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Abstract

:

Simple Summary


Polymorphonuclear neutrophil (PMN) count is the main diagnostic method of bovine endometritis. High neutrophil PMN counts in the endometrium of cows affected by endometritis suggest the involvement of oxidative stress among the causes of impaired fertility. The damage mechanism of oxidative stress on bovine endometrial epithelial cells (BEECs) is still unelucidated. The objective of this experiment was to investigate the relationship between oxidative stress and graded endometritis in dairy uteri and the molecular mechanism of oxidative stress injury to BEECs. Our research showed that there was an imbalance of antioxidant stress in dairy cow uterine with endometritis, oxidative stress damaged dairy cow endometrial epithelial cells through mitochondria-dependent pathways. These findings may provide new insight into the therapeutic target of bovine endometrial cell injury.




Abstract


Bovine endometritis is a mucosal inflammation that is characterized by sustained polymorphonuclear neutrophil (PMN) infiltration. Elevated PMN counts in the uterine discharge of dairy cows affected by endometritis suggest that oxidative stress may be among the causes of impaired fertility due to the condition. Nevertheless, the effects of oxidative stress-mediated endometritis in dairy cows largely remain uninvestigated. Therefore, fresh uterine tissue and uterine discharge samples were collected to diagnose the severity of endometritis according to the numbers of inflammatory cells in the samples. Twenty-six fresh uteri were classified into healthy, mild, moderate, and severe endometritis groups based on hematoxylin and eosin stain characteristics and the percentage of PMNs in discharge. BEECs were treated with graded concentrations of H2O2 from 50 μM to 200 μM in vitro as a model to explore the mechanism of oxidative stress during bovine graded endometritis. The expressions of antioxidant stress kinases were detected by quantitative fluorescence PCR to verify the oxidative stress level in uteri with endometritis. Reactive oxygen species were detected by fluorescence microscope, and inflammation-related mRNA expression increased significantly after H2O2 stimulation. Moreover, mRNA expression levels of antioxidant oxidative stress-related enzymes (glutathione peroxidase, superoxide dismutase, and catalase) and mitochondrial membrane potential both decreased. Further investigation revealed that expression of the apoptosis regulator Bcl-2/Bax decreased, whereas expression of the mitochondrial apoptosis-related proteins cytochrome c and caspase-3 increased in response to oxidative stress. Our results indicate that an imbalance exists between oxidation and antioxidation during bovine endometritis. Moreover, apoptosis induced in vitro by oxidative stress was characterized by mitochondrial damage in BEECs.
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1. Introduction


Dairy cow health, especially reproductive disease, has attracted increasing attention as the demand for milk and other dairy products has expanded [1]. Up to 40% of dairy cows develop postpartum uterine disease, which causes infertility by compromising the function of the endometrium [2]. High-quality milk requires a healthy uterus. Transition cows, in particular, face the challenge of negative energy balance (fatty liver, ketosis, subacute, acute ruminal acidosis) and perturbed immune function (metritis, mastitis) [3], given that all cows experience a reduced feed intake and body condition, infection, and inflammation of the uterus after calving [4]. Endometritis is an inflammation of the inner lining of the uterus and is one of the principal reproductive diseases that impact the dairy economy [5]. Recent surveys have revealed that endometritis has a prevalence of 20%, which ranges from 8% to 40%, in certain farms [6]. Bacterial infection is the main cause of postpartum endometritis in dairy cows. Bacteria, including Escherichia coli, Arcanobacterium pyogenes, Fusobacterium necrophorum, and Staphylococcus aureus, contaminate the uterus in >90% of dairy cattle in the first two weeks after parturition [7]. Diagnosis of endometritis is based on the presence of pus mixed with the vaginal mucus and the proportion of polymorphonuclear neutrophils (PMNs) among epithelial cells [8,9,10].



PMNs contribute to the first line of defence in the process of bacterial infection in the bovine uterus [11]. Neutrophils are recruited to inflammatory sites when inflammation occurs and then kill microbes by oxidant-dependent pathways [12]. In the activated state, PMNs produce and release superoxide anions and reactive oxygen species (ROS) to destroy the invading bacteria [13]. In cells, the initially produced superoxide radical is dismutated to hydrogen peroxide having a long half-life, which then diffuses and derives highly reactive ROS, hydroxyl radical [14]. However, an excessive free radical (OH−, O2−) load induces damage to structural and functional macromolecules, including lipids, protein, and RNA, but perhaps with the most severe repercussions on DNA [15]. The damaged macromolecules impact higher order structures such as compromising the insulation of organelles, e.g., endoplasmic reticulum, that maintain naturally high ROS. Pathological perturbations of ROS may result [16,17]. The inflammatory reaction will be more severe when invasion by pathogenic organisms or excessive free radicals produced by PMN cause irreversible damage to endometrial epithelial cells [18].



Inflammation is a complex systemic response. One of the most prominent features of the inflammatory response is the generation of a pro-oxidative environment due to the production of high fluxes of pro-oxidant species [19]. NADPH (nicotinamide adenine dinucleotide phosphate) oxidases (NOXs) are crucial enzymes that promote the production of ROS in neutrophils during inflammation [20]. Previous studies showed that NOX2 and mitochondria-derived ROS were required for the respiratory burst that occurs in activated leukocytes [21]. Enhanced ROS generation in mitochondria at the site of inflammation causes endothelial dysfunction and tissue injury [22]. ROS and superoxide anions have high reactivity with the bacterial cell membrane [23], nucleic acids, and proteins, thereby inducing microbial damage and death. However, these reactive molecules not only kill bacteria but also cause oxidative damage to BEECs [24]. High neutrophil counts in the endometrium of cows affected by endometritis suggest that oxidative stress may be among the causes of impaired fertility due to the condition [25]. High concentrations of ROS are a key indicator of many inflammatory diseases, and prolonged ROS production is a major factor that underpins chronic inflammation. In summary, oxidative stress is a crucial source of inflammation.



ROS emission accounts for approximately 2% of the total oxygen consumed by mitochondria under physiological conditions [26]. The balance between ROS generation and ROS scavenging is highly controlled, and oxidative stress is absent under normal conditions [27]. Mitochondria store the energy generated in the inner mitochondrial membrane as electrochemical potential energy during the processes of respiration and oxidation, thereby causing an asymmetric distribution of protons and other ions on different sides of the membrane, which forms the mitochondrial membrane potential (MMP) [28]. Superoxide anion is the main ROS that causes a decrease in the MMP [29]. A reduction in the MMP means that the capacity of mitochondria to transport ATP is decreased, which is a hallmark of cells during early apoptosis [30]. The accumulation of ROS and a decrease of the MMP indicate that mitochondria are damaged significantly [31]. Mitochondrial damage is an important feature of inflammation induced by oxidative stress. Severely damaged mitochondria lead to apoptosis [32]. The pathways of apoptosis are divided into the death receptor-mediated extrinsic, mitochondrial-mediated intrinsic, and endoplasmic reticulum stress-mediated pathways [33]. Mitochondrial-mediated apoptosis is characterized by mitochondrial outer membrane permeability, followed by cytochrome c release into the cytoplasm and activation of caspase [34]. The expression of pro-apoptotic proteins Bax and Bak is increased by apoptotic stimuli, following which these proteins bind to pro-survival Bcl-2 proteins to release Bax/Bak from inhibition [35]. Free Bax and Bak form oligomers, which lead to cytochrome c release from mitochondria to the cytoplasm, which activates the caspase cascade to induce apoptosis [36].



The present study aimed to investigate the relationship between oxidative stress and graded endometritis in dairy uteri and the molecular mechanism of oxidative stress injury to BEECs.




