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Abstract

Whereas neutrophils are the main phagocytic leukocytes, monocytes and macrophages are actively involved in immunomodulation after infection. Recent studies have demonstrated that neutrophil function is impaired by the state of negative energy balance around parturition, and that cows that develop uterine disease have a greater degree of negative energy balance than healthy cows. The objectives of this study were to compare monocyte gene expression and protein secretion of selected cytokines from calving to 42 d after calving in Holstein cows that did or did not develop uterine disease. Real time quantitative RT-PCR (Tumor necrosis factor-α (TNFα), Interleukin (IL)-1α, IL-6, IL-8 and IL-10) and ELISA (TNFα, IL-1α and IL-8) were used to evaluate cytokine response following in vitro stimulation of blood-derived monocytes with irradiated E. coli. Relative to unstimulated cells, E. coli-stimulated monocytes from cows with metritis had lower gene expression of key pro-inflammatory cytokines than healthy cows from calving to 14 d after calving (TNFα at 0, 7, and 14 d after calving, IL-1α and IL-6 at 7 and 14 d after calving; P  <0.05). There were no significant differences between groups for expression of IL-8 or the anti-inflammatory cytokine IL-10. This was due, in part, to higher gene expression in unstimulated monocytes (TNFα, IL-1α, IL-6 and IL-10) in early lactation from cows with metritis. Expression of mRNA in stimulated cells (relative to housekeeping genes) was lower for TNFα (7 and 14 d postpartum) and for IL-10 (7 and 14 d postpartum) in cows with metritis. Concentration of TNFα was lower in the culture medium of E. coli-stimulated monocytes from cows with metritis than healthy cows at calving and 7 and 21 d after calving (P < 0.05). Circulating cytokine concentrations were not different between groups for IL-8 and were below the limits of detection for TNFα and IL-1α. Cytokine gene expression and production were similar between healthy cows and cows that developed endometritis, diagnosed cytologically at 42 d after calving. We concluded that altered levels of expression and production of pro-inflammatory cytokines postpartum could contribute to impaired inflammatory response and predispose cows to development of metritis.
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1. Introduction

Uterine diseases are highly prevalent in Holstein dairy cows shortly after calving, with > 20% of the cows developing metritis (an acute puerperal disease characterized by fetid, serous red-brownish uterine discharge, uterine flaccidity, and systemic signs such as depression, inappetence, diminished milk yield, and fever) in the first 3 wk after parturition, and >20% of cows suffering persistent endometritis (generally in the absence of other signs) > 3wk after parturition [1] and [2]. Metritis is an acute condition associated with bacterial infection (mainly Fusobacterium necrophorum, Prevotella melaninogenica and Escherichia coli) shortly after parturition, whereas endometritis is a more chronic and dynamic condition where cows can be infected (mainly Arcanobacterium pyogenes and E. coli), cleared, and re-infected [3] and [4]. Innate immune response to bacteria depends on phagocytosis and killing of microorganisms by neutrophils, monocytes, and macrophages. Bacteria are recognized by specific pattern recognition receptors expressed by these cells [5], [6] and [7] initiating signaling pathways leading ultimately to release of proinflammatory cytokines such as TNFα and IL-1β. The importance of TNFα in immune function is demonstrated by the range of infectious complications suffered by (human) patients on anti-TNF treatment [8] and [9]. Tumor necrosis factor-alpha is stimulated and secreted after activation of the NFκB pathway via toll-like receptors [6] and [7]. Interleukin-1β is produced as a procytokine upon initial stimulation of immune cells via toll-like receptors. Cleavage to the active secreted form generally requires caspase-1 activation. Caspase is activated after inflammasome activation in response to stimulation of intracellular NOD-like receptors [10]. These cytokines, along with interferon-gamma (IFNγ– mainly a product of natural killer cells and natural killer lymphocytes rather than monocytes [11]) and IL-18, stimulate phagocytosis by neutrophils and macrophages and bacterial killing by toxic oxygen and nitrogen intermediates. Interleukin-6 has complex roles in enhancing or limiting the immune response [12]. Although TNFα and IL-1β are associated with initiation of preterm labor in women, IL-6 is not [12]. In fact, IL-6, usually regarded as a pro-inflammatory cytokine, may inhibit migration to inflammatory sites [12] and [13]. Interleukin-8 (CXCL8) is an important chemokine for recruitment of neutrophils to inflammatory sites [14] and [15] and IL-10 is the prototypical anti-inflammatory Th2-associated cytokine [16]. The importance, complexity of interaction and multiplicity of roles of these and other cytokines make their deviation from normal levels of expression potentially important in pathogenesis of disease. Whereas neutrophils are the main leukocyte type involved in bacterial clearance during uterine infection [3], [17] and [18], monocytes and macrophages have a more important role in immunomodulation [19]. After contact with bacteria, they are stimulated to produce and release pro-inflammatory cytokines and chemokines, including TNFα, IL-1β, IL-6, and IL-8, and later to release anti-inflammatory cytokines such as IL-10 [19] and [20]. Pro-inflammatory cytokines (TNFα, IL-1β and IL-6) and the chemokine IL-8 stimulate neutrophil and monocyte diapedesis and chemoattraction and promote increased phagocytosis and bacterial killing [19]. Monocytes are the circulating pool of macrophages; they differentiate into macrophages after leaving the blood circulation [21]. Several studies reported a decrease in neutrophil function that developed around the time of calving, including decreased chemotaxis, phagocytosis, and killing ability in high-producing dairy cows [22], [23] and [24], particularly those that developed uterine disease [25], [26], [27] and [28]. This decrease was associated with a greater degree of negative energy balance (energy intake < energy expenditure) in cows that developed uterine disease compared with healthy cows [4] and [27]. In addition to impaired neutrophil function, decreased lymphocyte function was observed around calving, indicating that other leukocytes such as monocytes and macrophages might also be affected [22] and [29].

