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The activity of the immune system in the reproductive tract has been proven to be crucial in the response to uterine diseases, normal reproductive functions, and tolerance to the allogeneic fetus during pregnancy. The objectives of the current study were to (1) evaluate uterine and vaginal cytokine concentrations in postpartum cows undergoing estrus synchronization followed by timed artificial insemination (TAI) and (2) correlate bacterial communities with cytokine concentrations. Postpartum Angus cows (n = 20) were subjected to a 7-Day Co-Synch protocol with pre-synchronization beginning 21 days prior (d −21) to TAI (d 0). Uterine and vaginal flushes were collected on d −21 and −2. Pregnancy was determined by transrectal ultrasound on d 30. Cytokines include interleukin (IL)-1b, IL-6, IL-10, transforming growth factor beta (TGF-β), and immunoglobin A (IgA) and concentrations were determined by commercial ELISA kits. No differences by day or pregnancy status in cytokine concentrations were detected in vaginal samples. No differences by day or pregnancy status in IgA, IL-10, or IL-1b concentrations were detected in uterine samples. Overall TGF-β concentrations in the uterus were greater in resulting pregnant than non-pregnant cows (44.0 ± 13.4 pg/mL vs. 14.7 ± 4.9 pg/mL; P = 0.047). Uterine TGF-β was correlated with the relative abundance of genera Treponema (r = −0.668; P = 0.049) in resulting non-pregnant cows on d −21 and with the relative abundance of genera Ureaplasma (r = 0.901; P = 0.0004) in resulting pregnant cows on d −2. In resulting pregnant animals, a tendency for a strong correlation was detected between d −2 progesterone concentrations and uterine TGF-β concentrations (r = 0.591, P = 0.07). Overall IL-6 concentrations in the uterus were greater in resulting non-pregnant than pregnant cows (198.7 ± 21.8 pg/mL vs. 144.3 ± 16.1 pg/mL; P = 0.045). A correlation was also detected between uterine IL-6 concentrations and the relative abundance of genera Butyrivibrio (r = 0.742; P = 0.022) in resulting non-pregnant cows on d −21. These results suggest possible relationships between different bacterial communities and cytokine concentrations within the uterus of beef cattle prior to TAI that may ultimately affect fertility outcomes.
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INTRODUCTION

Reproductive efficiency is vital to cow-calf producers to reduce losses and maintain profit. Infertility, defined as the inability to develop and maintain a pregnancy in a defined breeding season, is estimated to cost the beef and dairy industries over $1 billion annually in the United States (Bellows et al., 2002; Pohler et al., 2020). Infertility can be attributed to numerous factors such as genetics, nutrition, body condition, environmental stress, or disease. These factors are particularly challenging for the postpartum cow because of the rapid changes occurring during the uterine involution period, when the uterus returns to a normal, non-pregnant size.

Normally, the placenta will be expelled within 12 h following parturition (Beagley et al., 2010). By 28 days postpartum (DPP; week 4), necrosis of the maternal caruncles within the uterus will occur, and new caruncles will develop (Wagner and William, 1969; Archbald et al., 1972; Sheldon et al., 2008). In addition, cows generally resume ovarian cyclicity and fertility between 28 and 42 DPP (week 4–6; Short et al., 1990). However, if the placenta or necrotic tissues are not properly expelled, inflammation and/or bacterial infections may occur leading to uterine diseases such as metritis or clinical and subclinical endometritis (Azawi, 2008; Sheldon et al., 2008). Most endometritis research has focused on dairy cattle, however the prevalence of subclinical endometritis in postpartum beef cattle can range from 34 to 88% within a herd (Santos et al., 2009; Ricci et al., 2017; Machado Pfeifer et al., 2018). Before 50 DPP (week 7), pregnancy rates are reduced to <40% and after 50 DPP, pregnancy rates greatly improve, even with ~15% of cows still affected with subclinical endometritis (Santos et al., 2009; Ricci et al., 2017; Machado Pfeifer et al., 2018). The presence of pathogenic bacteria from any infection in the uterus is detected by the innate immune system. The production of small proteins called cytokines, which communicate between immune cells, initiate an inflammatory environment and influx of immune cells into the uterus to clear the infection (Wira et al., 2005; Azawi, 2008).

