic et al., 2018). Adverse drug reactions can be fatal to both pregnant women and fetuses. So, a safe chemotherapy to combat toxoplasmosis in pregnant hosts should base on the metabolic alteration of pregnant animals. Unfortunately, the information about the drug metabolism in pregnant hosts with T. gondii infection remains limited. The expressional alterations of drug metabolic genes in mouse reproductive organs imply us that we should pay more attention to the usage of tamoxifen, codeine, morphine, felbamate, cyclophosphamide, citalopram, irinotecan, and isoniazid in pregnant hosts with toxoplasmosis.

Previous studies have confirmed that T. gondii has the ability to regulate apoptosis process of hosts (Mammari et al., 2019), while abnormal apoptosis in the reproductive organs usually associated with pregnancy loss (Savion et al., 2002). In the present study, apoptosis pathway was enriched by 38 DEGs, including 37 upregulated DEGs and 1 downregulated DEG, suggesting that the apoptosis pathway was upregulated in mouse reproductive organs post T. gondii infection. The results of present study are consistent with a previous report which showed that strong apoptosis is found in placental trophoblasts post T. gondii infection (Shan et al., 2018). In addition, necroptosis was also significantly enriched by 33 DEGs of mouse reproductive organs post T. gondii infection, and all DEGs of necroptosis pathway were upregulated (Supplementary Table S2). Abnormal apoptosis and necroptosis in reproductive tissues can result in the abortion of embryos (Shan et al., 2018). It is likely that the abnormal apoptosis and necroptosis processes in mouse reproductive organs could associate with the abortion or stillbirth caused by T. gondii infection.

Ocular toxoplasmosis has been widely confirmed (Goh et al., 2023). In the present study, eye disease was significantly enriched by using of KOBAS-i with disease option, and most of the DEGs associated with eye disease were downregulated (Figures 5A,B). The expressional alteration of genes involved in eye disease could be novel clues for dissecting the mechanism that induces congenital eye diseases. Beside of eye disease, we found that reproductive system diseases or congenital diseases were also enriched by the downregulated DEGs, such as congenital malformations, congenital disorders of metabolism, congenital disorders of amino acid metabolism, congenital malformations of the musculoskeletal system, and other congenital malformation pathways. One limit of the present study is that we did not sequence the transcriptome of different reproductive tissues individually. Although we lose the gene expressional data of different reproductive tissues, common DEGs of female reproductive organs post T. gondii infection can be revealed, and then we can dissect the common features of female reproductive organs post T. gondii infection. The results of the present study provide novel data or clues for further investigating the pathogenic mechanism of T. gondii in pregnant hosts.



5 Conclusion

Infection of T. gondii posts a huge threat to pregnant hosts and causes severe damage to their reproductive organs. In the present study, we applied RNA-seq technology to study the transcriptomic landscape of reproductive organs of pregnant mice post T. gondii infection. Our transcriptomic results showed that the infection of T. gondii can cause significant transcriptomic alteration in the reproductive organs of pregnant mice. A total of 2,598 DEGs were identified in this study. Inflammation responses, metabolism, congenital malformations and reproductive system diseases were significantly enriched by the DEGs. One interesting finding was that the inflammation responses in reproductive organs were primarily regulated by upregulated DEGs, and the immune microenvironment could be reshaped by differentially expressed chemokines, chemokine receptors and the other immune related genes. However, most of the DEGs associated with metabolism, congenital malformations or reproductive system diseases were downregulated. The results of present study provide novel clues for dissecting pathogenic mechanism of T. gondii in pregnant hosts, and reveal several new transcriptomic characters of reproductive organs of pregnant hosts post T. gondii infection.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Ethics statement

The animal study was approved by Life Science Ethics Committee of Yunnan Agricultural University. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