Therefore, we hypothesized that postpartum monocyte function would be compromised in cows that developed uterine disease. Because the state of negative energy balance is believed to contribute to decreased leukocyte function [23] and [30], we evaluated monocytes to avoid the confounding effect of the long periods of culture (5–7 d) necessary for differentiation of monocytes into macrophages [31]. The objective of this study was to evaluate monocyte gene expression and protein production of the major pro- and anti-inflammatory cytokines (TNFα, IL-1β, IL-6, IL-8, and IL-10) in cows that developed postpartum metritis or endometritis.

2. Materials and methods

2.1. Experimental design

This was a prospective cohort study. Cows were followed from calving to 42 d postpartum. Blood samples were obtained at calving and then every week for 6 weeks for isolation of blood-derived monocytes. Expression and secretion of key proinflammatory cytokines elaborated by monocytes (TNFα, IL-1β and IL-6), the major neutrophil chemokines (IL-8), and the anti-inflammatory cytokine IL-10 were measured as described below. Cows were examined daily for the first 14 d postpartum for signs of metritis and at 42 d postpartum for endometritis as described below. Cows were designated as control (not afflicted by metritis or endometritis) or having metritis or endometritis. These groups were then compared.

2.2. Study groups

Forty two cows (19 primiparous and 23 multiparous) from a commercial Holstein dairy herd in Cayuga County, NY, USA were enrolled in the study from April to September 2007. Cows were divided equally between primiparous and multiparous (n = 21 each). Among the multiparous cows, seven were in the second lactation, five in the third, five in the fourth, and four in the fifth. The number calving each month from April to September for primipara was 4, 2, 2, 11, 2, and 0, respectively. For multiparous cows it was 2, 2, 6, 1, 3, and 7, respectively. Cows requiring calving assistance numbered 5 (24%) for primipara and 3 (14%) for multipara. Uncomplicated retained fetal membranes were not treated. Clinical ketosis was diagnosed and treated by dextrose infusion and dexamethasone injection in five (24%) primipara and one (5%) multiparous cow. Milk production was recorded daily and averaged weekly. From Week 1 through Week 6, the mean ± SD for primiparous cows was 21.9 ± 4.2, 26.5 ± 4.5, 30.5 ± 4.1, 32.8 ± 4.7, 34.4 ± 5.5, and 35.7 ± 5.9 kg, respectively. The corresponding yields for multiparous cows were 27.3 ± 4.6, 35.3 ± 5.0, 39.2 ± 5.3, 41.9 ± 6.0, 39.2 ± 9.8, and 37.4 ± 8.8 kg, respectively. Weekly body condition score (mean ± SD) for primiparous cows from day of calving was 3.28 ± 0.14, 3.20 ± 0.25, 3.12 ± 0.29, 3.01 ± 0.38, 3.04 ± 0.43, 3.08 ± 0.54, and 2.91 ± 0.52 respectively. For multiparous cows, the corresponding figures were 3.04 ± 0.45, 2.79 ± 0.45, 2.66 ± 0.51, 2.6 ± 0.54, 2.60 ± 0.52, 2.54 ± 0.52, and 2.59 ± 0.52, respectively.

Cows were evaluated daily for signs of metritis in the first 14 d after calving. Metritis was characterized by the presence of watery, fetid vaginal discharge and rectal temperature ≥ 39.5 °C. Cows with metritis were treated by systemic administration of ceftiofur for 3 to 5 d, according to the manufacturer's recommendation.

At 42 d after calving, a low volume uterine lavage for diagnosis of endometritis was performed, as previously described [32]. Briefly, the perineum of the cow was cleansed and a 25-inch Flex Tip sterile plastic infusion pipette (Exodus Breeders Corporation; York, PA, USA) was manipulated through the cervix into the uterus under transrectal control. Sterile saline solution (20 mL) was injected into the uterus, agitated gently per rectum, and a sample of the fluid aspirated. The recovered fluid was centrifuged using a cytocentrifuge directly onto a glass slide. After drying, the slides were fixed and stained using a Romanowsky type stain and examined under 400 × magnification. Cells were identified as polymorphonuclear leukocytes (mostly neutrophils), large mononuclear leukocytes (macrophages), small mononuclear leukocytes (lymphocytes), and uterine epithelial cells. At least 200 cells were counted from each slide, and results expressed as a percentage of total cells (excluding erythrocytes). All the slides were read by the same investigator. Cows were designated as endometritis positive if > 10% neutrophils were identified [33] and [34]. Blood samples were obtained weekly from the day of calving to 42 d postpartum. Monocytes were isolated and their cytokine gene expression and protein production evaluated as described below. In addition, plasma non-esterified fatty acids (NEFA) and β-hydroxybutyrate (BHBA) concentrations were determined as described. Finally, serum concentrations of TNFα, IL-1β and IL-8 were measured by ELISA as described below.