Although the immunological environment of the reproductive tract is most often associated with the response to postpartum uterine diseases, the immune system plays a role in healthy cows for normal reproductive functions and the development and maintenance of pregnancy (Ott, 2019). One common example is the semi-allogeneic fetus, expressing both maternal antigens and foreign paternal antigens, the maternal immune system must tolerate the presence of the fetus to maintain pregnancy (Guleria and Sayegh, 2007). Cytokines serve as the communicators between immune cells present in the reproductive tract to then regulate the local immune environment and stimulate the proper response to the semi-allogeneic fetus before and throughout pregnancy (Ott, 2019). In cattle, the reproductive tract experiences a decrease in mRNA abundance of pro-inflammatory cytokines, such as interleukin (IL)-1b and IL-6, and an increase in anti-inflammatory cytokines, such as IL-10, during the postpartum period and leading up to breeding (Oliveira et al., 2013; Heppelmann et al., 2015). Moreover, anti-inflammatory cytokines, including IL-10 and transforming growth factor beta (TGF-β), steadily increase during early pregnancy and placentation in cattle, respectively (Oliveira and Hansen, 2008, 2009; Vasudevan et al., 2017).

It has been indicated that the immune system has a vital role in the clearance of uterine diseases, normal reproductive functions, and establishment and maintenance of pregnancy; however, few studies have investigated the reproductive tract immunological environment prior to breeding and the subsequent effect on fertility in beef cattle. Based on published data from the current study, the diversity of bacterial communities of the reproductive tract shifts throughout an estrus synchronization protocol (Ault et al., 2019a) and this is likely due to the taxonomic composition of the bacteria in the uterus and vagina (Ault et al., 2019b). Notably, the relative abundance of multiple genera of bacteria differed between resulting pregnant and non-pregnant cows (Ault et al., 2019b). In the current report, the first objective was to evaluate the concentration of both pro- and anti-inflammatory cytokines from uterine and vaginal flush samples throughout an estrus synchronization protocol to determine the potential effects of the immune environment on fertility. An additional objective was then to correlate the relative abundance of bacterial communities with both pro- and anti-inflammatory cytokine concentrations. It was hypothesized that pro- and anti-inflammatory cytokine concentrations will differ between cows that establish a pregnancy vs. cows that are not pregnant 30 days after timed artificial insemination (TAI). Additionally, it was hypothesized that the difference in cytokines is most likely due to relationships with either commensal or pathogenic bacteria.



MATERIALS AND METHODS

This study was performed under an approved protocol by the Institutional Animal Care and Use Committee of the University of Tennessee, Knoxville.


Experimental Design

Sixty-eight Angus cows, with no clinical signs of disease or reproductive tract abnormalities were an average of 80 ± 2.6 DPP and 4.6 ± 0.57 years old at breeding and subjected to an industry standard estrus synchronization protocol. An intramuscular injection of prostaglandin F2α (PGF2α; Lutalyse, 5 mL; 5 mg/mL) was given 21 days prior (d −21) to TAI. A 7 Day Co-Synch Protocol was implemented beginning 9 days prior to TAI (d −9) with an intramuscular injection of gonadotropin releasing hormone (GnRH; Factrel, 100 mcg). Two days prior to TAI (d −2), an intramuscular injection of PGF2α (Lutalyse, 5 mL; 25 mg/mL) was administered. Controlled internal release devices (CIDR) were not used in the study due to uterine and vaginal flush collection methods. On the day of TAI (d 0), an intramuscular injection of GnRH (Factrel, 100 mcg) was administered followed by artificial insemination by a single technician using a single sire. Ultrasonography was used to determine presence of ovarian structures at each day of the protocol and pregnancy diagnosis 30 days following TAI. Twenty cows (10 pregnant and 10 non-pregnant) were selected for analysis based on the following criteria outlined by Ault et al. (2019a,b): (1) corpus luteum (CL) present on d −21 and −9 with progesterone (P4) >1 ng/mL, (2) response to GnRH on day −9 as assumed by the presence of a CL on day −2, and (3) ovulatory follicle present on day 0 (TAI).