M-LD: Data curation, Formal analysis, Investigation, Methodology, Visualization, Writing – original draft. J-RC: Data curation, Formal analysis, Investigation, Methodology, Writing – original draft. J-FY: Investigation, Methodology, Software, Writing – original draft. JM: Data curation, Formal analysis, Investigation, Methodology, Software, Writing – original draft. F-FS: Investigation, Methodology, Visualization, Writing – original draft. F-CZ: Data curation, Funding acquisition, Methodology, Project administration, Resources, Supervision, Writing – review & editing. J-JH: Conceptualization, Investigation, Methodology, Supervision, Visualization, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was supported by the NSFC-Yunnan Joint Fund (Grant No. U2202201) and National Natural Science Foundation of China (Grant No. 32260889).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1431183/full#supplementary-material



Footnotes

1   http://asia.ensembl.org/Mus_musculus/Info/Index


2   https://bioconductor.org/packages/release/bioc/html/DESeq2.html




References

 Bobinski, R., and Mikulska, M. (2015). The ins and outs of maternal-fetal fatty acid metabolism. Acta Biochim. Pol. 62, 499–507. doi: 10.18388/abp.2015_1067


 Boyson, J. E., Nagarkatti, N., Nizam, L., Exley, M. A., and Strominger, J. L. (2006). Gestation stage-dependent mechanisms of invariant natural killer T cell-mediated pregnancy loss. Proc. Natl. Acad. Sci. USA 103, 4580–4585. doi: 10.1073/pnas.0511025103


 Brito, C., Silva, T., Castro, M., Wyrwas, W., Oliveira, B., Fonseca, B., et al. (2020). Toxoplasma gondii infection reduces serum progesterone levels and adverse effects at the maternal-foetal interface. Parasite Immunol. 42:e12690. doi: 10.1111/pim.12690


 Bu, D., Luo, H., Huo, P., Wang, Z., Zhang, S., He, Z., et al. (2021). KOBAS-i: intelligent prioritization and exploratory visualization of biological functions for gene enrichment analysis. Nucleic Acids Res. 49, W317–W325. doi: 10.1093/nar/gkab447


 Caamano, J., Tato, C., Cai, G., Villegas, E. N., Speirs, K., Craig, L., et al. (2000). Identification of a role for NF-kappa B2 in the regulation of apoptosis and in maintenance of T cell-mediated immunity to toxoplasma gondii. J. Immunol. 165, 5720–5728. doi: 10.4049/jimmunol.165.10.5720


 Chen, Y., Zhao, Y., Miao, C., Yang, L., Wang, R., Chen, B., et al. (2022). Quercetin alleviates cyclophosphamide-induced premature ovarian insufficiency in mice by reducing mitochondrial oxidative stress and pyroptosis in granulosa cells. J. Ovarian Res. 15:138. doi: 10.1186/s13048-022-01080-3


 Cohen, S. B., and Denkers, E. Y. (2015). Impact of toxoplasma gondii on dendritic cell subset function in the intestinal mucosa. J. Immunol. 195, 2754–2762. doi: 10.4049/jimmunol.1501137


 Dominguez, A., and Giron, J. J. (1976). Toxoplasma cysts in vaginal smears. Acta Cytol. 20, 269–271.


 Dubey, J. P. (2022). Toxoplasmosis of animals and humans. 3rd Edn. Boca Raton, Florida, USA: CRC Press.


 Dubey, J. P., Murata, F. H. A., Cerqueira-Cézar, C. K., Kwok, O. C. H., and Villena, I. (2021). Congenital toxoplasmosis in humans: an update of worldwide rate of congenital infections. Parasitology 148, 1406–1416. doi: 10.1017/s0031182021001013


 Dupont, C. D., Christian, D. A., and Hunter, C. A. (2012). Immune response and immunopathology during toxoplasmosis. Semin. Immunopathol. 34, 793–813. doi: 10.1007/s00281-012-0339-3


 Elbez-Rubinstein, A., Ajzenberg, D., Dardé, M. L., Cohen, R., Dumètre, A., Yera, H., et al. (2009). Congenital toxoplasmosis and reinfection during pregnancy: case report, strain characterization, experimental model of reinfection, and review. J. Infect. Dis. 199, 280–285. doi: 10.1086/595793