2. Materials and Methods


2.1. Tissue and Uterine Discharge Collection


All the uterine samples in our study are from Holstein-Friesian cows. To exclude the interference of other diseases, cows with infertility were selected, and dairy cows with mastitis, hoof disease, and other diseases were excluded. Fresh cow uteri were collected from slaughterhouses and transported to the laboratory on ice within two hours. The uterine cavity was exposed completely and was scraped for uterine discharge (UD). A 4 × 4 mm tissue section was obtained using biopsy forceps. Collected tissue was placed into a saline solution (0.9%). The uteri tissue samples were divided into two parts: one part was immersed immediately in liquid nitrogen for total protein and RNA extraction, and the second section was placed into paraformaldehyde (4%) for histopathology using routine haematoxylin and eosin (HE) staining.




2.2. Cytological Smear Preparation and Cytological Assessment


Duplicate cytology smears were prepared immediately after the UD samples were collected. Slides for cytologic examination were prepared by rolling a disposable inoculation ring with the smear onto a clean glass microscope slide. The slides were air-dried and stained using the Diff-Quick staining protocol (Solarbio, Beijing, China). The slides with smear are naturally dry and then fixed with Diff-Quik Fixative for 20 s. Then, Diff-Quik I staining for 5–10 s and Diff-Quik II staining for 10–20 s was completed. After rinsing, the slides were observed under a microscope. The cytological assessment was performed by counting a minimum of 100 cells to determine the percentage of PMNs. The PMN percentages were evaluated microscopically (magnification of 400×; Ni-U, Nikon, Tokyo, Japan) by a single experienced observer who was blinded to the slides’ origin. At least 100 PMN and epithelial cells were counted for each microscope field and used to calculate the PMN proportion in the sample [(PMN cells)/(PMN + epithelial cells)]. At least three fields of view were analyzed for each sample. Briefly, smears were evaluated microscopically, and the proportions of PMNs, lymphocytes and epithelial cells were recorded.




2.3. Evaluation and Diagnosis of Dairy Endometritis


Endometritis in dairy cows is a controversial issue among practitioners due to the lack of a diagnostic gold standard [37]. In most cases, the definitive diagnosis of endometritis is made based on histological examination of endometrial tissue and the percentage of PMN in vaginal discharge. The threshold value for PMNs as diagnostic for subclinical endometritis depends on the time postpartum and varies from 5 to 18% [38]. It has also been shown that a general threshold of 5% PMN is permissible for all cows between 21 and 62 days postpartum. Briefly, PMN and lymphocytes in the present study were counted in histological sections of endometrial tissue specimens. Similarly, the proportion of PMNs and lymphocytes to all cells were counted in UD. We deemed that severe endometritis (Se) was present if the proportion of PMNs was >25% [38,39,40] in UD and was accompanied by exfoliation or necrosis of endometrial epithelial cells. In contrast, we assessed that moderate endometritis (Moe) was present if the proportion of PMNs was 18–25% [41,42,43], endometrial epithelial cells were flattened, and the proportion of mononuclear cells was 5–10%. Mild endometritis (Mie) was defined if the proportion of PMNs was 2–5% [44,45,46] and mononuclear cells were 3–5% in lamina propria. Endometrial epithelial cells were columnar when the proportion of PMNs was <3% [47,48,49] (Table 1).




2.4. Cell Culture and Treatment


Fresh cow uteri were collected from slaughterhouses and transported to the laboratory on ice within two hours. BEECs were isolated immediately from healthy cornua uteri and were cultured in DMEM supplemented with penicillin (100 mg/mL) and streptomycin (100 U/mL) with 10% FBS at 37 °C in a humidified atmosphere with 5% CO2. After expanded culture, the BEECs were stored in liquid nitrogen for subsequent experiments. BEECs were recovered and treated with 0, 50, 100, and 200 μM H2O2 when required. BEECs were seeded on the 6-wells plates at a density of 2 × 105.




2.5. Total RNA Extraction and Quantitative Reverse Transcription PCR


Uterine tissue samples were thawed at low temperatures. Uteri samples and liquid nitrogen were added to mortar; the samples were ground into powder at low-temperature RNA, and protein was extracted. Total RNA from BEECs and endometrial tissues was isolated using RNAiso Plus (Takara, Maebashi, Japan), according to protocols from the manufacturer. Extracted RNA was quantified, and 1 μg of RNA was added to a genomic DNA elimination reaction for reverse transcription into a cDNA template with gDNA Eraser (Takara). Quantitative PCR was performed with a Bio-Rad CFX96 system using the SYBR Green Plus Reagent Kit (Takara). The reaction conditions were as follows: 95 °C for 2 min, followed by 40 cycles at 95 °C for 10 s and 60 °C for 30 s. The mRNA expression levels were measured relative to the mRNA of the β-actin reference gene using the 2−ΔΔCt method. The primer sequences for each gene are reported in Table 2.




2.6. Detection of Intracellular ROS


Intracellular ROS was detected using 2,′ 7′-dichlorofluorescein diacetate (DCFH-DA) according to the manufacturer’s protocol (Beyotime, Shanghai, China). BEECs were seeded on coverslips in 12-well plates, and the cells were attached completely within 12 h. The culture was discarded at 70–80% confluency, and adhered BEECs were washed three times with PBS. BEECs were incubated with a serum-free medium containing 10 μmol/L DCFH-DA and then treated with various concentrations of H2O2 (0, 50, 100, or 200 μM) at 37 °C for five hours. Rosup was used as a positive control for inducing oxidative stress. The cells were observed by fluorescence microscopy (Nikon, Tokyo, Japan), and the fluorescence intensity was evaluated with ImageJ 1.47 v software.




2.7. Detection of Mitochondrial Membrane Potential


The decrease of MMP is characteristic of the early stage of apoptosis. 5,5′,6,6′-Tetrachloro-1,1′,3,3′- tetraethyl-imidacarbocyanine iodide (JC-1) is an ideal fluorescent probe that is used widely to detect MMP. At higher mitochondrial membrane potentials, JC-1 accumulates in the matrix of mitochondria to form polymers (J-aggregates) that produce red fluorescence. When the mitochondrial membrane potential is low, JC-1 could not accumulate in the matrix of mitochondria that exists as a monomer and emits green fluorescence exposed to blue light. MMP was detected with the JC-1 kit (Beyotime); the JC-1 solution was diluted 200 times. BEECs were stimulated with various concentrations of H2O2 (0, 50, 100, or 200 μM) for five hours, followed by the addition of a JC-1 working solution (0.6 mL). After incubation for 20 min at 37 °C, the BEECs were washed with phosphate-buffered saline three times. The fluorescence intensity was measured by confocal laser scanning microscopy.




2.8. Transmission Electron Microscopy


BEECs were fixed using 2.5% glutaraldehyde at room temperature, washed by PBS, fixed by osmic acid, washed by PBS, and dehydrated by a graded ethanol series. After embedment in LR-White, the sample was cut into ultrathin sections. The ultrathin sections were stained using 3% uranyl acetate–lead citrate cream and photographed using an HT7800 transmission electron microscope (Hitachi, Tokyo, Japan).




2.9. Protein Extraction and Western Blotting


Total protein was extracted from cells and uterine tissue with a protein extraction kit (KeyGEN, Changchun, China) according to protocols from the supplier. Protein concentration was determined using a bicinchoninic acid assay (KeyGEN). Equal concentrations of total protein were separated by SDS-PAGE (12%). Proteins were transferred onto polyvinylidene difluoride membranes and were blocked for two hours with TBST (50 mmol/L Tris, pH 7.6, 150 mmol/L NaCl, and 0.1% Tween 20) containing 5% BSA. The membranes were incubated with primary antibodies diluted in TBST overnight at 4 °C. Antibodies against cytochrome C (ab133504), caspase-3 (ab184787), BAX, (ab32503), and Bcl-2 (ab182858) were from Abcam (Shanghai, China). After washing three times in TBST, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies for two hours at room temperature and then washed three times for 10 min. Protein bands were visualized by exposure to an enhanced chemiluminescence detection system imager (Tanon Biotech, Shanghai, China) with an enhanced chemiluminescence solution (DiNING, Beijing, China). The relative intensity of each band was assessed by Image J 1.47 v software.