Sample Collection, DNA Extraction, and Sequencing

Uterine and vaginal flushes were collected on d −21 and −2 and used for bacterial DNA extraction and sequencing and to determine cytokine concentrations and pH as previously described by Ault et al. (2019a,b). Briefly, the perineal area was cleaned and disinfected prior to flushing. To obtain vaginal flush samples, 0.9% sterile saline (Vetivex; pH = 5.6) was drawn up into a 60 mL sterile syringe and expelled into the vagina and recovered via vaginal lavage. To obtain uterine flush samples, sterile saline (180 mL) was flushed through a Foley catheter into the uterus. Resulting uterine flush fluid was collected by rectal massage. The pH of the flush samples was measured by UltraBasic pH meter (Denver Instruments, Arvada, CO) and recorded immediately following collection. Samples were snap-frozen in liquid nitrogen and stored at −80°C until analysis. Extensive detail for methods describing bacterial DNA extraction and sequencing has been previously outlined by Ault et al. (2019a,b). Briefly, samples were thawed and vortexed, and 5 mL aliquots were placed in sterile 15 mL tubes and centrifuged (4,696 x g) at 4 °C for 10 min. Supernatant were removed and the resulting pellet was resuspended in 180 μL of enzymatic lysis buffer, vortexed, and incubated for 30 min at 37°C. Following incubation, 25 μL of proteinase K and 200 μL of AL buffer were added, then the sample was vortexed and incubated for 30 min at 56°C, then 200 μL of 100% ethanol was added and the sample was vortexed. Purification of DNA was completed using the QIAGEN DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany) according to manufactured protocol. Extracted DNA quantity and quality, with 260/280 ranging from 1.8 to 2.0, were estimated using AmPure beads and Nanodrop 1000 spectrophotometer (Agencourt, Beverly, MA and ThermoScientific, Wilmington, DE). Library preparation was conducted using PCR targeting the V1 to V3 hypervariable regions of the 16S rRNA bacterial gene and libraries were submitted for sequencing at the United States Meat Animal Research Center (USDA-ARS-USMARC, Clay Center, NE). Vaginal and uterine bacterial community alpha- and beta-diversity were reported by Ault et al. (2019a) and vaginal and uterine bacterial taxonomic composition were reported by Ault et al. (2019b).



Cytokine, Antibody, and Progesterone Assays

Concentrations of interleukin (IL)-1b, IL-6, IL-10, transforming growth factor beta (TGF-β), and immunoglobin A (IgA) in uterine and vaginal flushes were determined by commercially available bovine-specific ELISA kits (MyBioSource, San Diego, CA) and performed according to manufacturer instructions. Standards and samples were run in duplicate and inter- and intra-assay CV were <10%.

Given the lack of differences in bacterial community abundance and diversity in the vaginal samples (Ault et al., 2019a,b), a subset of ten cows (5 pregnant and 5 non-pregnant) were selected for analysis in vaginal samples. Selection criteria included response to the estrus synchronization protocol as outlined previously. Concentrations for IL-1b in vaginal samples were unable to be quantified due to concentrations running below the standard curve. For the uterine samples, the subsets were initially analyzed, and further analysis was completed for TGF-β, IL-6, and IL-1b in all twenty cows (10 pregnant and 10 non-pregnant).

Progesterone RIA was performed according to the previously described protocol (Pohler et al., 2016) using a double-antibody RIA kit (MP Biomedicals, Santa Ana, CA). A standard curve was used to calculate sample concentrations and in-house controls for quality control. Inter- and intra-assay CV were <10%. There were no differences in circulating P4 concentrations between pregnant and non-pregnant cows at d −21 (2.34 ± 0.62 ng/mL vs. 2.20 ± 0.74 ng/mL) or d −2 (6.11 ± 1.81 ng/mL vs. 4.76 ± 1.77 ng/mL) as reported by Ault et al. (2019a).