 Furukawa, S., Tsuji, N., Hayashi, S., Kuroda, Y., Kimura, M., Kojima, C., et al. (2023). Effects of cyclophosphamide on rat placental development. J. Toxicol. Pathol. 36, 159–169. doi: 10.1293/tox.2022-0144


 Galal, L., Ajzenberg, D., Hamidović, A., Durieux, M. F., Dardé, M. L., and Mercier, A. (2018). Toxoplasma and Africa: one parasite, two opposite population structures. Trends Parasitol. 34, 140–154. doi: 10.1016/j.pt.2017.10.010


 Gigley, J. P. (2016). The diverse role of NK cells in immunity to toxoplasma gondii infection. PLoS Pathog. 12:e1005396. doi: 10.1371/journal.ppat.1005396


 Goh, E. J. H., Putera, I., La Distia Nora, R., Mahendradas, P., Biswas, J., Chee, S. P., et al. (2023). Ocular Toxoplasmosis. Ocul. Immunol. Inflamm. 31, 1342–1361. doi: 10.1080/09273948.2022.2117705


 Gomez-Chavez, F., Canedo-Solares, I., Ortiz-Alegria, L. B., Flores-Garcia, Y., Figueroa-Damian, R., Luna-Pasten, H., et al. (2020). A proinflammatory immune response might determine toxoplasma gondii vertical transmission and severity of clinical features in congenitally infected newborns. Front. Immunol. 11:390. doi: 10.3389/fimmu.2020.00390


 Gomez-Chavez, F., Canedo-Solares, I., Ortiz-Alegria, L. B., Flores-Garcia, Y., Luna-Pasten, H., Figueroa-Damian, R., et al. (2019). Maternal immune response during pregnancy and vertical transmission in human toxoplasmosis. Front. Immunol. 10:285. doi: 10.3389/fimmu.2019.00285


 Gomez-Chavez, F., Correa, D., Navarrete-Meneses, P., Cancino-Diaz, J. C., Cancino-Diaz, M. E., and Rodriguez-Martinez, S. (2021). NF-kappaB and its regulators during pregnancy. Front. Immunol. 12:679106. doi: 10.3389/fimmu.2021.679106


 Griffith, J. W., Sokol, C. L., and Luster, A. D. (2014). Chemokines and chemokine receptors: positioning cells for host defense and immunity. Annu. Rev. Immunol. 32, 659–702. doi: 10.1146/annurev-immunol-032713-120145


 Hill, D. E., Chirukandoth, S., Dubey, J. P., Lunney, J. K., and Gamble, H. R. (2006). Comparison of detection methods for toxoplasma gondii in naturally and experimentally infected swine. Vet. Parasitol. 141, 9–17. doi: 10.1016/j.vetpar.2006.05.008


 Huckabee, W. E., Metcalfe, J., Prystowsky, H., and Barron, D. H. (1962). Movements of lactate and pyruvate in pregnant uterus. Am. J. Phys. 202, 193–197. doi: 10.1152/ajplegacy.1962.202.1.193


 Hunter, C. A., Chizzonite, R., and Remington, J. S. (1995). IL-1 beta is required for IL-12 to induce production of IFN-gamma by NK cells. A role for IL-1 beta in the T cell-independent mechanism of resistance against intracellular pathogens. J. Immunol. 155, 4347–4354. doi: 10.4049/jimmunol.155.9.4347


 Joffre, O. P., Segura, E., Savina, A., and Amigorena, S. (2012). Cross-presentation by dendritic cells. Nat. Rev. Immunol. 12, 557–569. doi: 10.1038/nri3254


 Jongkees, B. J., Hommel, B., Kuhn, S., and Colzato, L. S. (2015). Effect of tyrosine supplementation on clinical and healthy populations under stress or cognitive demands—a review. J. Psychiatr. Res. 70, 50–57. doi: 10.1016/j.jpsychires.2015.08.014


