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Abstract 

Background Toxoplasma gondii is an intracellular protozoan parasite that is widely distributed in humans 
and warm‑blooded animals. T. gondii chronic infections can cause toxoplasmic encephalopathy, adverse pregnancy, 
and male reproductive disorders. In male reproduction, the main function of the testis is to provide a stable place 
for spermatogenesis and immunological protection. The disorders affecting testis tissue encompass abnormalities 
in the germ cell cycle, spermatogenic retardation, or complete cessation of sperm development. However, 
the mechanisms of interaction between T. gondii and the reproductive system is unclear. The aims were to study 
the expression levels of genes related to spermatogenesis, following T. gondii infection, in mouse testicular tissue.

Methods RNA‑seq sequencing was carried out on mouse testicular tissues from mice infected or uninfected 
with the T. gondii type II Prugniaud (PRU) strain and validated in combination with real‑time quantitative PCR 
and immunofluorescence assays.

Results The results showed that there were 250 significant differentially expressed genes (DEGs) (P < 0.05, |log2fold 
change| ≧ 1). Bioinformatics analysis showed that 101 DEGs were annotated to the 1696 gene ontology (GO) term. 
While there was a higher number of DEGs in the biological process classification as a whole, the GO enrichment 
revealed a significant presence of DEGs in the cellular component classification. The Arhgap18 and Syne1 genes 
undergo regulatory changes following T. gondii infection, and both were involved in shaping the cytoskeleton 
of the blood–testis barrier (BTB). The number of DEGs enriched in the MAPK signaling pathway, the ERK1/2 signaling 
pathway, and the JNK signaling pathway were significant. The PTGDS gene is located in the Arachidonic acid 
metabolism pathway, which plays an important role in the formation and maintenance of BTB in the testis. The 
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expression of PTGDS is downregulated subsequent to T. gondii infection, potentially exerting deleterious effects 
on the integrity of the BTB and the spermatogenic microenvironment within the testes.

Conclusions Overall, our research provides in‑depth insights into how chronic T. gondii infection might affect 
testicular tissue and potentially impact male fertility. These findings offer a new perspective on the impact of T. gondii 
infection on the male reproductive system.

Keywords T. gondii chronic infection, RNA‑seq, Testis, BTB

Background
Toxoplasma gondii (T.  gondii) is an intracellular pro-
tozoon parasite of significant zoonotic importance [1]. 
T.  gondii infection can traverse the blood–brain bar-
rier (BBB), leading to T. gondii encephalopathy [2, 3]. In 
pregnant women, the T. gondii infection can be vertically 
transmitted to the fetus, resulting in miscarriage, still-
birth, and abnormalities [4]. However, T. gondii infection 
is often chronic and asymptomatic.

Previous studies investigated the T. gondii infection on 
male reproductive health for understanding and address-
ing potential causes of male reproductive disorders. 
Recently, it was reported that T.  gondii infection affects 
the synthesis and secretion of testosterone in the Ley-
dig cells [5], damages germ cell structure [6], and even 
changes the cell apoptosis [7–9]. Moreover, it negatively 
affects the sperm parameters [10], which would directly 
or indirectly affect spermatogenesis in the testis. To the 
best of our knowledge, there is no research on the mech-
anism of male reproductive failure caused by T.  gondii 
infection.

The genotypes of T.  gondii were divided into three 
types I, II, and III. Notably, the prevalent type II genotype 
in human T. gondii infections is associated with relatively 
weak pathogenicity and the formation of brain cysts [11]. 
In our study, mice infected with T.  gondii Prugniaud 
(PRU) strain were sequenced and identified by RNA-seq 
in testis. The significant differentially expressed genes 
(DEGs) before and after T. gondii infection were analyzed 
to provide a reference for understanding the regulation 
mechanisms of T.  gondii infection in male reproductive 
disorders.

Methods
Sample collection
Six 8-week-old Kunming (KM) male mice were purchased 
from the laboratory animal center of Guangdong 
Province, China. They were divided equally into two 
groups: three mice in the experimental group and three 
in the control group. In the experimental group, T. gondii 
PRU strains were intragastrically administered into the 
mice, which were loaded with four cysts (average 30 μm 
diameter). On the day  35 post-infection, the mice were 

sacrificed by cervical dislocation following the standard 
ethical regulations. The testicular tissues were quickly 
harvested in a sterile environment and the surrounding 
adipose tissues and blood vessels were separated under a 
stereo microscope and placed in an RNase-free centrifuge 
tube in liquid nitrogen. All samples were stored at −80 °C.