Statistical Analysis

Resulting IL-6, IL-10, IL-1b, TGF-β, and IgA concentrations were analyzed for normality by SAS Enterprise Guide distribution analysis using a Kolmogorov-Smirnov statistic with P < 0.05 indicating non-normal distribution and P > 0.05 indicating normal distribution of data. IL-6, IL-10, IL-1b, and IgA data had a normal distribution and were analyzed by SAS Enterprise Guide ANOVA with dependent variables of cytokine concentration and independent variables of day or pregnancy status. TGF-β concentrations were non-normally distributed and analyzed by SAS Enterprise Guide Non-parametric ANOVA with dependent variable of TGF-β concentration and independent variables of day or pregnancy status. Correlations were performed in SAS 9.4 using Pearson correlation. A statistical significance was reported at P ≤ 0.05. A tendency was reported at P > 0.05 and ≤ 0.10.




RESULTS


Cytokine and Antibody Concentrations in Vaginal Samples

Concentrations of IgA had no change over time in the vagina of both resulting pregnant and non-pregnant cows (P > 0.05; Figure 1A). Additionally, no differences in IgA concentrations were observed in the vagina between resulting pregnant and non-pregnant cows at d −21 and −2. No differences were detected in IL-10 concentrations in the vagina between resulting pregnant and non-pregnant cows at d −21 and d −2 (data not shown). For TGF-β, no difference between resulting pregnant and non-pregnant cows or between protocol days were detected (P > 0.05; Figure 1B). High variation was detected for IL-6 among cows and no differences were determined significant (P > 0.05) although trends were observed (Figure 1C). IL-6 concentrations tended to be greater in resulting non-pregnant cows compared to pregnant cows at d −21 (515.5 ± 75.2 pg/mL vs. 375.3 ± 262.9 pg/mL) and d −2 (403.1 ± 180.4 pg/mL vs. 289.6 ± 109.7 pg/mL) in the vagina.
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FIGURE 1. Cytokine concentrations in vaginal samples. For a subset of cows (n =10; n = 5/group), cytokine concentrations were determined in vaginal samples: (A) IgA, (B) TGF-β, and (C) IL-6. Non-pregnant cows are indicated by white bars and pregnant cows by black bars for both d −21 and −2. Different superscripts denotes significant differences (P ≤ 0.05).




Cytokine and Antibody Concentrations in Uterine Samples

No differences were detected in IgA concentrations in the uterus between resulting pregnant and non-pregnant cows at d −21 and −2 (P > 0.05; Figure 2A). No differences were detected in IL-10 concentrations in the uterus between resulting pregnant and non-pregnant cows at d −21 and −2 (P > 0.05; data not shown). Overall TGF-β concentrations in the uterus were greater in resulting pregnant than non-pregnant cows (44.0 ± 13.4 pg/mL vs. 14.7 ± 4.9 pg/mL; P = 0.047). Additionally, uterine TGF-β on both d −21 (46.7 ± 22.0 pg/mL vs. 12.3 ± 7.1 pg/mL) and −2 (41.4 ± 16.7 pg/mL vs. 17.1 ± 7.0 pg/mL) were greater in resulting pregnant than non-pregnant cows (P ≤ 0.05; Figure 2B); however, there was no significant change over time (P > 0.05). Overall IL-6 concentrations in the uterus were greater in resulting non-pregnant than pregnant cows (198.7 ± 21.8 pg/mL vs 144.3 ± 16.1 pg/mL; P = 0.045). Additionally, uterine IL-6 concentrations on d −21 were greater in resulting non-pregnant than pregnant cows (238.1 ± 31.2 pg/mL vs. 133.6 ± 21.8 pg/mL; P = 0.008; Figure 2C), and concentrations decreased in resulting non-pregnant cows from d −21 to −2 (238.1 ± 31.2 pg/mL vs. 159.3 ± 26.2 pg/mL; P = 0.031; Figure 2C). No differences were detected in IL-1b concentrations in the uterus between resulting pregnant and non-pregnant cows at d −21 and −2 (P > 0.05; Figure 2D).
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FIGURE 2. Cytokine concentrations in uterine samples. For a subset of cows (n =10; n = 5/group), cytokine concentrations were determined in uterine samples: (A) IgA. For all cows (n = 20; n = 10/group), cytokines concentrations were determined in uterine samples: (B) TGF-β, (C) IL-6, and (D) IL-1b. Non-pregnant cows are indicated by white bars and pregnant cows by black bars for both d −21 and −2. Different superscripts denotes significant differences (P ≤ 0.05).