 Juliano, P. B., Blotta, M. H., and Altemani, A. M. (2006). ICAM-1 is overexpressed by villous trophoblasts in placentitis. Placenta 27, 750–757. doi: 10.1016/j.placenta.2005.07.008


 Khan, I. A., Murphy, P. M., Casciotti, L., Schwartzman, J. D., Collins, J., Gao, J. L., et al. (2001). Mice lacking the chemokine receptor CCR1 show increased susceptibility to toxoplasma gondii infection. J. Immunol. 166, 1930–1937. doi: 10.4049/jimmunol.166.3.1930


 Khan, I. A., Thomas, S. Y., Moretto, M. M., Lee, F. S., Islam, S. A., Combe, C., et al. (2006). CCR5 is essential for NK cell trafficking and host survival following toxoplasma gondii infection. PLoS Pathog. 2:e49. doi: 10.1371/journal.ppat.0020049


 Kim, D., Paggi, J. M., Park, C., Bennett, C., and Salzberg, S. L. (2019). Graph-based genome alignment and genotyping with HISAT2 and HISAT-genotype. Nat. Biotechnol. 37, 907–915. doi: 10.1038/s41587-019-0201-4


 Kudo, Y., and Boyd, C. A. (1996). Placental tyrosine transport and maternal phenylketonuria. Acta Paediatr. 85, 109–110. doi: 10.1111/j.1651-2227.1996.tb13902.x


 Liu, H. J., Liu, P. C., Hua, J., Zhao, Y., and Cao, J. (2021). Placental weight and size in relation to fetal growth restriction: a case-control study. J. Matern. Fetal Neonatal Med. 34, 1356–1360. doi: 10.1080/14767058.2019.1636371


 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2[-Delta Delta C(T)] method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262


 Mahmoudvand, H., Saedi Dezaki, E., Soleimani, S., Baneshi, M. R., Kheirandish, F., Ezatpour, B., et al. (2015). Seroprevalence and risk factors of toxoplasma gondii infection among healthy blood donors in south-east of Iran. Parasite Immunol. 37, 362–367. doi: 10.1111/pim.12198


 Mammari, N., Halabi, M. A., Yaacoub, S., Chlala, H., Darde, M. L., and Courtioux, B. (2019). Toxoplasma gondii modulates the host cell responses: an overview of apoptosis pathways. Biomed. Res. Int. 2019, 1–10. doi: 10.1155/2019/6152489


 Manikandan, P., and Nagini, S. (2018). Cytochrome P450 structure, function and clinical significance: a review. Curr. Drug Targets 19, 38–54. doi: 10.2174/1389450118666170125144557


 Miksic, S., Miskulin, M., Juranic, B., Rakosec, Z., Vcev, A., and Degmecic, D. (2018). Depression and suicidality during pregnancy. Psychiatr. Danub. 30, 85–90. doi: 10.24869/psyd.2018.85


 Montoya, J. G., and Remington, J. S. (2008). Management of Toxoplasma gondii infection during pregnancy. Clin. Infect. Dis. 47, 554–566. doi: 10.1086/590149


 Morrell, M. J. (1996). The new antiepileptic drugs and women: efficacy, reproductive health, pregnancy, and fetal outcome. Epilepsia 37, S34–S44. doi: 10.1111/j.1528-1157.1996.tb06037.x


 Nieder, G. L., and Corder, C. N. (1983). Pyruvate and lactate levels in oviducts of cycling, pregnant, and pseudopregnant mice. Biol. Reprod. 28, 566–574. doi: 10.1095/biolreprod28.3.566


 Nishida, A., Ikeda, R., Furuoka, H., and Nishikawa, Y. (2021). CXCR3-dependent immune pathology in mice following infection with toxoplasma gondii during early pregnancy. Infect. Immun. 89:e20. doi: 10.1128/IAI.00253-20


 Nishimura, M., Umeda, K., Suwa, M., Furuoka, H., and Nishikawa, Y. (2017). CCR5 is involved in interruption of pregnancy in mice infected with toxoplasma gondii during early pregnancy. Infect. Immun. 85:e17. doi: 10.1128/IAI.00257-17