Total RNA extraction and analysis of RNA‑seq
Trizol method was used to extract total RNA from testicular 
tissues of KM mice. The quality and purity of the extracted 
total RNA were detected using an Agilent 2100 Bioana-
lyzer and RNA6000 Nano LabChip Kit (Agilent, CA, USA). 
Sequencing libraries were constructed using the AM Pure 
XP beads method on the detected total RNA using Illu-
mina Hiseq2500. To guarantee the quality of information 
analysis, raw reads have been sequenced and filtered to get 
clean reads. At the same time, the sequence repeatability of 
Q20, Q30, GC content, and clean reads was calculated, and 
all downstream analyses were based on high-quality clean 
reads. Using the Trinity program, clean reads were spliced 
to obtain transcript sequences, and the longest transcript in 
each gene was taken as unigene for subsequent analysis.

Identification and annotation of DEGs
To obtain comprehensive gene function information, 
clean reads were compared with five databases for 
gene function annotation and compared with the clean 
reads of a certain gene, which was only compared with 
the reference genes (unique match) in at least one pair, 
and was defined as an expression gene. Functional 
annotation of sequences was based on the following 
databases: SwissProt protein sequence database, non-
redundant protein database, Kyoto Encyclopedia of 
Genes and Genomes (KEGG), Karyotic Orthologous 
Group database, and Pfam. Gene expression levels were 
measured by the Reads Per Kilobase of exon model per 
million mapped reads (RPKM) value. The RPKM value 
of each gene was calculated using the MA-plot-based 
method with random sampling model (MARS) model 
in the DEGseq program. If the RPKM value was greater 
than 1000, it was considered to be a highly expressed 
gene. We set a P value of < 0.05 and |log2fold change| ≥ 1” 
as the threshold for judging DEGs. The functional 
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enrichment and classification of DEGs were carried out 
in the gene ontology (GO) and KEGG database and the 
P value < 0.05 was used as a threshold to determine the 
significant enrichment of GO term or pathway.

RT‑qPCR and western blotting analysis
Real-Time Quantitative and western blotting analysis to ver-
ify the expression level of mRNA. Premier 5 software (Pre-
mier Biosoft International, Palo Alto, CA, USA) was used to 
design real-time quantitative PCR (qPCR) specificity prim-
ers for DEGs. The genes were based on genes closely related 
to reproduction, and β-actin was an internal reference gene. 
The specificity detection primers of qPCR and their length 
are presented in Table 1. The qPCR assay was performed on 
a Rotor-Gene Q (Qiagen) on the basis of the SYBR Green 
dye method. The qPCR reaction system (20 μL) protocol was 
as follows: 10 μL SYBR Premix Ex Taq II,  ddH2O 6 μL, 1 μL 
each of the upstream and downstream primers (10 μmol/L), 
and 2  μL of the template (the cDNA concentration was 
uniformly diluted to 40  ng/μL). The procedures of qPCR 
reaction include pre-denaturation at 95 °C for 5 min, dena-
turation at 95 °C for 30 s, and annealing at 60 °C for 1 min for 
40 cycles. The procedures were repeated three times for each 
sample. The relative expression of each gene was calculated 
using the  2–ΔΔCt method.

The transcriptome data were validated through west-
ern blot analysis. Two key genes (PTGDS, SYNE1), and 
tight junction proteins (Claudin-11 and ZO-1), were cho-
sen for validating their expression levels. Similarly, with 
β-actin as endogenous control, the preprocessed protein 
sample underwent separation on a 10% Sodium Dodecyl 
Sulfate Polyacrylamide Gelelectropheresis at 120  V. The 
proteins were incubated with antibodies including rabbit 
anti-PTGDS (Abcam, 1:1000), rabbit anti-SYNE1 (Invit-
rogen, 1:800), rabbit anti-Claudin-11 (Invitrogen, 1:250), 
and rabbit anti-ZO-1 (Invitrogen, 1:100). Horseradish 
Peroxidase-conjugated goat anti-rabbit immunoglobu-
lin G (IgG) was used as a secondary antibody at 1:1000. 
The membrane was visualized using a diaminobenzidine 
(DAB) substrate solution, and the image was analyzed 
using western blot detection system.