Pearson Correlation Coefficients—Phyla

There were no significant correlations between cytokine concentrations (TGF-β, IL-6, IL-1b) and relative abundances of phyla in the uterus for resulting non-pregnant animals on d −21 or −2 (P > 0.05; Supplementary Tables 1, 2). Additionally, there were no significant correlations between cytokine concentrations (TGF-β and IL-1b) and relative abundances of phyla in the uterus for resulting pregnant animals on d −21 (P > 0.05; Supplementary Table 3). However, there was a strong correlation between uterine IL-6 concentrations and the relative abundance of Acidobacteria (r = −0.701, P = 0.024) in resulting pregnant animals on d −21 (Supplementary Table 3). There were no significant correlations between cytokine concentrations (IL-1b) and relative abundances of phyla in the uterus for resulting pregnant animals on d −2 (P > 0.05). There was a strong correlation between uterine TGF-β concentrations and the relative abundance of Tenericutes in resulting pregnant animals on d −2 (r = 0.897, P = 0.0004; Supplementary Table 4). Additionally, there was a correlation between uterine IL-6 concentrations and the relative abundance of Tenericutes in resulting pregnant animals on d −2 (r = 0.678, P = 0.031; Supplementary Table 4).



Pearson Correlation Coefficients—Genera

Correlations between cytokines and the relative abundance of genera >0.1% abundance in the uterus of resulting non-pregnant cows for d −21 are reported in Table 1. There were a few significant correlations between uterine TGF-β concentrations and the relative abundance of Phascolarctobacterium, unclassified genera from the family Clostridiaceae, and Treponema (P ≤ 0.05). Significant correlations were detected between uterine IL-1b concentrations and the relative abundance of Streptococcus and Campylobacter (P ≤ 0.05). Significant correlations were also detected between uterine IL-6 concentrations and the relative abundance of unclassified genera from the order Clostridiales, Butyrivibrio, Mogibacterium, and unclassified genera from the family Coriobacteriaceae (P ≤ 0.05). There was only one significant correlation observed in the uterus of resulting non-pregnant cows for d −2 was between uterine IL-6 concentrations and the relative abundance of unclassified genera from the order Burkholderiales (P ≤ 0.05; Table 2).


Table 1. Pearson correlation coefficients (r) for TGF-β, IL-1b, and IL-6 and the relative abundance of genera within the uterus of resulting non-pregnant cows for d −21.
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Table 2. Pearson correlation coefficients (r) for TGF-β, IL-1b, and IL-6 and the relative abundance of genera within the uterus of resulting non-pregnant cows for d −2.

[image: Table 2]

There were no significant correlations between cytokines and the relative abundance of genera >0.1% abundance in the uterus of resulting pregnant cows for d −21 (P > 0.05). Correlations between cytokines and the relative abundance of genera >0.1% abundance in the uterus of resulting pregnant cows for d −2 are reported in Table 3. There was a significant correlation between uterine TGF-β concentrations and the relative abundance of Ureaplasma (P ≤ 0.05). Significant correlations were detected between uterine IL-1b concentrations and the relative abundance of unclassified genera from the family Ruminococcaceae, unclassified genera from the order Clostridiales, Helcococcus, and Bacteroides (P ≤ 0.05). A significant correlation was also detected between uterine IL-6 concentrations and the relative abundance Ureaplasma (P ≤ 0.05).