Cows were classified into three categories: 1) Metritis, cows that developed metritis in the first 14 d after calving; 2) Endometritis, cows that did not develop metritis but were diagnosed with endometritis at 42 d after calving; 3) Healthy controls, cows that did not have metritis or endometritis up to 42 d after calving. In addition, dystocia (difficult calving), retained placenta (placenta retained > 24 h), ketosis or hyperketonemia (lethargic and presence of ketones in the urine; hyperketonuria) and clinical mastitis (abnormal milk) were also recorded.

2.3. Blood collection, metabolite measurement, and monocyte isolation and stimulation

Blood (120 mL) was collected weekly as previously described [10], transported to the laboratory within 2 h and centrifuged at 1200 × g for 25 min at room temperature. Plasma was separated for measurement of nonesterified fatty acids (NEFA) and beta-hydroxybutyrate (BHBA) as previously reported [4] as indicators of energy balance [4] and [14]. For blood collection, cows had their head locked into headlock stanchions and tied to one side using a halter; the hair over the jugular vein was clipped and the skin disinfected using iodine solution. The side of blood collection was alternated each week to prevent phlebitis. Blood was collected immediately after the morning milking. At the time of blood collection, body condition was scored using a 5-point (1 = thin to 5 = fat) system [35]. Plasma concentrations of NEFA were analyzed by enzymatic analysis (NEFA-C® kit; Wako Pure Chemical Industries, Osaka, Japan) using modifications previously described [36] and [37]. Plasma concentrations of BHBA were quantified (BHBA dehydrogenase) using a commercial kit (kit 310-UV®; Sigma Chemical). All spectrophotometric measurements were conducted using a microplate reader (BioTek Instruments, Model EL 340, Winooski, VT, USA). Intra- and interassay coefficients of variation were 1.8 and 2.6%, respectively for NEFA, and were 5.1 and 6.7% for BHBA. The buffy coat was harvested (∼5 mL), diluted 1:2 with phosphate buffered saline (PBS), overlaid on 10 mL of Ficoll-Paque Plus® (density = 1.077; GE Healthcare, Chalfont St. Giles, United Kingdom), and centrifuged at 1200 × g for 25 min at room temperature. The mononuclear-cell layer was collected, washed with PBS, and resuspended in a hypotonic lysis solution of 0.2% saline for 30 s to eliminate contaminating erythrocytes and thrombocytes; isotonicity was restored with 1.6% saline solution. The peripheral blood mononuclear cells (PBMCs) were washed with PBS and resuspended to a concentration of 10 × 106 PBMCs/mL in culture medium [88% DMEM F12 (1:1) (Gibco-Invitrogen, Life Technologies Corporation, Carlsbad, CA, USA), 10% bovine fetal serum (Hyclone, Thermo Fisher Scientific Inc., Waltham, MA, USA), and 2% antibiotic/antimycotic (Gibco-Invitrogen)]. The proportion of monocytes and lymphocytes was measured from a slide prepared using a cytospin centrifuge and stained using a Romanowski-type technique. Trypan blue (Gibco-Invitrogen) exclusion was performed to evaluate cell viability. On average 14% (range: 9–24%) of the cells were monocytes, and 86% (range: 76–91%) were lymphocytes, and > 95% of the cells were viable. One milliliter of the PBMCs suspension (10 × 106 PBMCs) was added to each of six wells of a 24-well flat bottom plate (Nunc, Thermo Fisher Scientific Inc., Waltham, MA, USA), and incubated for 1 h at 37 °C, 5% CO2. Subsequently, PBMCs were washed with pre-warmed medium at 37 °C to remove non-adherent lymphocytes, and the adherent monocytes were incubated overnight at 37 °C, 5% CO2 as previously reported [38] and [39]. Efficacy of the procedure was confirmed by immunocytochemistry using mouse anti-CD14 IgG (VMRD, Inc, Pullman, WA, USA, cat # MM61A) as the primary antibody and goat anti-mouse IgG as the secondary (Jackson Immunoresearch Laboratories, Inc, West Grove, PA, USA, cat# 115-095-146). This protocol consistently resulted in > 90% monocytes. Monocytes were washed twice with pre-warmed medium without antibiotics to remove non-adherent cells, and 1 mL of the medium without antibiotics was added to each well. Half of the wells were stimulated with ultraviolet-irradiated E. coli at a ratio of 10 bacteria per adherent monocyte (assuming ∼106 monocytes per well and adjusting for monocyte density) as previously reported [38]. The E. coli was isolated from the uterus of a cow with metritis and confirmed to be 100% pure by biochemical analysis at the Animal Health and Diagnostic Center at Cornell University. After irradiation, bacteria were diluted with trypcase soy broth to a concentration of 108 bacterium/mL, and frozen at −80 °C in a 15% glycerol solution. To select optimal time points for this study gene expression was evaluated at 4, 8, 12, 16, and 24 h after stimulation with E. coli to determine peak gene expression. Peak gene expression occurred at 4 h for all the pro-inflammatory cytokines, and at 8 h for the anti-inflammatory cytokine IL-10. Based on this preliminary kinetic study, one pair of wells with E. coli-stimulated (EC) and non-stimulated (NS) cells was harvested for mRNA isolation at 4 h to test pro-inflammatory cytokines, at 8 h for the anti-inflammatory cytokine IL-10, and at 12 h for normalization of ELISA data. The medium from the third pair of wells was harvested at 12 h after stimulation to measure cytokine concentrations by ELISA, as described below.
2.4. RNA isolation and real-time RT-PCR. 
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Total RNA was extracted using a commercial kit (RNeasy Mini kit, Qiagen, Hilden, Germany) according to the manufacturer's instructions. The isolated RNA was eluted in 35 μL of RNA free water, and treated for genomic DNA contamination using a commercial kit (DNase I kit, Gibco-Invitrogen). The samples were diluted to a final concentration of 5 ng RNA/μL water and stored at −80 °C. For the real-time reverse transcriptase PCR (RT-PCR), sets of primers and probes for all the cytokines and endogenous control [glyceraldehyde-3-phosphate dehydrogenase (GAPDH)] were designed using the Primer Express software (Applied Biosystems, Life Technologies Corporation, Carlsbad, CA, USA), with published sequences (Table 1). In this study, GAPDH was chosen as the endogenous control because it is stably expressed in leukocytes [40]. A one-step method was used and the reaction mixture contained 2 μL of the DNase treated RNA (5 ng/μL), the universal mastermix (Applied Biosystems Cat# 4309169, TaqMan One-Step RT-PCR Master Mix, MultiScribe Reverse Transcriptase and AmpliTaq GOLD® DNA Polymerase), forward and reverse primers, Taqman probe, and RNAse inhibitor. All reactions were run in duplicate. The real-time RT-PCR was performed using the Applied Biosystems 7500 Real-Time PCR system (Applied Biosystems) using the default cycling conditions: 48 °C for 30 min (reverse transcription), 95 °C for 10 min (polymerase activation), 40 cycles of 95 °C for 15 s (melt) and 60 °C for 1 min (anneal/extend). The fold change (n-fold) in gene expression was calculated using the relative quantitation method (2–ddCt) having GAPDH as the endogenous control and the NS cells as the calibrator for each EC sample. Therefore, the n-fold represents the gene expression in E. coli-stimulated cells in relation to non-stimulated cells, normalized to the endogenous controlGAPDH. Average Ct for GAPDH was similar for EC (29.0; range: 25.9–33.4) and for NS (28.9; range: 25.6–33.2) cells. Furthermore, standard deviation (average: 0.6; range: 0.0–1.2) and coefficient of variation (average: 1.9; range: 0.0–4.2) had minimal variation for the GAPDH EC and NS pairs; therefore, E. coli stimulation did not affect GAPDH gene expression. To further evaluate the possibility of in vivo stimulation of cells and to identify the source of differences, gene expression in E. coli-stimulated and non-stimulated cells were evaluated separately. For that, ddCt values were calculated by subtracting the average dCt for all cows at calving (calibrator) from dCt normalized target values (ddCt = dCt normalized target – dCt normalized calibrator), then n-fold (2–ddCt) was calculated. Therefore, the n-fold represents gene expression in E. coli-stimulated or non-stimulated cells in relation to samples at calving, normalized to the endogenous control GAPDH.
2.5. ELISAs for TNFα, IL-1β, and IL-8