2.10. Statistical Analysis


Statistical analysis was performed using SPSS Statistics 25 (Chicago, IL, USA). In our study, each experiment was repeated three times; a one-way ANOVA was used, and the results were compared between groups or with the control for multiple comparisons with Bonferroni correction. Differences between means were determined using Duncan’smultiple comparisons. All data are presented as means ± SD. A p-value < 0.05 was considered statistically significant, and a p-value < 0.01 was considered highly significant.





3. Results


3.1. Examination of Bovine Uteri and Uterine Discharge


Uteri were classified according to different levels of inflammation to investigate the relationship between graded endometritis and oxidative stress in the bovine endometrium. Uteri were divided into four groups based on the results of HE staining and cytological assessment. Three uteri were graded as having Se (Figure 1D). The PMN counts of UD in this group were >50%, most luminal epithelial cells were desquamated, epithelial necrosis and nuclear condensation were evident, and great numbers of PMNs and lymphocytes were infiltrated in the lamina propria (Figure 1D,H). Five uteri were graded with Moe with significant lymphocyte infiltration, relatively few luminal epithelium cells desquamated, and few PMNs in UD (Figure 1C,G). Six uteri were graded as displaying Mie, with few lymphocytes in the epithelial layer, scanty presence of red blood cells in lamina propria, and hardly any PMNs in UD (Figure 1B,F). Twelve uteri were graded as normal (He) with the scanty presence of inflammatory cells (Figure 1A,E). Few granulocytes are present in UD without endometritis (Figure 1I), whereas more granulocytes occur in UD with endometritis (Figure 1J).




3.2. Glutathione Peroxidase, Superoxide Dismutase, Catalase Show Reduced Expression and IL-8, IL-10 Show Increased Expression in Bovine Uteri with Inflammation


Real-time PCR was performed to examine differences in the expression of anti-oxidative stress-related enzymes in uteri with endometritis compared to healthy uteri. The results showed that the expression of glutathione peroxidase (GPx) in the Moe and Se groups was reduced significantly (p < 0.01) compared with the He group (Figure 2C). Superoxide dismutase (SOD) expression also was less (p < 0.05) in the endometrium in the Moe and Se groups compared with the He group (Figure 2B). Similarly, catalase (CAT) expression in the endometrium was reduced significantly (p < 0.01) in the Moe and Se group compared with normal (Figure 2A). In contrast, expression of SOD and CAT was not significantly different in the Mie group compared with the He group, but GPx gene expression was increased significantly (p < 0.05) (Figure 2). The expression of IL-8 in the Se group was increased (p < 0.001), but there was no significant difference in the Mie group and Moe group compared with the He group (Figure 2D). IL-8 expression in the Moe group and Se group was increased significantly (p < 0.001) compared with the normal (Figure 2E).




3.3. H2O2 Induces Increased Inflammatory Cytokines and Decreased Antioxidant Enzymes in BEECs


An in vitro oxidative stress model targeted to bovine endometritis was established, and various concentrations of H2O2 (50, 100, and 200 μM) were used to induce oxidative stress in BEECs [50,51]. The expression of the genes for inflammation-related factors IL-8 and IL-10 increased in BEECs (p < 0.01) following stimulation with 50 or 100 μM H2O2 for five hours compared with the untreated cells. The expression of IL-8 and IL-10 also increased significantly in the 200 μM group but less than with 50 or 100 μM H2O2 (Figure 3G,H). Interestingly, IL-8 increased without dose-dependence after H2O2 stimulation (Figure 3G). Antioxidant enzymes are not only the main contributors to the elimination of oxygen free radicals but also are markers of antioxidant stress. The expression of GPx decreased significantly (p < 0.01) after incubation of BEECs with H2O2 compared with the control group (Figure 3D). Additionally, 100 and 200 μM H2O2 significantly inhibited the expression of SOD (p < 0.01) and CAT (p < 0.05), although 50 μM H2O2 had no significant effect on the expression of these enzymes (Figure 3E,F). NOXs are one of the major sources of cellular ROS, high levels of which are the principal cause of oxidative stress. The expression of the genes for NOX1 and NOX4 was increased significantly after incubation with H2O2 compared with the untreated control (Figure 3A,C). In contrast, we also observed that the expression of NOX2 did not alter significantly after incubation with 50 μM H2O2, but that expression increased significantly at concentrations of 100 and 200 μM H2O2 (Figure 3B). Taken together, these data suggest that H2O2 induces higher expression of inflammatory and oxidative stress-related factors but lower expression of antioxidant enzymes in BEECs.




3.4. H2O2 Increases ROS and a Decrease of the MMP to Damage Mitochondria in BEECs


ROS oxidizes non-fluorescent DCFH-DA intracellularly to produce green, fluorescent DCF. The strength of the fluorescence correlates with higher ROS levels. Green fluorescence of H2O2-treated cells increased significantly compared with the untreated group, although fluorescence intensity was not significantly different between the H2O2-treated groups (Figure 4A). These results suggest that 50, 100, and 200 μM H2O2 increase intracellular ROS levels to similar values in BEECs (Figure 4C). We also examined the MMP to ascertain whether exposure of BEECs to H2O2 affects membrane integrity. Data obtained from JC-1 staining showed that the MMP decreased significantly after H2O2 stimulation compared with the untreated group (Figure 4B), although there were no significant differences among the H2O2-treated groups. Meanwhile, mitochondrial morphology was observed by transmission electron microscope (Figure 4E). After treatment with H2O2, for five hours the mitochondria showed swelling and vacuolization of mitochondria, clearing of the mitochondrial matrix, and breakage of mitochondrial cristae. These results suggest that mitochondria are damaged after H2O2 exposure. In summary, the increase in ROS and the decrease in MMP indicate that mitochondria are damaged after treatment of BEECs with H2O2.




3.5. Pro-Apoptosis of Mitochondria-Dependent Proteins Increases after Treatment with H2O2


Mitochondria may be severely damaged due to ROS that is released during inflammation. We detected mitochondrial-dependent apoptosis proteins in BEECs after treatment with H2O2 to examine this hypothesis further. The expression of mitochondria-dependent apoptosis proteins cytochrome C, caspase-3, and BAX increased in BEECs with increasing H2O2 concentrations compared with the untreated control (Figure 5). Additionally, we monitored the expression of the Bcl-2 protein that regulates apoptosis. Exposure of BEECs to H2O2 resulted in reduced expression of Bcl-2 (Figure 5).





4. Discussion


The uterus in a healthy state is a sterile environment. Postpartum cow uterine infection is a major cause of endometritis. An unhealthy uterus is detrimental to embryo implantation. Therefore, dairy cow uterine infection is a significant cause of economic loss and animal distress [52]. The grading of endometritis is conducive to understanding the pathogenesis of bovine endometritis to provide strategies for the treatment of the condition. Hence, in the present study, we aimed to investigate the relationship between oxidative stress and graded endometritis in dairy uteri and the molecular mechanism of oxidative stress injury to BEECs.