Indirect immunofluorescence to detect the expression 
level of PTGDS protein
The PRU strain of T.  gondii was subcultured in the mice 
in our laboratory. The Specific Pathogen Free adult 
KM mice were sacrificed by cervical dislocation. The 
testis was removed from the aseptic environment. The 
tunica albuginea of testis was removed after rinsing with 
Phosphate Belanced Solution. Type I collagenase was added 
and digested in a 37 °C water bath for 10 min. DMEM/F-12 
culture was added. The liquid was terminated digestion, 
centrifuged at 1500  rpm for 4  min, the supernatant was 
discarded, resuspended by adding DMEM/F12 culture 
solution, filtered through a 200-mesh sieve, centrifuged at 
1500  rpm for 4  min, and the supernatant was discarded. 
DMEM/F-12 medium was added to dilute the cell pellet to 
obtain a cell suspension. The cells were inoculated into T25 
cell culture flasks (containing 10% fetal bovine serum and 
1% penicillin–streptomycin), changed for 12 h. After 24 h 
the cells were scraped off with a cell scraper and inoculated 
on a 24-cell plate (specific cell-climbing tablet 80% cell 
density), and after the cells had re-adhered on the slides, 
they were infected with tachyzoites. When the tachyzoites 
invaded the mesenchymal cells and formed parasitophorous 
vacuoles, the culture medium was discarded, fixed in 4% 
paraformaldehyde for 10  min, then washed three times 
with PBS for 5  min each time. Finally, 0.2% Triton X-100 
was used for 5  min at room temperature. The cells were 
immersed in PBS thrice for 5 min each. The rabbit serum 
was blocked at 37 °C for 1 h and washed in PBS three times 
for 5  min each. Then, the mice anti-PTGDS (1:250) and 
pig anti-T.  gondii multi-antisera (1:200) were given as 1:1 
added to the wells, left at 37  °C for 30  min, incubated at 
4  °C overnight (16 ~ 18 h), rewarmed at 37  °C for 30 min, 
and washed three times with PBS for 5  min each time. 
The rabbits anti-porcine Cy3-IgG ((1):500) and rabbit anti-
mouse FITC-IgG (1:200) fluorescent secondary antibodies 
were added to the wells at a ratio of 1:1, and then were 
incubated at 37 °C in the dark for 1 h, followed by washing 
three times with PBS for 5 min each time. 4’,6-diamidino-
2-phenylindole was added to protect the cells from light 
and incubated for 5 min then washed three times with PBS 

Table 1 RNA extract quality results

Sample Conc. (µg/µL) O.D. 260/280 O.D. 260/230 Amount (µg) rRNA RIN QC evaluation

Tes_PRU1 1.98 2.10 2.32 89.25 1.7 8.5 A

Tes_PRU2 1.68 1.98 2.33 75.6 1.8 7.8 A

Tes_PRU3 1.52 2.04 2.27 68.4 1.9 8.2 A

Tes_Con1 1.26 2.08 2.29 56.65 1.8 8.8 A

Tes_Con2 1.86 2.08 2.08 83.79 2.1 8.7 A

Tes_Con3 1.16 2.06 2.34 52.24 1.9 8.7 A
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for 3 min each time. The cells were removed and the slides 
were mounted with a mounting fluid containing an anti-
fluorescence quencher. The images were then observed and 
captured under a confocal laser microscope.

Results
The results of RNA extraction
After the total RNA of the sample was extracted, the qual-
ity of the RNA solution was tested. The index of RNA used 
for the sequencing of the transcriptional group was as fol-
lows: Optical Density. 260/280 > 1.8, O.D. 260/230 > 1.5. RNA 
integrity number (RIN) was used to evaluate RNA integ-
rity, with a full score of 10. Quality control evaluation index 
refers to the comprehensive evaluation of RIN value, rRNA 
28S/18S and O.D. 260/280 ratio, a grade in line with the 
quality requirements. It shows that RNA has good integrity 
and meets the requirements of subsequent experiments. The 
results are presented in Table 1.

Pretreatment results of sequencing data
The total RNA extracted from testicular tissue samples 
was used to construct an RNA library and sequenced 
by Illumina Hiseq2500, and sequencing results are pre-
sented in Table 2. About 50.8G of raw reads are obtained 
in the testicular group. After filtering out the unavail-
able reads, there are clean reads of about 50.06G, and the 
sequencing data for each sample is above 6G. More than 
98% of the data in the experimental and control groups 
are valid data, which can be further analyzed.