An ELISA for TNFα, IL-1β concentrations was performed on culture medium collected 12 h after stimulation with E. coli, as previously reported [41]. Concentrations of IL-8 in the medium and plasma collected from calving to 21 d after calving were determined using a human IL-8 ELISA kit (R&D Systems, Inc., Minneapolis, MN, USA) validated for use in cattle [42] and [43]. Concentrations of TNFα, IL-1β, and IL-8 (ng/mL) in the medium were later normalized to the average concentration of total RNA (μg) at 12 h after stimulation with E. coli and results were expressed as ng/mL/μg of total RNA.

2.6. Statistical analyses

Fold difference (n-fold) in cytokine gene expression (PCR), cytokine concentration in the culture medium (ELISA), from calving to 42 d after calving, and cytokine concentration in plasma from calving to 21 d after calving, and BHBA and NEFA from calving to 42 d postpartum were analyzed by ANOVA for repeated measures using the MIXED procedure of SAS (Version 9.1; SAS Institute Inc., Cary, NC, USA). Models included the fixed effects of uterine disease (metritis, endometritis, or healthy), time (day of blood collection; 0, 7, 14, 21, 28, 35, and 42 d), and two-way interactions between uterine disease and time. Because incidence of uterine diseases was not balanced between primiparous and multiparous, parity (primiparous or multiparous) was included in all models. Because n-fold was not normally distributed, the statistical analysis was performed on the delta delta Ct (ddCt) values and then converted to n-fold (2–ddCt) for data presentation. Cytokine data from ELISAs, and BHBA and NEFA data were skewed; therefore, they were transformed to their natural logarithm (to achieve normality) for data analysis, and back transformed for data presentation. When either an effect of uterine disease or an interaction between metritis and time were detected, post-hoc multiple comparisons were performed using the Bonferroni adjustments in SAS. Association between uterine disease and other health issues was performed by Fisher's exact test in SAS.

Differences with P ≤ 0.05 were considered significant and 0.05 < P ≤ 0.10 were considered a tendency. Interactions were considered to be significant when P ≤ 0.10.