Table 3. Pearson correlation coefficients (r) for TGF-β, IL-1b, and IL-6 and the relative abundance of genera within the uterus of resulting pregnant cows for d −2.
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Pearson Correlation Coefficients—Progesterone

Progesterone concentrations were not significantly correlated with uterine TGF-β concentrations in both resulting pregnant and non-pregnant animals on d −21 and d −2 (r = 0.173, P > 0.05; Figure 3A). In resulting pregnant animals, P4 concentrations were moderately correlated with uterine TGF-β concentrations for both days (r = 0.441, P = 0.05; Figure 3B) whereas no significant correlation was detected in resulting non-pregnant animals (P > 0.05). Progesterone concentrations were not significantly correlated with uterine TGF-β concentrations in resulting pregnant cows on d −21 (r = 0.371, P > 0.05; Figure 3C). Finally, a tendency for a strong correlation was detected in resulting pregnant cows between d −2 P4 concentrations and uterine TGF-β concentrations (r = 0.591, P = 0.07; Figure 3D).
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FIGURE 3. Pearson correlation coefficients between progesterone and TGF-β concentrations. Pearson correlation coefficients between progesterone concentrations (ng/mL) and TGF-β concentrations (pg/mL) in uterine samples: (A) Overall relationship between concentrations for both resulting non-pregnant and pregnant cows. Non-pregnant cows on d −21 are indicated by the open triangles, non-pregnant cows on d −2 are indicated by the open circles, pregnant cows on d −21 are indicated by the black triangles, and pregnant cows on d −2 by the black circles, (B) Relationship between concentrations for pregnant cows, (C) Relationship between concentrations for pregnant cows on d −21, and (D) Relationship between concentrations for pregnant cows on d −2.





DISCUSSION

Regulation of immune system responses and the shift between an overall state of anti-inflammatory and pro-inflammatory environments has been previously determined to influence the development and maintenance of pregnancy following fertilization (van Mourik et al., 2009; Fair, 2015; Ott, 2019). One objective of the current study was to evaluate the immunological environment by the presence of vaginal and uterine cytokines prior to breeding and their potential effect on fertility in beef cattle. Results from the current study indicate that cows diagnosed as not pregnant 30 days following TAI had an increased level of IL-6 and decreased TGF-β in the uterus leading up to breeding, directly contrasting cows identified as pregnant. Because IL-6 is classified as a pro-inflammatory cytokine and TGF-β as an anti-inflammatory cytokine, the observed differences between resulting pregnant and non-pregnant cows suggest the uterine immunological environment may affect fertility.

Interleukin-6 is a well-known pro-inflammatory cytokine and that regulates acute phase response and other inflammatory responses (Scheller et al., 2011; Ho et al., 2015). Numerous cytokines, such as IL-6, have been identified and subsequently classified as embryokines which are used by the oviduct and endometrium to regulate development of bovine preimplantation embryos (Tríbulo et al., 2018; Wooldridge and Ealy, 2019; Wooldridge et al., 2019). Toward the end of gestation (final 60 days), IL-6 concentrations are elevated and steadily decrease during the postpartum period (Ishikawa et al., 2004; Herath et al., 2009; Gabler et al., 2010; Heppelmann et al., 2015), and this aligns with normal resolution of endometrial inflammation. In the current study, greater levels of IL-6 prior to TAI were associated with the failure to develop and/or maintain a pregnancy to day 30 in postpartum beef cows. These results are similar to those observed by Herath et al. (2009), in which resulting infertile cows had increased mRNA abundance of IL-6 in the endometrium during the first week postpartum when compared to resulting fertile cows. While IL-6 concentrations were elevated in resulting non-pregnant cows in the current study, the concentrations were similar to those observed in uterine flushes of presumed healthy cows (approximately 100-200 pg/mL) rather than cows diagnosed with subclinical endometritis (~500–600 pg/mL; Brodzki et al., 2015). Therefore, the acute pro-inflammatory state in the uterus prior to breeding could be associated with a uterine environment that is not conducive to pregnancy establishment.