RNA‑sequencing data analysis
RNA-seq technique was used to sequence the testicular 
tissues of the T. gondii infection and control groups. The 
results show that there are a total of 250 genes at the level 
of expression (P < 0.05, |log2 fold change| > 1), including 
179 downregulated and 71 upregulated genes (Fig.  1A). 
We drew a volcano map to observe these differences 
more intuitively (Fig.  1B). The expression levels of top 

50 DEGs in the experimental and control groups were 
observed by thermography (Fig. 1C).

The data showed significant differences between the 
infected group and the control group, which also proved 
the reliability of the data.

KEGG and GO enrichment analysis
To better understand the biological functions of DEGs, 
we performed bioinformatics analysis on them. We con-
ducted a comprehensive KEGG pathway including six 
modules (cellular processes, environmental information 
processing, genetic information processing, human dis-
eases, metabolism, organismal systems).

We found that the DEGs were primarily enriched in 
the modules of cellular processes, genetic information 
processing, and metabolism (Fig.  2A). Further analysis 
revealed significant enrichment of DEGs in the 
endocytosis signaling pathway. Additionally, DEG 
regulation was most notable in the MAPK signaling 
pathway, the ERK1/2 signaling pathway, the Aminoacyl-
tRNA biosynthesis signaling pathway, and the JNK 
signaling pathway (Fig. 2B).

It is noteworthy that the MAPK signaling transduc-
tion system is involved in cell proliferation, differentia-
tion, apoptosis, and responses to environmental stimuli. 
In the testes of mammals, MAPK can indirectly affect the 
development of germ cells by influencing the function of 
supporting cells, such as Sertoli cells [12]. Additionally, 
the ERK1/2 and JNK signaling pathways also play a sig-
nificant role in testicular damage. The data suggest that 
the activation of the MAPK, ERK1/2, and JNK signaling 
pathways caused by T.  gondii may be related to testicu-
lar tissue damage, including inflammation, cell death, and 
interference in the process of spermatogenesis.

The GO classification is divided into three major 
categories, including cellular component, molecular 
function, and biological process. The number of DEGs is 
labeled in Fig. 3.

Table 2 Pretreatment results of data quality

Raw data/read: raw data are sequenced, and the number of sequencing sequences of each file is counted in four units. Raw data/base: the number of sequence 
sequences multiplied by the length of the sequencing sequence and expressed in unit G. Valid data/read: after preprocessing, the number of sequencing sequences 
for each file is counted by a unit of four behavior. Valid data/base: after pretreatment, the number of sequence sequences multiplied by the length of the sequencing 
sequence and expressed in unit G. Valid ratio%: the ratio of processed data (valid) to original data (raw) is expressed as percentage. Q20%: error rate is 1%; Q30%: error 
rate is 0.1%. GC count%: the GC content of the data in the original data

Sample Raw data read Base Valid data read Base Valid read % Q20% Q30% GC%

Tes_PRU1 52576294 7.91G 52169538 7.83G 98.89 99.04 91.76 49.5

Tes_PRU2 53151742 7.97G 51998349 7.8G 97.83 98.19 91.77 49.3

Tes_PRU3 61921170 9.3G 60806588 9.12G 98.2 99.36 91.15 47.5

Tes_Con1 55115974 8.27G 54548470 8.18G 98.97 98.71 90.92 49

Tes_Con2 56251678 8.4G 55469779 8.33G 98.61 98.42 90.85 49.8

Tes_Con3 59617181 8.95G 58705038 8.80G 98.47 98.66 90.52 49.3
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In the biological processes category, significant 
changes are observed in gene expression related to gene 
transcription, RNA metabolism, cell cycle, and apoptosis. 
These changes may indicate that post-infection, cells 
are attempting to regulate these fundamental biological 
processes to combat the pathogen. In the cellular 
component category, differentially expressed genes are 
mainly enriched in organelles, membranes, and protein 
complexes, which may relate to the impact of T.  gondii 
infection on cell structure and function. In the Molecular 
Function category, changes in protein binding functions 
and Adenosine Triphosphate binding are observed, 
which might be associated with alterations in cellular 
energy metabolism and signal transduction. These data 
may indicate the extensive impact of T.  gondii infection 
on testicular tissue, including but not limited to cell 

death, reproductive dysfunction, and inflammatory 
responses.