3. Results

3.1. Health measurements

Of the 42 cows used in the study, eight (19%) were diagnosed with metritis and classified as metritis for the statistical analysis; 18 were diagnosed with endometritis, but only 14 (33%) were classified as endometritis for the statistical analysis, because four of them had metritis and therefore were classified as metritis; and 20 (48%) were not diagnosed with metritis or endometritis and were classified as healthy controls. Mean and median day of diagnosis of metritis were 5 and 5 d after calving, with a range from 3 to 8 d after calving. Uterine disease was not balanced (P = 0.10) among primiparous and multiparous cows. Compared with multiparous, primiparous had more metritis and less endometritis, whereas proportions of healthy cows were similar for primiparous and multiparous groups. In primiparous, 31.6% (6/19), 21.1% (4/19), and 47.4% (9/19) were classified as having metritis, endometritis, and controls, whereas in multiparous cows, the corresponding frequencies were 8.7% (2/23), 43.8% (10/23), and 47.8% (11/23). Cows that developed metritis had a greater incidence (P < 0.05) of retained placenta (38 vs 0%) and clinical ketosis (75 vs 0%) than cows that had endometritis, and had greater incidence (P < 0.05) of dystocia (50 vs 10%), retained placenta (38 vs 0%), and clinical ketosis (75 vs 5%) than control cows. Incidence of mastitis (17%) was similar among all groups. Incidence of other health issues did not differ between cows that had endometritis and control cows. There was an interaction (P = 0.006) between uterine disease and time on NEFA concentrations (Fig. 1a). Cows that developed metritis had greater (P ≤ 0.05) NEFA concentrations than healthy controls at calving and 7 d after calving, and tended (P ≤ 0.10) to have greater NEFA concentrations than healthy cows at 14, 21, and 35 d after calving. Cows that had endometritis had greater (P ≤ 0.05) NEFA concentrations than healthy controls only at calving. There was an interaction (P = 0.04) between uterine disease and time on BHBA concentrations (Fig. 1b). Cows that developed metritis had greater (P ≤ 0.05) BHBA concentrations than healthy controls at calving and at 7 d after calving. Cows that had endometritis only tended (P ≤ 0.10) to have greater BHBA concentrations than healthy controls at 7 and 14 d after calving.

3.2. Gene expression

When analyzing E. coli-stimulated cells in relation to non-stimulated cells, there was an association (P = 0.002) between uterine disease and TNFα gene expression ( Fig. 2a). Monocytes from cows that developed metritis had lower TNFα gene expression than monocytes from cows that had endometritis (P = 0.001) or healthy controls (P = 0.005); however, TNFα gene expression did not differ between monocytes from cows that had endometritis and healthy controls (P = 0.32). There was an interaction between uterine disease and time (P < 0.001), which revealed that differences in TNFα gene expression were significant (P ≤ 0.05) at 0, 7, and 14 d after calving. Gene expression after stimulation with E. coli was 3.6 (15 vs 54 fold), 7.5 (8 vs 60 fold), and 400 times (0.05 vs 20 fold) lower at 0, 7, and 14 d after calving in cows that developed metritis compared with healthy controls. Gene expression for TNFα decreased from calving to 14 d after calving, and then returned to the levels of calving by 28 d after calving (time effect, P < 0.001; Fig. 2a).
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Fig. 1. Least-squares means ± SEM for plasma nonesterified fatty acids NEFA (a) and beta-hydroxybutyrate BHBA (b) concentrations for dairy cows that developed metritis up to 14 d after calving (triangles), had endometritis at 42 d after calving (squares), or remained healthy up to 42 d after calving (circles). Metritis was characterized by fetid uterine discharge and fever (≥ 39.5 °C); Endometritis was characterized by presence of ≥ 10% neutrophils in endometrial cytology; Healthy controls did not have metritis or endometritis up to 42 d after calving. Cows that developed metritis had greater (P ≤ 0.05) NEFA concentrations than healthy controls at calving and 7 d after calving, and tended (P ≤ 0.10) to have greater NEFA concentrations than healthy cows at 14, 21, and 35 d after calving. Cows that had endometritis had greater (P ≤ 0.05) NEFA concentrations than healthy controls only at calving. Cows that developed metritis had greater (P ≤ 0.05) BHBA concentrations than healthy controls at calving and at 7 d after calving. Cows that had endometritis only tended (P ≤ 0.10) to have greater BHBA concentrations than healthy controls at 7 and 14 d after calving.
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Fig. 2. (a,b,c,d,e). Fold change in mRNA expression in E. coli-stimulated cells in relation to non-stimulated cells for TNFα, IL-1β, IL-6, IL-8, and IL-10 respectively, in dairy cows that developed metritis up to 14 d after calving (triangles), cows that had endometritis at 42 d after calving (squares), or cows that remained healthy up to 42 d after calving (circles). Metritis was characterized by fetid uterine discharge and fever (≥ 39.5 °C); Endometritis was characterized by presence of ≥ 10% neutrophils in endometrial cytology; healthy controls did not have metritis or endometritis up to 42 d after calving. Cows that developed metritis had decreased (P ≤ 0.05) TNFα gene expression at 0, 7, and 14 d after calving, and decreased IL-1β and IL-6 at 7 and 14 d after calving compared with cows that had endometritis and control cows. There was no association (P = 0.16) between uterine disease and IL-8 gene expression, and the interaction between uterine disease and time on IL-8 gene expression was not significant (P = 0.74). There was no association (P = 0.68) between uterine disease and IL-10 gene expression, and the interaction between uterine disease and time on IL-10 gene expression was not significant (P = 0.60). 