Dairy cow endometritis is quantifiable by the proportion of neutrophils in cytology samples which has led to the use of the term cytological endometritis as a more descriptive diagnosis [10]. Cytological assessment has been recommended as a reliable method for determining the percentage of polymorphonuclear leukocytes at the endometrial surface [53]. The diagnosis of endometritis in dairy cows is a controversial topic in bovine health due to the lack of a diagnostic gold standard [54,55], and no diagnostic test is considered 100% accurate [56]. Endometritis is defined histologically as the presence of inflammatory cells in the uterine endometrium with disruption, or not, of the epithelial layer [57]. Histopathology is considered the best way to diagnose endometrial alterations [58], mainly because this approach allows direct visualization of both acute and chronic alterations in the epithelium and stratum compactum of the endometrium (Figure 1). In this study, mean PMN counts based on cytological smear and histopathological examination were significantly different between healthy and endometritis groups (Figure 1F). However, PMN count alone is insufficient to indicate the inflammation level. Uterine biopsy has been reported to be a reliable technique for assessing uterine function and health, but the procedure is detrimental to further fertility [59] and failure of embryo implantation [60]. Consequently, fresh uteri from slaughterhouses were studied here to grade endometritis according to PMN count and HE staining (Figure 1). The high expression of the anti-inflammation factor IL-10 antagonizes other inflammatory factors to inhibit inflammation response. IL-8 induces fever, participates in pathological inflammatory damage, and promotes the release of inflammatory mediators. High expression of IL-8 and IL-10 in endometritis groups proves that it is consistent with the pathological examination and cytological examination.



ROS are among the main cellular electrophiles involved in a delicate and easily corruptible balance between biological benefit and damage [61]. ROS are of three major types, namely hydrogen peroxide, OH−, and O2−, and affect cells mainly by DNA damage and reducing MMP. It has been reported that oxidative damage induced by ROS and subsequent cell death are associated with several human diseases, such as diabetes [62,63]. Mitochondria are equipped with SOD which is one of the most efficient ROS scavengers. SOD is the only factor that converts superoxide into hydrogen peroxide [19]. In addition, GPx and CAT convert hydrogen peroxide into water and thereby play important roles in preventing the formation of hydroxyl radicals. Wu et al. [64] found that salvianolic acid C enhanced the expression of SOD, GPx, and the antioxidant glutathione to mitigate mitochondrial oxidative stress and the inflammatory response. We tested for SOD, GPx, and CAT to investigate the antioxidant levels in uterine tissue with endometritis. The expression of these enzymes was decreased significantly in the Moe and Se groups compared with the He group, and the levels of IL-8 and IL-10 were significantly increased in the Moe and Se groups. Thus, these data indicate that there is a disequilibrium of oxidative stress-related enzymes in bovine uteri with endometritis. Exposure to H2O2 is a widely used procedure to induce oxidative damage/stress in cellular models [65]. BEECs were exposed to graded concentrations of H2O2 to simulate the cellular environment during endometritis. Previous studies indicated that ROS were generated primarily by NOX2 and activated inflammation in microglia [66]. Here, we observed that high expression of NOX1, NOX2, and NOX4 promoted intracellular ROS accumulation and that MMP simultaneously was decreased. Based on a previous report [66,67], NOXs promote intracellular ROS accumulation and exacerbate the inflammatory response in certain types of mammalian cells. The function of NOXs in regulating redox processes and inflammation is a complicated process. The findings here provide evidence that NOX1, NOX2, and NOX4 promote ROS generation to express IL-8 and IL-10 in BEECs (Figure 3). Thus, the results demonstrate that H2O2 induces inflammation and oxidative stress in BEECs.



Mitochondria are the energy centers of cells and are essential for cellular survival. MMP is a key indicator of cell health and injury due to the important role that it plays in adenosine 5’-triphosphate synthesis [68]. Previous studies have reported that monitoring of MMP is a good indicator for the assessment of cell status and diagnosis of diseases [69]. As shown in Figure 4B,D, treatment of BEECs with H2O2 significantly decreased MMP compared with the control group. Mitochondrial damage causes the decrease of MMP, mitochondrial swelling, and ridge disappearance [70,71]. Electron microscope examination here showed that after treatment of BBECs with H2O2, mitochondria were damaged with mitochondrial swelling and ridge disappearance (Figure 4E).



At higher ROS levels, longer mitochondrial permeability transition pore openings may release a ROS burst leading to the destruction of mitochondria and, if propagated from mitochondrion to mitochondrion, of the cell itself [27]. Neitemeier et al., found that mitochondrial damage induced neuronal apoptosis by ferroptosis [72]. Moreover, persistent oxidative stimulation not only attenuates the effects of cellular antioxidative systems but also damages mitochondria resulting in high expression of proapoptotic proteins [73]. Consistent with a previous report [74,75], we found that the expression of apoptosis-related protein Bax increased significantly after treatment of BEECs with H2O2 (Figure 5A). Bcl-2 family members, including Bcl-2, Bax, Bcl-w, and Bcl-xL, are crucial integrators of signals for cell survival and death [76]. The ratio of Bcl-2/BAX appears to determine the survival or death of cells following an apoptotic stimulus [77]. Previous studies showed that a reduction in the Bcl-2/BAX ratio with a simultaneous decrease in MMP indicated that mitochondria-damage mediated pathways induced apoptosis [78,79]. The shift in Bax/Bcl-2 ratio in favor of apoptotic signal, a reduction in the Bcl-2/BAX ratio increased levels of cytochrome c release and the expression of proapoptotic protein caspase-3 [80]. According to our data, the ratio of Bcl-2/BAX (Figure 5) decreased significantly with the decrease in MMP and increased ROS in BEECs undergoing oxidative stress (Figure 4). Our findings are consistent with previous reports in which the aggravation of oxidative stress during inflammation caused increased expression of caspase-3 and cytochrome c (Figure 5). It has been demonstrated that an increase in the release of cytochrome c from the mitochondria into the cytosol is regulated by Bcl-2 family proteins [81]. Therefore, the regulatory interplay between the Bcl-2 family and cytochrome c is essential for the control of apoptosis. In other words, high levels of ROS and decreased MMP under oxidative stress conditions damage the mitochondria by a reduction in the Bcl-2/BAX ratio and facilitate the enhanced expression of cytochrome c and caspase-3. Taken together, these data provide evidence that damage caused by oxidative stress induces BEECs to express mitochondria-dependent pro-apoptosis proteins.




5. Conclusions


In conclusion, our findings reveal that oxidative stress occurs in the bovine uterus with endometritis. Oxidative stress is correlated positively with the severity of endometritis, and H2O2-induced oxidative stress promotes apoptosis in a mitochondrial damage-dependent pathway during inflammation in BEECs.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ani12182444/s1, Figure S1: original Western Blot figures.





Author Contributions


P.S. and Y.J. designed the experiments. P.S. analyzed the experimental data and drafted the manuscript. C.L., M.S., J.L., helped to conceptualize the work and collected data. P.L., A.W., Y.J. checked and revised the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Natural Science Foundation of China under Grant No. 31772817, and the Key R&D Program of Ningxia Hui Autonomous Region, grant number 2018BBF33001.




Institutional Review Board Statement


The animal study was reviewed and approved under the control of the Guidelines for Animal Experiments by the Committee for the Ethics on Animal Care and Experiments of Northwest A&F University and performed under the control of the “Guidelines on Ethical Treatment of Experimental Animals” (2006) No. 398 set by the Ministry of Science and Technology, China. (approval number: NWAFAC1027).




Informed Consent Statement


Not applicable.