 Pertea, M., Pertea, G. M., Antonescu, C. M., Chang, T. C., Mendell, J. T., and Salzberg, S. L. (2015). StringTie enables improved reconstruction of a transcriptome from RNA-seq reads. Nat. Biotechnol. 33, 290–295. doi: 10.1038/nbt.3122


 Poncet, A. F., Blanchard, N., and Marion, S. (2019). Toxoplasma and dendritic cells: an intimate relationship that deserves further scrutiny. Trends Parasitol. 35, 870–886. doi: 10.1016/j.pt.2019.08.001


 Rostami, A., Riahi, S. M., Contopoulos-Ioannidis, D. G., Gamble, H. R., Fakhri, Y., Shiadeh, M. N., et al. (2019). Acute toxoplasma infection in pregnant women worldwide: a systematic review and meta-analysis. PLoS Negl. Trop. Dis. 13:e0007807. doi: 10.1371/journal.pntd.0007807


 Rostami, A., Riahi, S. M., Gamble, H. R., Fakhri, Y., Nourollahpour Shiadeh, M., Danesh, M., et al. (2020). Global prevalence of latent toxoplasmosis in pregnant women: a systematic review and meta-analysis. Clin. Microbiol. Infect. 26, 673–683. doi: 10.1016/j.cmi.2020.01.008


 Rudd, C. E. (2010). T-cell signaling and immunopathologies. Semin. Immunopathol. 32, 91–94. doi: 10.1007/s00281-010-0203-2


 Sasai, M., Pradipta, A., and Yamamoto, M. (2018). Host immune responses to toxoplasma gondii. Int. Immunol. 30, 113–119. doi: 10.1093/intimm/dxy004


 Savion, S., Lepsky, E., Orenstein, H., Carp, H., Shepshelovich, J., Torchinsky, A., et al. (2002). Apoptosis in the uterus of mice with pregnancy loss. Am. J. Reprod. Immunol. 47, 118–127. doi: 10.1034/j.1600-0897.2002.1o027.x


 Schreiner, M., and Liesenfeld, O. (2009). Small intestinal inflammation following oral infection with toxoplasma gondii does not occur exclusively in C57BL/6 mice: review of 70 reports from the literature. Mem. Inst. Oswaldo Cruz 104, 221–233. doi: 10.1590/s0074-02762009000200015


 Schuurman, T. N., Witteveen, P. O., van der Wall, E., Passier, J. L. M., Huitema, A. D. R., Amant, F., et al. (2019). Tamoxifen and pregnancy: an absolute contraindication? Breast Cancer Res. Treat. 175, 17–25. doi: 10.1007/s10549-019-05154-7


 Senegas, A., Villard, O., Neuville, A., Marcellin, L., Pfaff, A. W., Steinmetz, T., et al. (2009). Toxoplasma gondii-induced foetal resorption in mice involves interferon-gamma-induced apoptosis and spiral artery dilation at the maternofoetal interface. Int. J. Parasitol. 39, 481–487. doi: 10.1016/j.ijpara.2008.08.009


 Serranti, D., Buonsenso, D., and Valentini, P. (2011). Congenital toxoplasmosis treatment. Eur. Rev. Med. Pharmacol. Sci. 15, 193–198.


 Shan, B., Pan, H., Najafov, A., and Yuan, J. (2018). Necroptosis in development and diseases. Genes Dev. 32, 327–340. doi: 10.1101/gad.312561.118


 Souza, J. S., Farani, P. S. G., Ferreira, B. I. S., Barbosa, H. S., Menna-Barreto, R. F. S., Moreira, O. C., et al. (2023). Establishment of a murine model of congenital toxoplasmosis and validation of a qPCR assay to assess the parasite load in maternal and fetal tissues. Front. Microbiol. 14:1124378. doi: 10.3389/fmicb.2023.1124378