3.2. Gene expression

When analyzing E. coli-stimulated cells in relation to non-stimulated cells, there was an association (P = 0.002) between uterine disease and TNFα gene expression ( Fig. 2a). Monocytes from cows that 
developed metritis had lower TNFα gene expression than monocytes from cows that had endometritis (P = 0.001) or healthy controls (P = 0.005); however, TNFα gene expression did not differ between 
monocytes from cows that had endometritis and healthy controls (P = 0.32). There was an interaction between uterine disease and time (P < 0.001), which revealed that differences in TNFα gene expression were significant (P ≤ 0.05) at 0, 7, and 14 d after calving. Gene expression after stimulation with E. coli was 3.6 (15 vs 54 fold), 7.5 (8 vs 60 fold), and 400 times (0.05 vs 20 fold) lower at 0, 7, and 14 d after calving in cows that developed metritis compared with healthy controls. Gene expression for TNFα decreased from calving to 14 d after calving, and then returned to the levels of calving by 28 d after calving (time effect, P < 0.001; Fig. 2a).

Analyzing only E. coli-stimulated cells, there was no association (P = 0.55) between uterine disease and TNFα gene expression; however, there was an interaction (P = 0.06) between uterine disease and time on TNFα gene expression ( Fig. 3a). E. coli-stimulated monocytes from cows that developed metritis had lower (P < 0.05) TNFα gene expression than monocytes from cows that had endometritis at 7 and 14 d after calving, and lower (P = 0.05) than healthy controls at 14 d after calving. Gene expression for TNFα did not differ between monocytes from cows that had endometritis and healthy controls at any time point (P > 0.10); TNFα gene expression was highest at 7 d and lowest at 14 d after calving (time effect, P = 0.02; Fig. 3a).
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 Fig. 3 (a,b,c,d,e). Fold change in mRNA expression in E coli-stimulated cells in relation to samples at calving for TNFα, IL-1β, IL-6, IL-8, and IL-10 respectively, in dairy cows that developed metritis up to 14 d after calving (triangles), cows that had endometritis at 42 d after calving (squares) or cows that remained healthy up to 42 d after calving (circles). Metritis was characterized by fetid uterine discharge and fever (≥ 39.5 °C); Endometritis was characterized by presence of ≥ 10% neutrophils in endometrial cytology; Healthy controls did not have metritis or endometritis up to 42 d after calving. Cows that developed metritis had lower (P < 0.05) TNFα gene expression than cows that had endometritis at 7 and 14 d after calving and lower (P = 0.05) than healthy controls at 14 d after calving. There was no association (P > 0.10) between uterine disease and IL-1β, IL-6, IL-8, and IL-10 gene expression, and the interaction between uterine disease and time was non-significant (P > 0.10).

Analyzing only non-stimulated cells, there was an association (P = 0.04) between uterine disease and TNFα gene expression (Fig. 4a). Non-stimulated monocytes from cows that developed metritis had greater TNFα gene expression than monocytes from cows that had endometritis (P = 0.01) or healthy controls (P = 0.03); however, TNFα gene expression did not differ between monocytes from cows that had endometritis and healthy controls (P = 0.53). There was no interaction between uterine disease and time (P = 0.41); however, multiple comparisons revealed that differences in TNFα gene expression tended to be significant (P ≤ 0.10) at 0, and were significant (P ≤ 0.05) at 14 d after calving. Gene expression for TNFα increased from calving to 14 d after calving, and then returned to the levels of calving by 28 d after calving (time effect, P < 0.001; Fig. 4a).
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Fig. 4. (a,b,c,d,e). Fold change in mRNA expression in non-stimulated cells in relation to samples at calving for TNFα, IL-1β, IL-6, IL-8, and IL-10 respectively, in dairy cows that developed metritis up to 14 d after calving (triangles), cows that had endometritis at 42 d after calving (squares) or cows that remained healthy up to 42 d after calving (circles). Metritis was characterized by fetid uterine discharge and fever (≥ 39.5 °C); Endometritis was characterized by presence of ≥ 10% neutrophils in endometrial cytology; Healthy controls did not have metritis or endometritis up to 42 d after calving. Cows that developed metritis had greater TNFα gene expression than monocytes from cows that had endometritis (P = 0.01) or healthy controls (P = 0.03); however, differences were mostly at 0 and 14 d after calving. Cows that developed metritis had greater IL-1β and IL6 gene expression than monocytes from cows that had endometritis (P < 0.05), and tended to have greater gene expression than healthy controls (P < 0.10); however, differences were mostly at 0, 7, 14, and 21 d after calving. There was no association (P = 0.16) between uterine disease and IL-8 gene expression, and the interaction between uterine disease and time was non-significant (P = 0.57). IL-10 gene expression were higher (P ≤ 0.05) for metritis compared with endometritis at 0, 7, and 21 d after calving, and for metritis compared with controls, differences were significant (P ≤ 0.05) at 0 d, and tended to be significant (P ≤ 0.10) at 7 d after calving. Gene expression was similar (P > 0.10) between cows that had endometritis and healthy controls for all cytokines.