Data Availability Statement


The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation. Full data available from the first author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Gilbert, R.O. Management of reproductive disease in dairy cows. Vet. Clin. North Am. Food Anim. Pract. 2016, 32, 387–410. [Google Scholar] [CrossRef] [PubMed]

	



Sheldon, I.M.; Cronin, J.G.; Bromfield, J.J. Tolerance and innate immunity shape the development of postpartum uterine disease and the impact of endometritis in dairy cattle. Annu. Rev. Anim. Biosci. 2019, 7, 361–384. [Google Scholar] [CrossRef]

	



Esposito, G.; Irons, P.C.; Webb, E.C.; Chapwanya, A. Interactions between negative energy balance, metabolic diseases, uterine health and immune response in transition dairy cows. Anim. Reprod. Sci. 2014, 144, 60–71. [Google Scholar] [CrossRef]

	



Esposito, G.; Raffrenato, E.; Lukamba, S.D.; Adnane, M.; Irons, P.C.; Cormican, P.; Tasara, T.; Chapwanya, A. Characterization of metabolic and inflammatory profiles of transition dairy cows fed an energy-restricted diet. J. Anim. Sci. 2020, 98, skz391. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Wang, D.; Wu, X.; He, B.; Cheng, Z.; Szenci, O.; Song, P.; Shao, D.; Zhang, S.; Yan, Z. Decreasing of S100A4 in bovine endometritis in vivo and in vitro. Theriogenology 2020, 153, 68–73. [Google Scholar] [CrossRef]

	



Galvão, K.N.; Bicalho, R.C.; Jeon, S.J. Symposium review: The uterine microbiome associated with the development of uterine disease in dairy cows. J. Dairy Sci. 2019, 102, 11786–11797. [Google Scholar] [CrossRef]

	



Bretzlaff, K. Rationale for treatment of endometritis in the dairy cow. Vet. Clin. North Am. Food Anim. Pract. 1987, 3, 593–607. [Google Scholar] [CrossRef]

	



Sheldon, I.M. Diagnosing postpartum endometritis in dairy cattle. Vet. Rec. 2020, 186, 88–90. [Google Scholar] [CrossRef]

	



Mcdougall, S.; Aberdein, D.; Bates, A.; Burke, C.R. Prevalence of endometritis diagnosed by vaginal discharge scoring or uterine cytology in dairy cows and herds. J. Dairy Sci. 2020, 103, 6511–6521. [Google Scholar] [CrossRef]

	



Dubuc, J.; Duffield, T.F.; Leslie, K.E.; Walton, J.S.; Leblanc, S.J. Definitions and diagnosis of postpartum endometritis in dairy cows. J. Dairy Sci. 2010, 93, 5225–5233. [Google Scholar] [CrossRef]

	



Fine, N.; Tasevski, N.; Mcculloch, C.A.; Tenenbaum, H.C.; Glogauer, M. The neutrophil: Constant defender and first responder. Front. Immunol. 2020, 11, 571085. [Google Scholar] [CrossRef] [PubMed]

	



Almyroudis, N.G.; Grimm, M.J.; Davidson, B.A.; Röhm, M.; Urban, C.F.; Segal, B.H. NETosis and NADPH oxidase: At the intersection of host defense, inflammation, and injury. Front. Immunol. 2013, 4, 45. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, H.; Huang, J.; Li, Y.; Lv, X.; Zhou, H.; Wang, H.; Xu, Y.; Wang, C.; Wang, J.; Liu, Z. ROS-scavenging hydrogel to promote healing of bacteria infected diabetic wounds. Biomaterials 2020, 258, 120286. [Google Scholar] [CrossRef] [PubMed]

	



Fujita, H.; Mae, K.; Nagatani, H.; Horie, M.; Nagamori, E. Effect of hydrogen peroxide concentration on the maintenance and differentiation of cultured skeletal muscle cells. J. Biosci. Bioeng. 2021, 131, 572–578. [Google Scholar] [CrossRef] [PubMed]

	



Konno, T.; Melo, E.P.; Chambers, J.E.; Avezov, E. Intracellular sources of ROS/H(2)O(2) in health and neurodegeneration: Spotlight on endoplasmic reticulum. Cells 2021, 10, 233. [Google Scholar] [CrossRef]

	



Wanschel, A.; Guizoni, D.M.; Lorza-Gil, E.; Salerno, A.G.; Paiva, A.A.; Dorighello, G.G.; Davel, A.P.; Balkan, W.; Hare, J.M.; Oliveira, H. The presence of cholesteryl ester transfer protein (CETP) in endothelial cells generates vascular oxidative stress and endothelial dysfunction. Biomolecules 2021, 11, 69. [Google Scholar] [CrossRef]

	



Reuter, S.; Gupta, S.C.; Chaturvedi, M.M.; Aggarwal, B.B. Oxidative stress, inflammation, and cancer: How are they linked? Free Radic. Biol. Med. 2010, 49, 1603–1616. [Google Scholar] [CrossRef]

	



Brenner, C.; Galluzzi, L.; Kepp, O.; Kroemer, G. Decoding cell death signals in liver inflammation. J. Hepatol. 2013, 59, 583–594. [Google Scholar] [CrossRef]

	



Valacchi, G.; Virgili, F.; Cervellati, C.; Pecorelli, A. OxInflammation: From subclinical condition to pathological biomarker. Front. Physiol. 2018, 9, 858. [Google Scholar] [CrossRef]

	



Duilio, C.; Ambrosio, G.; Kuppusamy, P.; Dipaula, A.; Becker, L.C.; Zweier, J.L. Neutrophils are primary source of O2 radicals during reperfusion after prolonged myocardial ischemia. Am. J. Physiol. Heart Circ. Physiol. 2001, 280, H2649–H2657. [Google Scholar] [CrossRef]

	



El-Benna, J.; Hurtado-Nedelec, M.; Marzaioli, V.; Marie, J.C.; Gougerot-Pocidalo, M.A.; Dang, P.M. Priming of the neutrophil respiratory burst: Role in host defense and inflammation. Immunol. Rev. 2016, 273, 180–193. [Google Scholar] [CrossRef] [PubMed]

	



Mittal, M.; Siddiqui, M.R.; Tran, K.; Reddy, S.P.; Malik, A.B. Reactive oxygen species in inflammation and tissue injury. Antioxid. Redox Signal 2014, 20, 1126–1167. [Google Scholar] [CrossRef] [PubMed]

	



West, A.P.; Brodsky, I.E.; Rahner, C.; Woo, D.K.; Erdjument-Bromage, H.; Tempst, P.; Walsh, M.C.; Choi, Y.; Shadel, G.S.; Ghosh, S. TLR signalling augments macrophage bactericidal activity through mitochondrial ROS. Nature 2011, 472, 476–480. [Google Scholar] [CrossRef]

	



Slimen, I.B.; Najar, T.; Ghram, A.; Dabbebi, H.; Ben, M.M.; Abdrabbah, M. Reactive oxygen species, heat stress and oxidative-induced mitochondrial damage. A review. Int. J. Hyperth. 2014, 30, 513–523. [Google Scholar] [CrossRef] [PubMed]

	



Gabai, G.; De Luca, E.; Miotto, G.; Zin, G.; Stefani, A.; Da, D.L.; Barberio, A.; Celi, P. Relationship between Protein Oxidation Biomarkers and Uterine Health in Dairy Cows during the Postpartum Period. Antioxidants 2019, 8, 21. [Google Scholar] [CrossRef]

	



Andreyev, A.Y.; Kushnareva, Y.E.; Starkov, A.A. Mitochondrial metabolism of reactive oxygen species. Biochem. Biokhimiia 2005, 70, 200. [Google Scholar] [CrossRef]

	



Zorov, D.B.; Juhaszova, M.; Sollott, S.J. Mitochondrial reactive oxygen species (ROS) and ROS-induced ROS release. Physiol. Rev. 2014, 94, 909–950. [Google Scholar] [CrossRef]