 Torgerson, P. R., and Mastroiacovo, P. (2013). The global burden of congenital toxoplasmosis: a systematic review. Bull. World Health Organ. 91, 501–508. doi: 10.2471/blt.12.111732


 Vargas-Villavicencio, J. A., Cedillo-Peláez, C., Aguilar-Orozco, M. I., Rico-Torres, C. P., Farfan-Morales, J. E., and Correa, D. (2022). Vertical transmission and pathological findings in the mother, the placenta and the offspring, during first and last thirds of gestation in a mouse model of congenital toxoplasmosis. Parasitol. Int. 91:102640. doi: 10.1016/j.parint.2022.102640


 Ved, N., Curran, A., Ashcroft, F. M., and Sparrow, D. B. (2019). Tamoxifen administration in pregnant mice can be deleterious to both mother and embryo. Lab. Anim. 53, 630–633. doi: 10.1177/0023677219856918


 Veljkovic Vujaklija, D., Sucic, S., Gulic, T., Dominovic, M., and Rukavina, D. (2012). Cell death mechanisms at the maternal-fetal interface: insights into the role of granulysin. Clin. Dev. Immunol. 2012:180272, 1–8. doi: 10.1155/2012/180272


 Wang, W., Sung, N., Gilman-Sachs, A., and Kwak-Kim, J. (2020). T helper (Th) cell profiles in pregnancy and recurrent pregnancy losses: Th1/Th2/Th9/Th17/Th22/Tfh cells. Front. Immunol. 11:2025. doi: 10.3389/fimmu.2020.02025


 Wong, S. Y., and Remington, J. S. (1994). Toxoplasmosis in pregnancy. Clin. Infect. Dis. 18:853. doi: 10.1093/clinids/18.6.853


 Xu, X., Zhao, M., Liu, X., Jiang, Y., Zhang, H., Zhai, X., et al. (2013). Toxoplasma gondii infection regulates the balance of activating and inhibitory receptors on decidual natural killer cells. PLoS One 8:e55432. doi: 10.1371/journal.pone.0055432


 Zheng, Y. X., Zhang, X. X., Hernandez, J. A., Mahmmod, Y. S., Huang, W. Y., Li, G. F., et al. (2019). Transcriptomic analysis of reproductive damage in the epididymis of male Kunming mice induced by chronic infection of toxoplasma gondii PRU strain. Parasit. Vectors 12:529. doi: 10.1186/s13071-019-3783-2



Copyright
 © 2024 Deng, Chen, Yang, Ma, Shu, Zou and He. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-15-1431183-g005.jpg
ot s

Sty e

Ot sevos nd oty s
bt macur dgenraon

O v i S

DEG percentage

|

Syt upus evbenstons
e nersou i sasry e s
et el macuar degacraion

Alagrat refcs
I gL 12 5
e dlbetcs mllus
Type sl ml
Jaieen daeses

e
Al hints
Sytmesderss
Fyedscne
Grttserso i e
Conpined mmmdtcrney
Endoine and ol dhciss
Congmtst e i scid il
Py clary skt
Cancrs
Congnltcdersof el
B combined inmunodecnsy

e
S gt e s

('o-nlul-auwmnmx
Nervous s e
e mmune e s

T e diciss

H
H

|l||\iH|l1||\||Hl\|HIHH|H\

aUp #Down.

H
§

erybova e QD)
Reproducive ysem dhcses
ot g i

O it

fepenar
Dz s
ol maltormations o e s aeee e

Frnary ey ket
Congmta dardrs of il
T ot

DEG number

s
H





OPS/images/fmicb-15-1431183-t001.jpg
Pri

rs

practin-F
factinR
Acod1-F
Acodl-R
CD52-F
CD52-R
Fami3a-F
Fami3a-R
Gbps-F
Gbps-R
H2-DI-F
H2-DIR
H2-DMb2-F
H2-DMb2-R
Mgl2-F
Mgl2-R
Mabl-F
Mzbl-R
Ubb-ps-F
Ubb-ps-R
Cpxm1-F