When analyzing E. coli-stimulated cells in relation to non-stimulated cells, there was an association (P = 0.008) between uterine disease and IL-1β gene expression ( Fig. 2b). Monocytes from cows that developed metritis had lower IL-1β gene expression than monocytes from cows that had endometritis (P = 0.003) or healthy controls (P = 0.005); however, IL-1β gene expression did not differ between monocytes from cows that had endometritis and healthy controls (P = 0.53). There was an interaction between uterine disease and time (P = 0.10), and differences in IL-1β gene expression were significant (P ≤ 0.05) at 7 and 14 d after calving. The gene expression after stimulation with E. coli was 6 (1.4 vs 8.6 fold), and 22 times (0.16 vs 3.5 fold) lower at 7 and 14 d after calving in cows that developed metritis compared with healthy controls. Gene expression for IL-1β decreased from calving to 14 d after calving, returning to the levels of calving by 28 d after calving (time effect, P < 0.001; Fig. 2b). Analyzing only E. coli-stimulated cells, there was no association (P = 0.69) between uterine disease and IL-1β gene expression, and the interaction between uterine disease and time was non-significant (P = 0.21; Fig. 3b); IL-1β gene expression was lowest at 14 and 35 d after calving (time effect, P = 0.01; Fig. 3b). Analyzing only non-stimulated cells, there was a tendency for an association (P = 0.10) between uterine disease and IL-1β gene expression (Fig. 4b). Non-stimulated monocytes from cows that developed metritis had greater IL-1β gene expression than monocytes from cows that had endometritis (P = 0.04) and tended to have greater gene expression than healthy controls (P = 0.08); however, IL-1β gene expression did not differ between monocytes from cows that had endometritis and healthy controls (P = 0.60). There was no interaction between uterine disease and time (P = 0.72); however, multiple comparisons revealed that differences in IL-1β gene expression tended to be significant (P ≤ 0.10) at 0, 7, and 14 d after calving. At 7 d after calving, differences were significant (P = 0.05) between metritis and control cows. Gene expression for IL-1β increased from calving to 14 d after calving, returning to the levels of calving by 28 d after calving (time effect, P = 0.05; Fig. 4b).

When analyzing E. coli-stimulated cells in relation to non-stimulated cells, there was an association (P = 0.02) between uterine disease and IL-6 gene expression ( Fig. 2c). Monocytes from cows that developed metritis had lower IL-6 gene expression than monocytes from cows that had endometritis (P = 0.007) or healthy controls (P = 0.01); however, IL-6 gene expression did not differ between monocytes from cows that had endometritis and healthy controls (P = 0.62). There was an interaction between uterine disease and time (P = 0.07), and differences in IL-6 gene expression were significant (P ≤ 0.05) at 7 and 14 d after calving. Gene expression after stimulation with E. coli was 3.4 (1.5 vs 5.1 fold), and 23 times (0.1 vs 2.3 fold) lower at 7 and 14 d after calving in cows that developed metritis compared with healthy controls. Gene expression for IL-6 decreased from calving to 14 d, and then returned to the levels of calving by 28 d after calving (time effect, P < 0.001; Fig. 2c). Analyzing only E. coli-stimulated cells, there was no association (P = 0.42) between uterine disease and IL-6 gene expression and the interaction between uterine disease and time was non-significant (P = 0.14; Fig. 3c). Gene expression for IL-6 was lowest at 35 d after calving (time effect, P < 0.001; Fig. 3c). Analyzing only non-stimulated cells, there was a tendency for an association (P = 0.09) between uterine disease and IL-6 gene expression (Fig. 4c). Non-stimulated monocytes from cows that developed metritis had greater IL-6 gene expression than monocytes from cows that had endometritis (P = 0.03) and tended to have greater gene expression than healthy controls (P = 0.09); however, IL-6 gene expression did not differ between monocytes from cows that had endometritis and healthy controls (P = 0.43). There was no interaction between uterine disease and time (P = 0.68). Multiple comparisons revealed that differences in IL-6 gene expression tended to be significant (P ≤ 0.10) at 0, and were significant (P ≤ 0.05) at 14 and 21 d after calving. Gene expression for IL-6 was highest at 14 and 21 d after calving (time effect, P < 0.001; Fig. 4c).When analyzing E. coli-stimulated cells in relation to non-stimulated cells, there was no association (P = 0.16) between uterine disease and IL-8 gene expression and the interaction between uterine disease and time on IL-8 gene expression was non-significant (P = 0.74; Fig. 2d). Interleukin-8 gene expression decreased from calving to 14 d, returning to the levels of calving by 28 d (time effect, P = 0.004; Fig. 2d). Analyzing only E. coli-stimulated cells, there was no association (P = 0.44) between uterine disease and IL-8 gene expression, and the interaction between uterine disease and time was non-significant (P = 0.13; Fig. 3d). Interleukin-8 gene expression was lowest at 35 d after calving (time effect, P < 0.001; Fig. 3d). Analyzing only non-stimulated cells, there was no association (P = 0.16) between uterine disease and IL-8 gene expression, and the interaction between uterine disease and time was non-significant (P = 0.57; Fig. 4d). Interleukin-8 gene expression increased from calving to 21 d after calving, returning to the levels of calving by 28 d (time effect, P < 0.001; Fig. 4d). When analyzing E. coli-stimulated cells in relation to non-stimulated cells, there was no association (P = 0.68) between uterine disease and IL-10 gene expression and the interaction between uterine disease and time on IL-10 gene expression was not significant (P = 0.60; Fig. 2e). Gene expression for IL-10 was increased at 14 and 28 d after calving (time effect, P = 0.03; Fig. 2e). Analyzing only non-stimulated cells, there was no association (P = 0.12) between uterine disease and IL-10 gene expression (Fig. 3e), although there was an interaction between uterine disease and time (P = 0.10). Multiple comparisons revealed that IL-10 gene expression were higher (P ≤ 0.05) for metritis compared with endometritis at 0, 7, and 21 d after calving, and for metritis compared with controls, differences were significant (P ≤ 0.05) at 0, and tended to be significant (P ≤ 0.10) at 7 d after calving. Interleukin-10 gene expression was lowest at 14 and highest at 21 d after calving (time effect, P = 0.04; Fig. 3e).