RT‑qPCR and western blotting verification results
We selected nine DEGs closely related to the 
reproductive system (Table 3). qPCR specificity primers 
for these DEGs were designed using Premier 5 software 
(Premier Biosoft International, Palo Alto, CA, USA) 
(Table  4). The nine key genes related to reproduction 
were verified by qPCR, and the relative expression level 
were compared with the RNA-seq data. The results 
show that the expression trends of these genes align 
with the RNA-seq results, as shown in (Fig. 4).

T.  gondii infection in testicular tissue induces the 
aberrant expression of PTGDS and SYNE1 in the 
host organism. As shown in Fig.  5, T.  gondii infection 
in testicular tissue also leads to a decrease in the 

Fig. 1 RNA‑sequencing analysis revealing the regulatory changes in testicular tissue post‑T. gondii infection. A Shows the total number 
of differentially expressed genes, with the number of genes downregulated (179) shown in red and the number of genes upregulated (71) 
shown in blue, out of the total (250) shown in pink. B A volcano plot where the x‑axis represents the  log2 fold change and the y‑axis represents 
the negative logarithm of the P‑value [−log10(P‑value)]. Points above the threshold lines represent significantly differentially expressed genes, 
with upregulated genes in red, downregulated genes in green, and non‑significant genes in black. C A heat map displaying the expression levels 
of top 50 DEGs across different samples or conditions. Red indicates higher expression, and blue indicates lower expression. The groups Tes_Con 
and Tes_PRU represent control and experimental groups, respectively
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expression levels of PTGDS and SYNE1 within the host 
organism. We concurrently assessed the tight junction 
proteins Claudin-11 and ZO-1 expression levels in the 
BTB. The experimental results demonstrate a decrease 
in the expression levels of Claudin-11 and ZO-1 
following T. gondii infection in testicular tissue (Fig. 5).

Protein expression level of PTGDS in Leydig cells
The results of cell immunofluorescence showed that 
the protein expression of PTGDS gene in Leydig 
cells decrease significantly in the experimental group 
compared with the control group. The DAPI nucleation 
is found in the T.  gondii infection group, indicating the 
phenomenon of nuclear rupture and nuclear dissolution 
of Leydig cells, as shown in Fig.  6. The results indicate 
that T. gondii infection significantly alters the expression 
of PTGDS gene in host cells.

Discussion
PTGDS and BTB
The arachidonic acid (AA) metabolism pathway is the 
primary way to generate inflammatory mediators in 
various tissues [13]. It is an essential fatty acid of human 
body, widely distributed in the body. AA is converted 
mainly through three ways: prostaglandins (PGs), throm-
boxanes (TXs), and lipoxygenase (LOX), which catalyze 
the production of leukotrienes (LTs) and oxidized 20-car-
bon enoic acid (epoxyeicosatrienoic) through the COX 

C-acid, EET, and cytochrome P450 (CYP450) pathway 
[13–15].

Prostaglandin D2 synthase (PTGDS) is the main com-
ponent of the body tissue barrier [16], which participates 
in the formation and maintenance of blood brain, blood 
retina, blood aqueous humor, and BTB. It plays a crucial 
role in the maturation and maintenance of the the central 
nervous and male reproductive systems. In the repro-
ductive system, PTGDS is expressed in the testis (stro-
mal cells, support cells, and spermatogenic cells) and the 
epididymis (sperm and epididymal epithelial cells), with 
the ability to be secreted in the semen [17].

In our previous research, we conducted RNA-seq 
analysis on the epididymal tissues of mice infected with 
T. gondii. Our results revealed an upregulation of PTGDS 
 (log2fold change = 0.803089) [18]. However, in this study, 
the RNA-seq sequencing data demonstrated a signifi-
cant downregulation of PTGDS in the testicular tissue 
 (log2fold change = −1.01194). This finding suggests that 
after T.  gondii infection, there is a decrease in PTGDS 
expression within the testicular tissue, which may indi-
cate inhibitory immune regulation, while an increase was 
observed in its expression within the epididymal tissue, 
suggesting activation of the immune response.