Cpxmi-R

TCACATCTGGCTGTTGGACC
GATGTGGTCAGCAGGGAACA
AGTGGGGCCTCATCCATCAT
GCTATCAACCCTTCCCGTGG
ATGTCCGGCTTCGAGTCATC
GGGGGACATCCTGGTTCITG
ACGTTGGCAGGTTGCTATGA
CCAGATGCCCTTGGTCTGAG
GCTCTCACACACTCCAGCAGA
GTCCACGTTTTCAGGTCTTCG
AAGGAGGGGGTTCAAGGTCTTC
GGAAGCCAGGAATTCCACCAGT
AGGCTTCATTGCCTCATGGT
TGTGTCCGAATCGATGGTGG
CTCTGGTGAACAGAAGGAGTCT
CCAATGGCTTTGACAGCTCAG
AGTGACGAGAGGCTTTGTCC
CGAAGATCTGCATTTTGACCTGT
TCACATCTGGCTGTTGGACC
GATGTGGTCAGCAGGGAACA
GCGAGCTTGTGGTGTCCTAT

ATCCTGCATGGCCCTATTCG





OPS/images/fmicb-15-1431183-g003.jpg





OPS/images/fmicb-15-1431183-g004.jpg
Porphyin and gyl metabolisn
Jeberol mebolim

e el

Pty et
ol mabolim

Glyonyise and by e mtatien
s

l!!lili ll

'“”" |||||'|||||“|||I|I|||||

i sedogeness
Faty s et

oA Sl iy






OPS/images/fmicb-15-1431183-t002.jpg
Raw
reads

Raw
bases

Clean
reads

Clean
bases

Error
rate (%)

Q20 (%)

Q30 (%)

GC (%)

Total mapped
clean reads

Control_1
Contro_2
Contro_3
Infection_1
Infection_2

Infection_3

47,575,178
44,085,120
46,394,452
47,405,002
43,370,022

44,122,788

718 10°
6.66% 10°
701 x 10°
7.16x 10°
655 10°

666 % 10°

46,969,956
43,511,290
45,803,812
46,573,158
42,296,096

43,101,434

697 % 10°
647%10°
68x10"
689 10°
626 10°

636 % 10°

0.0297

0.0293

0.0295

0.0278

0.0328

0.032

95.14
95.35
95.2
96.05
94.02

9431

9221
9245
92.29
93.46
90.17

90.7

49.46
49.42
49.82
49.03
5061

5027

44,519,313 (94.78%)
41,172,005 (94.62%)
43,160,333 (94.23%)
43,895,976 (94.25%)
38,853,993 (91.86%)

39,648,338 (91.99%)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Transcriptomic analysis of reproductive organs of pregnant mice post toxoplasma gondii infection reveals the potential factors that contribute to poor prognosis



		1 Introduction



		2 Materials and methods



		2.1 Ethical approval



		2.2 Preparation of samples



		2.3 Analysis of transcriptomic data



		2.4 Data verification by using of quantitative real-time PCR









		3 Results



		3.1 Infection of Toxoplasma Gondii in mice and the summary of gene expression data



		3.2 Summary of DEGs enrichment analysis



		3.3 The pathways associated with immune environment alterations



		3.4 The pathways associated with metabolism alterations



		3.5 The alteration of disease associated genes









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/fmicb-15-1431183-g001.jpg
Peatasn)

PCA analysis
«Control 3
Infection_3 Control 2
A - )
A Infection_1
a
Infection_2
Control_1
.
ponEr )

“Logtotpadjust)

Siicant
®uitaen

® Control
X Infection

Log2FC

Corlation between samples

Infection_1

Infection_2

Infection_3

Control_3

Control_1

Control_2

= qRT-PCR
== RNA-Seq






OPS/images/fmicb-15-1431183-g002.jpg





OPS/images/cover.jpg
’ frontiers = Frontiers in Microbiology

Transcriptomic analysis of
reproductive organs of pregnant
mice post toxoplasma gondii
infection reveals the potential
factors that contribute to poor
prognosis












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