Similar to IL-6, TGF-β is an embryokine and is generally considered an anti-inflammatory cytokine with multifaceted actions including a potent modulator of oviduct and endometrial functions (Godkin and Doré, 1998; Ingman and Robertson, 2002; Neira et al., 2010; Tríbulo et al., 2018). Transforming growth factor β is abundantly found in seminal plasma and is thought to help facilitate induction of maternal immune tolerance to paternal and conceptus antigens and thereby promote implantation success (Robertson et al., 2002). The addition of seminal plasma to bovine endometrial cells and sperm to oviduct epithelial cells in vitro increases mRNA expression of TGF-β (Yousef et al., 2016; Ibrahim et al., 2019), and treatment with TGF-β in the uterus prior to insemination marginally improves conception rates in beef cows with compromised fertility (Odhiambo et al., 2009). T-regulatory (Treg) cells are major contributors to maintaining an anti-inflammatory environment by producing TGF-β which continues to recruit additional T cells to the Treg designation and inhibiting production of pro-inflammatory cytokines (Robertson et al., 2018). Interestingly, Treg cells are not temporally regulated in bovine endometrial cells during the estrous cycle or early pregnancy; however, appear to be upregulated during active placentation in cattle (Oliveira and Hansen, 2008; Oliveira et al., 2013; d 33–34 of gestation). In the current study, greater levels of TGF-β prior to insemination were associated with the successful development and maintenance of pregnancy to day 30 following TAI in postpartum beef cows. The establishment of an anti-inflammatory uterine environment begins during the estrous and menstrual cycle, where the steroid hormones such as progesterone (P4) optimize the reproductive tract environment in preparation for pregnancy establishment (Bauersachs et al., 2008; Schumacher et al., 2014). Specifically, P4 is an important immunomodulator of Treg cell release and TGF-β secretion from mice and human endometrium, respectively (Polli et al., 1996; Kim et al., 2005; Mao et al., 2010). In the current study, there was a strong relationship between TGF-β and P4 concentrations during the estrus synchronization protocol in resulting pregnant cows; however, this relationship was not observed in resulting non-pregnant cows. Therefore, results presented herein suggests an immunomodulatory effect of P4 that potentially increases uterine TGF-β prior to TAI, subsequently resulting in an anti-inflammatory environment that is conducive for successful establishment and maintenance of pregnancy in beef cattle. Future studies may evaluate methods to alter and maintain an anti-inflammatory uterine environment through estrus synchronization to obtain optimal breeding outcomes.

After parturition in cattle, there typically is an upsurge in bacterial inhabitance within the uterus, and the presence of pathogenic bacteria often leads to uterine infection and infertility (Sheldon et al., 2008). Therefore, an additional objective of this study was to correlate the relative abundance of bacterial communities with both pro- and anti-inflammatory cytokine concentrations within the uterus. In resulting non-pregnant cows, there were quite a few relationships between cytokine concentrations and bacteria, most notably though was IL-6 with both Butyrivibrio and unclassified genera from the order Burkbolderiales and TGF-β with Treponema. On d −21 in resulting non-pregnant cows, there was a strong, positive correlation between IL-6 concentrations and Butyrivibrio. The genera Butyrivibrio, in the class Clostridia, is most often associated with ruminal functions such as plant fiber digestion (Palevich et al., 2020). While not generally considered pathogenic, the genera Butyrivibrio has been identified within the uterus of resulting non-pregnant cows in previous studies (Clemmons et al., 2017; Ault et al., 2019b). Additionally, there was a strong, positive correlation between IL-6 concentrations and unclassified genera from the order Burkholderiales on d −2 in resulting non-pregnant cows. Bacterial species within this order have been characterized as pathogenic in humans, causing devastating symptoms in those with immunodeficiencies and cystic fibrosis (Nunvar et al., 2017; Wallner et al., 2019). Clemmons et al. (2017) found that uterine flush samples collected from resulting non-pregnant cows on d −2 also contained unclassified genera from the order Burkholderiales. Similarly, Ault et al. (2019b) found a greater relative abundance of unclassified genera from the order Burkholderiales in uterine samples from resulting non-pregnant compared to pregnant cows on d −2. Unlike the positive correlations between IL-6 and both Butyrivibrio and unclassified genera from the order Burkbolderiales, TGF-β was negatively correlated with Treponema meaning that as Treponema increased then concentrations of TGF-β decreased in the uterus of non-pregnant cows on d −21. The genera Treponema, in the phylum Spirochaetes, has been characterized as pathogenic with Treponema spp. causing syphilitic lesions in the cervix uteri (i.e., lowest region of the uterus) of women (Sykes and Kalan, 1975). Additionally, Treponema spp. is prevalent in infectious bovine foot disease resulting in necrotic lesions and lameness (Bay et al., 2018; Watts et al., 2018; Kontturi et al., 2019). These results demonstrate some pathogenic bacteria have positive relationships with pro-inflammatory cytokines and negative relationships with anti-inflammatory cytokines, which potentially could be affecting fertility.