In the molecular functional classification of GO, there 
are functions of PTGDS processes, including binding 
with fatty acids, participation in intracellular and extra-
cellular participation in the lipid metabolism process, 
and in the biological process.

Fig. 2 DEG KEGG pathway analysis. A DEG circos plot. Particular plot is color‑coded to show different categories such as cellular processes, 
environmental information processing, etc., with each segment representing a KEGG pathway. The width of each segment is proportional 
to the number of genes involved. The inner rings show the level of gene regulation (up in red, down in blue) and the significance of enrichment 
[−log10(P‑value)]. B KEGG enrichment scatterPlot. The x‑axis is the rich factor, which is a measure of the enrichment level, while the y‑axis indicates 
the specific pathways. The size of each dot correlates with the number of genes (gene number) involved, and the color indicates the Q.value 
(adjusted P‑value), with red being more significant
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The expression of PTGDS in the testicles significantly 
increases during puberty, and during this period, 
it coincides with the development of the blood–
testosterone barrier. In in  vitro experiments, when 

the specific intercellular connection between cells 
and stem cells appeared, the expression of PTGDS 
increased. However, the expression of PTGDS mRNA 
was expressed by adding trypsin destruction to the 

Fig. 3 DEG GO analysis. Red bars represent the number of genes upregulated, while blue bars represent downregulated genes. The height of each 
bar corresponds to the number of genes associated with each GO term. The x‑axis represents the GO term, and the y‑axis represents the number 
of genes

Table 3 Parts of DEGs related to reproduction

Gene name log2fold change Function

Rnase9 −2.20757 Regulate sperm motility, participate in sperm capacitation, lack of sperm disorders will lead to maturity

Ptgds −1.01194 Expressed in testis and epididymis cells and secreted substances into semen, regulating prostaglandin biosynthesis, 
participating in the development and maintenance of the BTB, and playing an important role in the maturation 
and maintenance of the male reproductive system

Cst9 1.32794 Development of testis is expressed in the process of supporting cells forming testicular cord

Iigp1 1.89148 Resistance to intracellular pathogens can destroy the intracellular vacuoles of T. gondii and kill and kill T. gondii

Adam7 −2.09991 Plays an important role in male reproduction, including sperm maturation and gonadal function

Spag11b −2.24253 Has the antibacterial activity of beta defensin and its unique reproductive function, such as promoting sperm matura‑
tion and obtaining, improving sperm motility, and crossing zona pellucida

Syne1 −1.18019 Related to the cytoskeletal structure of spermatozoa and plays an important role in the process of nuclear remodeling 
in the sperm head

Adgrg2 −1.83472 Participates in signal transduction pathway to control epididymal function and male fertility

Arhgap18 −1.27599 Regulates cell shape, spreading, and migration
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intercellular connection in the culture medium [19]. 
Similar expression patterns of PTGDS are observed in 
the blood–brain and blood–retina barriers [17]. Given 
that the support cells are critical components of the BTB, 
PTGDS likely play a role in the forming and maintaining 
of blood tissue barrier. Downregulation of PTGDS may 
have a detrimental impact on the blood–testosterone 
barrier.

PTGDS is also expressed in the Leydig cells between the 
seminiferous tubules. Leydig cells promote the development 
of reproductive organs by secreting testosterone, 

maintaining secondary sex characteristics, and promoting 
spermatogenesis. Androgens interact with the androgen 
receptor on the support cells, Leydig cells, and neoplastic 
cells [20], establishing a microenvironment conducive to 
spermatogenesis. This is crucial for maintaining normal 
spermatogenesis in the testis.

Previous research reported a significant reduction 
in serum testosterone levels in the male rats infected 
with T.  gondii. It was found that T.  gondii could affect 
the synthesis and secretion of testosterone in stromal 
cells [21]. When the ethane two methane sulfonate 