	



Ramirez, F.; Shu-I, T.U.; Chatterji, P.R.; Okazaki, H.; Mckeever, B. The nature of the energy transduction links in mitochondrial oxidative phosphorylation. Acs Sympos. 1981, 171, 205–209. [Google Scholar]

	



Correia-álvarez, E.; Keating, J.E.; Glish, G.; Tarran, R.; Sassano, M.F. Reactive oxygen species, mitochondrial membrane potential, and cellular membrane potential are predictors of E-Liquid induced cellular toxicity. Nicotine Tob. Res. 2020, 22, S4–S13. [Google Scholar] [CrossRef]

	



Rehfeldt, S.; Laufer, S.; Goettert, M.I. A highly selective in vitro JNK3 inhibitor, FMU200, restores mitochondrial membrane potential and reduces oxidative stress and apoptosis in SH-SY5Y cells. Int. J. Mol. Sci. 2021, 22, 3701. [Google Scholar] [CrossRef]

	



Santos, J.H.; Hunakova, L.; Chen, Y.; Bortner, C.; Van Houten, B. Cell sorting experiments link persistent mitochondrial DNA damage with loss of mitochondrial membrane potential and apoptotic cell death. J. Biol. Chem. 2003, 278, 1728–1734. [Google Scholar] [CrossRef] [PubMed]

	



Singh, K.K. Mitochondria damage checkpoint in apoptosis and genome stability. FEMS Yeast Res. 2004, 5, 127–132. [Google Scholar] [CrossRef] [PubMed]

	



Bedoui, S.; Herold, M.J.; Strasser, A. Emerging connectivity of programmed cell death pathways and its physiological implications. Nat. Rev. Mol. Cell. Biol. 2020, 21, 678–695. [Google Scholar] [CrossRef]

	



Xiong, S.; Mu, T.; Wang, G.; Jiang, X. Mitochondria-mediated apoptosis in mammals. Protein Cell 2014, 5, 737–749. [Google Scholar] [CrossRef] [PubMed]

	



Hockenbery, D.; Nuñez, G.; Milliman, C.; Schreiber, R.D.; Korsmeyer, S.J. Bcl-2 is an inner mitochondrial membrane protein that blocks programmed cell death. Nature 1990, 348, 334–336. [Google Scholar] [CrossRef] [PubMed]

	



Hardwick, J.M.; Soane, L. Multiple functions of BCL-2 family proteins. Cold Spring Harb. Perspect. Biol. 2013, 5, a008722. [Google Scholar] [CrossRef]

	



Kasimanickam, R.; Duffield, T.F.; Foster, R.A.; Gartley, C.J.; Leslie, K.E.; Walton, J.S.; Johnson, W.H. A comparison of the cytobrush and uterine lavage techniques to evaluate endometrial cytology in clinically normal postpartum dairy cows. Can. Vet. J. 2005, 46, 255–259. [Google Scholar]

	



Wagener, K.; Gabler, C.; Drillich, M. A review of the ongoing discussion about definition, diagnosis and pathomechanism of subclinical endometritis in dairy cows. Theriogenology 2017, 94, 21–30. [Google Scholar] [CrossRef]

	



de Boer, M.W.; Leblanc, S.J.; Dubuc, J.; Meier, S.; Heuwieser, W.; Arlt, S.; Gilbert, R.O.; Mcdougall, S. Invited review: Systematic review of diagnostic tests for reproductive-tract infection and inflammation in dairy cows. J. Dairy Sci. 2014, 97, 3983–3999. [Google Scholar] [CrossRef]

	



Zhang, S.; Wang, D.; Yan, Z. Increasing of matrix metalloproteinase 3 in bovine endometritis. Theriogenology 2021, 175, 83–88. [Google Scholar] [CrossRef]

	



Sadeghi, H.; Braun, H.S.; Panti, B.; Opsomer, G.; Bogado, P.O. Validation of a deep learning-based image analysis system to diagnose subclinical endometritis in dairy cows. PLoS ONE 2022, 17, e263409. [Google Scholar] [CrossRef] [PubMed]

	



Barański, W.; Podhalicz-Dzięgielewska, M.; Zduńczyk, S.; Janowski, T. The diagnosis and prevalence of subclinical endometritis in cows evaluated by different cytologic thresholds. Theriogenology 2012, 78, 1939–1947. [Google Scholar] [CrossRef] [PubMed]

	



Sens, A.; Heuwieser, W. Presence of Escherichia coli, Trueperella pyogenes, α-hemolytic streptococci, and coagulase-negative staphylococci and prevalence of subclinical endometritis. J. Dairy Sci. 2013, 96, 6347–6354. [Google Scholar] [CrossRef] [PubMed]

	



Mcdougall, S.; Hussein, H.; Aberdein, D.; Buckle, K.; Roche, J.; Burke, C.; Mitchell, M.; Meier, S. Relationships between cytology, bacteriology and vaginal discharge scores and reproductive performance in dairy cattle. Theriogenology 2011, 76, 229–240. [Google Scholar] [CrossRef]

	



Ribeiro, E.S.; Lima, F.S.; Greco, L.F.; Bisinotto, R.S.; Monteiro, A.P.; Favoreto, M.; Ayres, H.; Marsola, R.S.; Martinez, N.; Thatcher, W.W.; et al. Prevalence of periparturient diseases and effects on fertility of seasonally calving grazing dairy cows supplemented with concentrates. J. Dairy Sci. 2013, 96, 5682–5697. [Google Scholar] [CrossRef]

	



Hartmann, D.; Rohkohl, J.; Merbach, S.; Heilkenbrinker, T.; Klindworth, H.P.; Schoon, H.A.; Hoedemaker, M. Prevalence of cervicitis in dairy cows and its effect on reproduction. Theriogenology 2016, 85, 247–253. [Google Scholar] [CrossRef]

	



Barlund, C.S.; Carruthers, T.D.; Waldner, C.L.; Palmer, C.W. A comparison of diagnostic techniques for postpartum endometritis in dairy cattle. Theriogenology 2008, 69, 714–723. [Google Scholar] [CrossRef]

	



Hu, X.; Li, D.; Wang, J.; Guo, J.; Li, Y.; Cao, Y.; Zhang, N.; Fu, Y. Melatonin inhibits endoplasmic reticulum stress-associated TXNIP/NLRP3 inflammasome activation in lipopolysaccharide-induced endometritis in mice. Int. Immunopharmacol. 2018, 64, 101–109. [Google Scholar] [CrossRef]

	



Bogado, P.O.; Hostens, M.; Sys, P.; Vercauteren, P.; Opsomer, G. Cytological endometritis at artificial insemination in dairy cows: Prevalence and effect on pregnancy outcome. J. Dairy Sci. 2017, 100, 588–597. [Google Scholar] [CrossRef]

	



Zal, F.; Khademi, F.; Taheri, R.; Mostafavi-Pour, Z. Antioxidant ameliorating effects against H(2)O(2)-induced cytotoxicity in primary endometrial cells. Toxicol. Mech. Methods 2018, 28, 122–129. [Google Scholar] [CrossRef]

	



Sun, X.; Chang, R.; Tang, Y.; Luo, S.; Jiang, C.; Jia, H.; Xu, Q.; Dong, Z.; Liang, Y.; Loor, J.J.; et al. Transcription factor EB (TFEB)-mediated autophagy protects bovine mammary epithelial cells against H(2)O(2)-induced oxidative damage in vitro. J. Anim. Sci. Biotechnol. 2021, 12, 35. [Google Scholar] [CrossRef] [PubMed]

	