While the presence of pathogenic bacteria in the uterus generally has a negative effect on fertility, commensal bacteria may contribute to an optimal uterine environment for the establishment of pregnancy. The relative abundance of the phyla Acidobacteria was negatively correlated with IL-6 concentrations in the uterus of resulting pregnant cows on d −21, meaning that as the concentration of IL-6 decreases then the relative abundance of Acidobacteria increases. Ault et al. (2019b) reported that resulting pregnant cows had greater relative abundance Acidobacteria in the uterus on d −21. In addition, Acidobacteria has been identified to be greater in the uterus of healthy vs. metritis diagnosed cows during the first 35 DPP (Chen et al., 2020). Interestingly, on d −2 in resulting pregnant cows, there was a strong, positive correlation between TGF-β and IL-6 concentrations and Ureaplasma. The genera Ureaplasma, in the phylum Tenericutes, has bacterial species that have been previously associated with reproductive disorders (Crane and Hughes, 2018). However, Ault et al. (2019b) observed Ureaplasma genera had the greatest abundance detected in the uterus of pregnant cows at d −2. Similar results also found that Ureaplasma spp. were abundantly found in the postpartum uterus of healthy cows vs. metritis-diagnosed cows (Santos et al., 2011; Jeon et al., 2015). An additional study observed that Ureaplasma and Ruminococcus genera had the greatest abundance detected in the uterus of resulting pregnant heifers at d −3 when compared to resulting non-pregnant heifers (Owens, 2020). Future research is necessary to elucidate the presence of specific bacterial species within a healthy uterine environment.

No differences were detected in uterine IL-1b, IL-10, or IgA concentrations in the current study. Similar to IL-6, IL-1b is a prominent pro-inflammatory cytokine that is greatly associated with endometrial inflammation and uterine disease in cattle (Herath et al., 2009; Gabler et al., 2010; Brodzki et al., 2015; Heppelmann et al., 2015). One mechanism to reduce inflammation is through the production of immunoglobulins, specifically IgA which is predominant in mucosal membranes and prevents pathogenic bacterial infections (Deng et al., 2015; Elluru et al., 2015; Russell et al., 2015). However, given that all cows in the current study did not display any clinical signs of disease or reproductive tract abnormalities, this could explain the lack of differences in IL-1b and IgA concentrations. Interlukein-10 is an anti-inflammatory cytokine and has similar secretion patterns and functions to TGF-β (Ott, 2019); however, it does not appear to be as greatly expressed in the endometrium and oviduct during the estrous cycle when compared to other embryokines such as IL-6 and TGF-β (Tríbulo et al., 2018). This could be one explanation for the lack of observed difference in IL-10 concentrations in the current study. In all vaginal samples, there were no differences detected. This observation could be associated with the absence of bacterial community diversity within the vagina between non-pregnant and pregnant cows (Ault et al., 2019a). Additionally, while there were shifts in bacterial community abundances, they were more pronounced within the uterus rather than the vagina (Ault et al., 2019b).

In conclusion, the current study suggests that immunological factors present in the uterus throughout estrus synchronization leading up to TAI are associated with different uterine bacterial communities and can influence fertility in beef cattle. An anti-inflammatory uterine environment prior to TAI appears to be associated with the successful establishment and maintenance of pregnancy. Future research is necessary to determine factors that can positively affect the uterine immune and microbiota environment and ultimately improve reproductive efficiency.
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