Table 4 qPCR specific primers and product length

Gene name Forward primer Reverse primer Product length

Rnase9 GAG TAC AGG GCC CAC CAA AC ACA GCG CCC CTT ATA GTG AA 136 bp

Ptgds CGG CCT CAA TCT CAC CTC TAC CCA CTG ACA CGG AGT GGA TG 137 bp

Cst9 GAG GCT TCA GCT GCG TAG A GGT ACC GAC AGT AAA CAG GCA 118 bp

Iigp1 AAC TGG GGT GGT GGA GGT AA CCA GGT AAG TGT TTG GTG GGA 122 bp

Adam7 ATG TGT GAT GGG CGA TGG AA TTC GGG AAA GGG GTT GTT GA 121 bp

Spag11b TAC CAC GAG CCT GAA CCA AA AAC GGA TGT AAG CAG CAG GG 137 bp

Syne1 TCA GCA GTC TGT GAC GGT TC ACG ACT TGA GGG CAG ACT TG 107 bp

Adgrg2 TTC TTT GAA ACA CCC GCC CT AGT GCG ACT GTC ACG TTT CT 128 bp

Arhgap18 CTC AGC CAA GAA AGT GGG GT CTC GGC ATT CGG GTT CAG TT 141 bp

Fig. 4 Comparison diagram of qPCR analysis and RNA‑seq. In the picture, the solid line shows  log2 (fold change) = 1, greater than or equal to 1 
shows the gene significant upregulated expression; the dotted line shows  log2 (fold change) = −1, less than or equal to −1 shows the gene 
significant downregulated expression
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(EDS) treatment caused the destruction of Leydig cells 
in the rat testis, the synthesis of androgen was blocked, 
and the level of androgen receptor in a variety of cells 
in the testicles decreased, affecting the occurrence 
of sperm. After exogenous testosterone replacement 
therapy, the level of androgen receptor was restored 
[22], which explains the importance of normal secretion 
of testosterone from stromal cells to spermatogenesis. 
After selective removal of testosterone with EDS, 
Boekelheide and colleagues found interstitial cell 
deletion, cytoplasmic vacuolization of the corresponding 
segments, fragmentation of nuclei, and degradation 
[23], indicating that testosterone deficiency destroys 
the structural integrity of supporting cells and destroys 
BTB. At the same time, other studies have found that 
androgen can be used as a regulator of blood testosterone 
barrier cells to maintain BTB integrity and temporary 
dissociation and reconstruction [24]. It indicates that 
testosterone secreted by Leydig cells plays a protective 
role in BTB.

Previous research done by Garza and his team indi-
cates that the increase of mRNA and protein expression 
levels of PTGDS is the main cause of male testosterone 
loss [25]. This subsequently reflects that PTGDS is asso-
ciated with the level of testosterone, and the increase 
of PTGDS can cause the increase of the level of testos-
terone in the synthesis and secretion of Leydig cells. In 
this experiment, the results of RNA-seq in the testicular 
group showed that the level of PTGDS mRNA was down, 
and the level of testosterone production and secretion of 
Leydig cells would also decrease, thus damaging the BTB.

In 1975, Olsson and his research team observed a sig-
nificant decline in PTGDS concentration in the seminal 
plasma of patients with oligospermia [26]. Meanwhile, 

other research found that the reason could be associated 
with the impairment of the spermatogenic duct of the 
testis [27]. Subsequently, the concentration of PTGDS 
in seminal plasma was utilized as an auxiliary diagnostic 
index for oligozoospermia [28].

Cytoskeleton and BTB
The BTB is composed of the basilar membrane of con-
voluted tubule, the vascular endothelial basement mem-
brane, connective tissue, and Sertoli cells, to which the 
basement is closely connected. The junctional complex 
between the Sertoli cells constitutes the most important 
part of the BTB [29]. BTB consists of tight junction (TJ) 
based on actin, basic ectoplasmic specialization (ES), gap 
junctions (GJ) and filamentous desmosome (DS) between 
Sertoli cells [30]. Actin microfilament networks in the 
basal ES contribute to strengthening the structural integ-
rity of TJ [31, 32].

The Cytoskeleton is a network of filamentous 
structures located in the intracellular, almost involved in 
various cellular activities. It forms a three-dimensional 
reticular structure woven with protein fibers, filling the 
entire cytoplasmic space and establishing structural 
connections with the cell and nuclear membranes. The 
cytoskeleton is essential for maintaining the specific 
shape of cells and is involved in cell movements [33]. 
Microfilaments are primarily composed of actin, which 
is related to the movement and connection of cells, 
so it is also called actin microfilaments. They consist 
of two forms of actin in Sertoli cells: globular-actin 
(G-actin) and polymerized fibrin action (F-actin) [34]. 
Microfilaments provide structural support to Sertoli 
cells, and contribute to network structure formation 
within the closely connected system between Sertoli 

Fig. 5 Western blot analysis of the expression levels of Ptgds, Syne1, Claudin‑11, and ZO‑1. A Lane 1 shows the data from the control group. Lane 
2 shows the data from the experimental group; β‑actin is the endogenous control. B Quantification of the results shown in panel A using Gel‑Pro 
Analyzer 4.0 software
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cells [35]. They actively regulate the tight junctions of the 
blood-testis barrier, facilitating spermatogenic cells from 
the basal compartment to the abluminal compartment. 
Therefore, the damage of cytoskeleton of Sertoli cells 
results in abnormal cell morphology and dysfunction of 
TJ, which makes the BTB cannot maintain its stability.