Ballas, P.; Reinländer, U.; Schlegl, R.; Ehling-Schulz, M.; Drillich, M.; Wagener, K. Characterization of intrauterine cultivable aerobic microbiota at the time of insemination in dairy cows with and without mild endometritis. Theriogenology 2021, 159, 28–34. [Google Scholar] [CrossRef] [PubMed]

	



Kasimanickam, R.; Duffield, T.F.; Foster, R.A.; Gartley, C.J.; Leslie, K.E.; Walton, J.S.; Johnson, W.H. Endometrial cytology and ultrasonography for the detection of subclinical endometritis in postpartum dairy cows. Theriogenology 2004, 62, 9–23. [Google Scholar] [CrossRef] [PubMed]

	



Meira, E.J.; Henriques, L.C.; Sá, L.R.; Gregory, L. Comparison of ultrasonography and histopathology for the diagnosis of endometritis in Holstein-Friesian cows. J. Dairy Sci. 2012, 95, 6969–6973. [Google Scholar] [CrossRef]

	



Bogado, P.O.; Hostens, M.; Dini, P.; Vandepitte, J.; Ducatelle, R.; Opsomer, G. Comparison between cytology and histopathology to evaluate subclinical endometritis in dairy cows. Theriogenology 2016, 86, 1550–1556. [Google Scholar] [CrossRef]

	



Nielsen, J.M. Endometritis in the mare: A diagnostic study comparing cultures from swab and biopsy. Theriogenology 2005, 64, 510–518. [Google Scholar] [CrossRef]

	



Bondurant, R.H. Inflammation in the bovine female reproductive tract. J. Anim. Sci. 1999, 77 (Suppl. S2), 101–110. [Google Scholar] [CrossRef]

	



Bonnett, B.N.; Miller, R.B.; Etherington, W.G.; Martin, S.W.; Johnson, W.H. Endometrial biopsy in Holstein-Friesian dairy cows. I. Technique, histological criteria and results. Can. J. Vet. Res. 1991, 55, 155–161. [Google Scholar]

	



Bogado, P.O.; Hostens, M.; Dini, P.; Vandepitte, J.; Ducatelle, R.; Opsomer, G. Distribution of inflammation and association between active and chronic alterations within the endometrium of dairy cows. Reprod. Domest. Anim. 2016, 51, 751–757. [Google Scholar] [CrossRef]

	



Helfrich, A.L.; Reichenbach, H.D.; Meyerholz, M.M.; Schoon, H.A.; Arnold, G.J.; Fröhlich, T.; Weber, F.; Zerbe, H. Novel sampling procedure to characterize bovine subclinical endometritis by uterine secretions and tissue. Theriogenology 2020, 141, 186–196. [Google Scholar] [CrossRef]

	



Rimessi, A.; Previati, M.; Nigro, F.; Wieckowski, M.R.; Pinton, P. Mitochondrial reactive oxygen species and inflammation: Molecular mechanisms, diseases and promising therapies. Int. J. Biochem. Cell Biol. 2016, 81, 281–293. [Google Scholar] [CrossRef] [PubMed]

	



Das, J.; Roy, A.; Sil, P.C. Mechanism of the protective action of taurine in toxin and drug induced organ pathophysiology and diabetic complications: A review. Food Funct. 2012, 3, 1251–1264. [Google Scholar] [CrossRef] [PubMed]

	



Das, J.; Sil, P.C. Taurine ameliorates alloxan-induced diabetic renal injury, oxidative stress-related signaling pathways and apoptosis in rats. Amino Acids 2012, 43, 1509–1523. [Google Scholar] [CrossRef] [PubMed]

	



Wu, C.T.; Deng, J.S.; Huang, W.C.; Shieh, P.C.; Chung, M.I.; Huang, G.J. Salvianolic acid c against Acetaminophen-Induced acute liver injury by attenuating inflammation, oxidative stress, and apoptosis through inhibition of the Keap1/Nrf2/HO-1 signaling. Oxid. Med. Cell. Longev. 2019, 2019, 9056845. [Google Scholar] [CrossRef]

	



Ransy, C.; Vaz, C.; Lombès, A.; Bouillaud, F. Use of H(2)O(2) to cause oxidative stress, the catalase issue. Int. J. Mol. Sci. 2020, 21, 9149. [Google Scholar] [CrossRef]

	



Simpson, D.; Oliver, P.L. ROS generation in microglia: Understanding oxidative stress and inflammation in neurodegenerative disease. Antioxidants 2020, 9, 743. [Google Scholar] [CrossRef]

	



Hu, C.; Wu, Z.; Huang, Z.; Hao, X.; Wang, S.; Deng, J.; Yin, Y.; Tan, C. Nox2 impairs VEGF-A-induced angiogenesis in placenta via mitochondrial ROS-STAT3 pathway. Redox Biol. 2021, 45, 102051. [Google Scholar] [CrossRef]

	



Lin, B.; Liu, Y.; Zhang, X.; Fan, L.; Shu, Y.; Wang, J. Membrane-Activated fluorescent probe for High-Fidelity imaging of mitochondrial membrane potential. ACS Sens. 2021, 6, 4009–4018. [Google Scholar] [CrossRef]

	



Sun, J.; Tian, M.; Lin, W. Monitoring mitochondrial membrane potential by FRET: Development of fluorescent probes enabling ΔΨ(m)-Dependent subcellular migration. Anal. Chim. Acta 2020, 1097, 196–203. [Google Scholar] [CrossRef]

	



Early, J.O.; Fagan, L.E.; Curtis, A.M.; Kennedy, O.D. Mitochondria in injury, inflammation and disease of articular skeletal joints. Front. Immunol. 2021, 12, 695257. [Google Scholar] [CrossRef]

	



Kelso, G.F.; Porteous, C.M.; Coulter, C.V.; Hughes, G.; Porteous, W.K.; Ledgerwood, E.C.; Smith, R.A.; Murphy, M.P. Selective targeting of a redox-active ubiquinone to mitochondria within cells: Antioxidant and antiapoptotic properties. J. Biol. Chem. 2001, 276, 4588–4596. [Google Scholar] [CrossRef] [PubMed]

	



Neitemeier, S.; Jelinek, A.; Laino, V.; Hoffmann, L.; Eisenbach, I.; Eying, R.; Ganjam, G.K.; Dolga, A.M.; Oppermann, S.; Culmsee, C. BID links ferroptosis to mitochondrial cell death pathways. Redox Biol. 2017, 12, 558–570. [Google Scholar] [CrossRef] [PubMed]

	



Sinha, K.; Das, J.; Pal, P.B.; Sil, P.C. Oxidative stress: The mitochondria-dependent and mitochondria-independent pathways of apoptosis. Arch. Toxicol. 2013, 87, 1157–1180. [Google Scholar] [CrossRef]

	



Li, H.; Xiao, Y.; Tang, L.; Zhong, F.; Huang, G.; Xu, J.M.; Xu, A.M.; Dai, R.P.; Zhou, Z.G. Adipocyte fatty Acid-Binding protein promotes Palmitate-Induced mitochondrial dysfunction and apoptosis in macrophages. Front. Immunol. 2018, 9, 81. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Hao, X.; Chi, R.; Qi, J.; Xu, T. Moderate mechanical stress suppresses the IL-1β-induced chondrocyte apoptosis by regulating mitochondrial dynamics. J. Cell. Physiol. 2021, 236, 7504–7515. [Google Scholar] [CrossRef] [PubMed]

	



Kaufmann, T.; Schinzel, A.; Borner, C. Bcl-w(edding) with mitochondria. Trends Cell Biol. 2004, 14, 8–12. [Google Scholar] [CrossRef]

	