In our experiment, several DEGs related to the 
cytoskeleton were identified in testis tissue, including 
Ras homologous oncogenes (Rho) GTPase-activating 
protein 18 (Arhgap18) and Nesprin-1 (Syne1) gene, 
among others. Rho GTPase-activating protein inhibits 

the polymerization of F-actin and regulates cell shape, 
diffusion, and migration. Rho GTPases serve as critical 
mediators in signal transduction. It is a downstream 
effector protein of various membrane surface receptors, 
including G-protein-coupled receptor, tyrosine kinase 
receptor, cytokine receptor, and adhesion molecule 
receptor. In the process of cell signal transduction, Rho 
GTPases play the role of “molecular switch,” quickly 
converting between the activated state of GTP binding 
and the non-activated state of GDP binding. They 
transmit the extracellular signal to the intracellular 

Fig. 6 Immunofluorescence of PTGDS expression in Leydig cells infected with tachyzoite of T. gondii. In the picture, the blue is the nucleus of DAPI 
staining, the red is T. gondii protein labeled by Cy3, and the green is the PTGDS protein labeled by FITC; control 1, 2, infection 1, 2 are the parallel 
tests
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[36], and affect the morphology and movement of 
the cells by regulating the reorganization of actin and 
the cytoskeleton [37]. Rho protein is an important 
intermediate signal molecule during the process of 
intracellular signal transduction. The Rho and its 
downstream effector proteins regulate the cell barrier 
function and intestinal permeability by maintaining the 
stable state of TJ and adhesion connections between 
intestinal epithelial cells [37].

In our study, the expression of the Arhgap18 gene was sig-
nificantly downregulated, with a  log2fold change = −1.27599. 
This downregulation will weaken the inhibition of Rho, 
indirectly leading to a weakening of the inhibition of F-actin. 
Consequently, this will result in the strengthening of the 
polymerization capacity of actin, and the protein network of 
actin forms the basis of the tight junction of the BTB.

When the cytoskeleton changes, the gap increases 
between the tight junction when F-actin polymerization 
increases, leading to the destruction of BTB, breaking 
the balance between the microenvironment and subse-
quently male sterility. Syne1 forms a connection network 
between the cell organs and the actin cytoskeleton to 
maintain subcellular space tissue, and participates in the 
connection between the nuclear lamina and the cytoskel-
eton. In addition, the Syne1 gene may be involved in 
nuclear remodeling of sperm head formation during 
spermatogenesis [38, 39]. Compared with the control 
group, the expression of the Syne1 gene was significantly 
downregulated,  log2fold change = −1.18019, which had a 
negative effect on the formation of BTB and the morpho-
logical structure of sperm. The BTB is an effective pro-
tective barrier for male reproductive system. The main 
function is to prevent some large molecular substances 
from the blood or lymphatic pathways into the convo-
luted tubule cavity to regulate the concentration of acti-
vator substances in the spermatogenic epithelium [40]. In 
chronic infection of T. gondii, the BTB is destroyed and 
thus disorder of spermatogenesis occurs, then affect-
ing the maturation and capacitation of spermatozoa and 
decreasing male reproductive capacity.

Conclusions
Our research reveals the impact of chronic T.  gondii 
infection on mouse testicular tissue. T.  gondii infection 
resulted in a significant differential expression of genes, 
with a notable downregulation of PTGDS, a gene 
involved in prostaglandin synthesis and the maintenance 
of BTB. The findings imply that T.  gondii infection may 
have adverse effects on the integrity of the BTB. This 
research provides in-depth insights into how chronic 
T.  gondii infection might affect testicular tissue and 
potentially impact male fertility. Our findings could 

contribute toward development of therapeutic strategies 
for infection-related male reproductive disorders.
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