Korsmeyer, S.J.; Shutter, J.R.; Veis, D.J.; Merry, D.E.; Oltvai, Z.N. Bcl-2/Bax: A rheostat that regulates an anti-oxidant pathway and cell death. Semin. Cancer Biol. 1993, 4, 327–332. [Google Scholar]

	



Yang, N.; Guan, Q.W.; Chen, F.H.; Xia, Q.X.; Yin, X.X.; Zhou, H.H.; Mao, X.Y. Antioxidants targeting mitochondrial oxidative stress: Promising neuroprotectants for epilepsy. Oxid. Med. Cell. Longev. 2020, 2020, 6687185. [Google Scholar] [CrossRef]

	



Wang, X.; Ni, H.; Xu, W.; Wu, B.; Xie, T.; Zhang, C.; Cheng, J.; Li, Z.; Tao, L.; Zhang, Y. Difenoconazole induces oxidative DNA damage and mitochondria mediated apoptosis in SH-SY5Y cells. Chemosphere 2021, 283, 131160. [Google Scholar] [CrossRef]

	



Yang, B.; Johnson, T.S.; Thomas, G.L.; Watson, P.F.; Wagner, B.; Furness, P.N.; El, N.A. A shift in the Bax/Bcl-2 balance may activate caspase-3 and modulate apoptosis in experimental glomerulonephritis. Kidney Int. 2002, 62, 1301–1313. [Google Scholar] [CrossRef]

	



Chimenti, M.S.; Sunzini, F.; Fiorucci, L.; Botti, E.; Fonti, G.L.; Conigliaro, P.; Triggianese, P.; Costa, L.; Caso, F.; Giunta, A.; et al. Potential role of cytochrome c and tryptase in psoriasis and psoriatic arthritis pathogenesis: Focus on resistance to apoptosis and oxidative stress. Front. Immunol. 2018, 9, 2363. [Google Scholar] [CrossRef] [PubMed]








[image: Animals 12 02444 g001 550] 





Figure 1. Histopathologic and cytological characterization of the bovine uterus. (A–D) Healthy dairy cow uterus (He), dairy cow uterus with mild endometritis (Mie), dairy cow uterus with moderate endometritis (Moe), and dairy cow uterus with severe endometritis (Se), respectively. (E–H) Corresponding histopathological characterization of samples in panels (A–D). (I) Representative cytology by cytobrush image of healthy dairy cow uterus. (J) Representative cytology by cytobrush image of the uterus with endometritis. (K) Percentage of PMNs of UD in He, Mie, Moe, and Se groups. Different fields were randomly selected, 100 cells were counted, and the percentage of PMN was calculated. E indicates a luminal epithelial cell, G denotes a granulocyte, L is a lymphocyte, S indicates a stroma cell, and R is a red cell, BM is a basement membrane. Images were magnified 400×. One-way ANOVA analysis was used to compare to the control group. ## p < 0.01, ### p < 0.001. 
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Figure 2. The mRNA expression levels of antioxidant stress related enzymes CAT (A), SOD (B), GPx (C) and inflammation-related IL-8 (D), IL-10 (E) in uterine tissue were assessed by RT-qPCR. The experiment was repeated three times. Expression data were normalized to that of β-actin. One-way ANOVA analysis was used to compare to the control group. Significance differences are marked as # p < 0.05, ## p < 0.01, ### p < 0.001, ns no significance. 
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Figure 3. Oxidative stress-related factors and inflammatory cytokines in BEECs treated with different concentrations of H2O2 for five hours were detected. (A–C) Expression of ROS-generating oxidases NOX1, NOX2, and NOX4, respectively. (D–F) Expression of antioxidant stress-related factors GPx, CAT, and SOD, respectively. (G,H) Expression of inflammatory cytokines IL-8 and IL-10, respectively. The experiment was repeated at least three times. All data are means ± S.E. One-way ANOVA analysis was used to compare to the control group. # p < 0.05, ## p < 0.01, ### p < 0.001, ns no significance. 
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Figure 4. H2O2-induced intracellular ROS increase and MMP decrease in BEECs. (A) BEECs were exposed to the indicated concentrations of H2O2 for five hours. Rosup was a positive control. ROS levels were detected by DCFH-DA fluorescence (green). (B) MMP (mitochondrial membrane potential) was detected with the JC-1 kit. Cellular mitochondria with normal MMP emitted red fluorescence (J-aggregate), while those with abnormal MMP showed green fluorescence (J-monomer). (C) Quantification of intracellular ROS levels relative to the untreated group. (D) Quantitative analysis of the MMP. The MMP was calculated using Image-J as red/green fluorescence. (E) After being exposed to the indicated concentrations of H2O2 for five hours, the mitochondria of BEECs were analyzed by transmission electron microscopy. The typical mitochondrial structures are clearly visualized: black arrowheads depict the mitochondria. The data are representative of three independent experiments. The optical density was calculated for each sample with ImageJ 1.47v software. The experiment was repeated in triplicate. One-way ANOVA analysis was used compared to the control group. ## p < 0.01, ### p < 0.00. 
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Figure 5. BEECs were treated with H2O2 at different concentrations for five hours. Cells were prepared for Western blotting with antibodies against caspase-3, Bcl-2, BAX, and cyto-c. Expression relative to the β-actin reference was quantified using gray-scale analysis by ImageJ 1.47v software. The data are representative of three independent experiments. One-way ANOVA analysis was used to compared to the control group. # p < 0.05, ## p < 0.01, ### p < 0.001. (A) The protein expression of caspase-3, Bcl2, BAX, Cyto-c; (B) Expression level of caspase-3 relative to β-Actin; (C) Expression level of BAX relative toβ-Actin; (D) Expression level of Bcl-2 relative to β-Actin; (E) Expression level of Bcl2:BAX; (F) Expression level of Cyto-c relative to β-Actin. Original Western Blot could be found as Supplementary Material. 
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Table 1. Histopathologic and cytological scoring criteria.
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	Histopathologic

Feature of Epithelium
	Mononuclear

in Lamina Propria (%)
	Cytological

PMN% in Mucus
	Description





	Columnar
	Mononuclear < 3%
	PMN < 2%
	Normal



	Cuboidal
	3–4% < Mononuclear < 5%
	5% < PMN <18%
	Mild



	Flattened
	5% < Mononuclear < 10%
	18% < PMN < 25%
	Moderate



	Necrosis and loss
	10% < Mononuclear
	25% < PMN
	Severe
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Table 2. Primer pairs used for q-PCR.






Table 2. Primer pairs used for q-PCR.





	Gene Name
	ID
	Sequence
	Size (bp)





	CAT
	NM_001035386.2
	F: AGAGGAAACGCCTGTGTGAG

R: ATGCGGGAGCCATATTCAGG
	115



	SOD
	NM_174615.2
	F: CTCTACTTGGTTGGGGCGTC

R: TCGAAGTGGATGGTGCCTTG
	122



	GPx
	NM_174076.3
	F: AACGTAGCATCGCTCTGAGG

R: GATGCCCAAACTGGTTGCAG
	121



	NOX1
	NM_001191340.1
	F: TGTCTTTCCTGAGAGGCACC

R: TTTGTGGAAGGCGAGGTTGT
	80



	NOX2
	NM_174035.4
	F: CAAGATGGAGGTGGGCCAAT

R: GAGGTCAGGGTGAAAGGGTG
	81



	NOX4
	NM_001304775.1
	F: TCTGGACCTTTGTGCCT

R: GACGGATGACTTGTGACTG
	95



	IL-8
	NM_173925.2
	F: CATTCCACACCTTTCCACCC

R: AGGCAGACCTCGTTTCCATT
	116



	IL-10
	NM_174088.1
	F: CACAGGCTGAGAACCACG

R: AGGGCAGAAAGCGATGA
	108
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