Analyzing only E. coli-stimulated cells, there was no association (P = 0.16) between uterine disease and IL-10 gene expression, and the interaction between uterine disease and time was non-significant (P = 0.92; Fig. 4e). There was no effect of time (P = 0.33) on IL-10 gene expression ( Fig. 4e).

3.3. ELISAs

There was an interaction between uterine disease and time (P = 0.10), and TNFα concentration in the medium used to culture monocytes from cows that developed metritis tended to be decreased at calving compared with cows that had endometritis (P = 0.06) or healthy controls (P = 0.09); in addition, it was decreased (P < 0.05) at 7 and 21 d after calving compared with endometritis or healthy controls (Fig. 5a). Concentration of TNFα in medium was lowest at calving and at 21 d after calving compared with the other sampling times (time effect, P = 0.02, Fig. 5a).
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Fig. 5. (a,b). Concentration of TNFα (a) and IL-1β (b) in the monocyte culture medium collected 12 h after stimulation with E. coli for dairy cows that developed metritis up to 14 d after calving (triangles), had endometritis at 42 d after calving (squares), or remained healthy up to 42 d after calving (circles). Metritis was characterized by fetid uterine discharge and fever (≥ 39.5 °C); Endometritis was characterized by presence of ≥ 10% neutrophils in endometrial cytology; Healthy controls did not have metritis or endometritis up to 42 d after calving. TNFα concentration in medium from cows that developed metritis tended to be decreased (P < 0.10) at calving compared with cows that had endometritis or healthy controls, and was decreased (P < 0.05) at 7 and 21 d after calving compared with endometritis or healthy controls. There was no association (P = 0.94) between uterine disease and IL-1β concentration in medium and the interaction between uterine disease and time on IL-1β concentration in medium was not significant (P = 0.20).

There were no associations (P = 0.94) between uterine disease and IL-1β concentration in medium or interaction between uterine disease and time (P = 0.20) on IL-1β concentration in medium (Fig. 5b). There tended to be an effect of time (P = 0.10) with a steady increase in IL-1β concentration from calving to 42 d after calving (Fig. 5b). There were no effects of uterine disease (P = 0.71), time (P = 0.58), or interaction between uterine disease and time (P = 0.88) on IL-8 concentration in the stimulated monocyte medium (Fig. 6).

There was no effect of uterine disease (P = 0.94), time (P = 0.20), or interaction between uterine disease and time (P = 0.97) on plasma IL-8 concentrations ( Fig. 7).
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Fig. 6. Concentration of IL-8 in the monocyte culture medium collected 12 h after stimulation with E. coli for dairy cows that developed metritis up to 14 d after calving (triangles), had endometritis at 42 d after calving (squares), or remained healthy up to 42 d after calving (circles). Metritis was characterized by fetid uterine discharge and fever (≥ 39.5 °C); Endometritis was characterized by presence of ≥ 10% neutrophils in endometrial cytology; Healthy controls did not have metritis or endometritis up to 42 d after calving. There was no effect of uterine disease (P = 0.71) and the interaction between uterine disease and time on IL-8 concentration in the stimulated monocyte medium was not significant (P = 0.88).
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Fig. 7. Concentration of IL-8 in blood plasma of dairy cows that developed metritis up to 14 d after calving (triangles), had endometritis at 42 d after calving (squares) or remained healthy up to 42 d after calving (circles). Metritis was characterized by fetid uterine discharge and fever (≥ 39.5 °C); Endometritis was characterized by presence of ≥ 10% neutrophils in endometrial cytology; Healthy controls did not have metritis or endometritis up to 42 d after calving. There was no effect of uterine disease (P = 0.94) and the interaction between uterine disease and time on the IL-8 concentration in plasma was not significant (P = 0.97).

4. Discussion

Several studies have reported decreases in neutrophil and lymphocyte function in high producing dairy cows around the time of calving, which have been implicated in increased susceptibility to infectious diseases such as metritis and mastitis [22], [26], [27], [28], [30], [44], [45] and [46]. However, there are limited data regarding the role of monocytes and macrophages in modulating the immune response around calving and their association with uterine disease. We evaluated the monocyte inflammatory cytokine response in cows that developed uterine disease and healthy cows, aimed at improving our understanding of the pathogenesis of uterine disease in dairy cows. In this study expression of mRNA for several key cytokines was evaluated in isolated monocytes. Relative mRNA concentration was expressed in three ways: in resting (unstimulated) monocytes; in E. coli-stimulated cells; and in E. coli-stimulated cells relative to unstimulated cells (degree of change upon stimulation)—all relative to expression of GAPDH as an endogenous control. Overall, when gene expression of E. coli-stimulated cells was evaluated in relation to non-stimulated cells, there was a decrease in pro-inflammatory cytokine gene expression from calving to 14 d after calving, with later recovery. This pattern was observed for TNFα (0, 7, and 14 d), IL-1β (7 and 14 d) and IL-6 (7 and 14 d). This relative decrease in gene expression was largely the consequence of higher gene expression (TNFα, IL-1β, and IL-6) in non-stimulated cells, in cows that developed metritis, but also reflected lower overall gene expression in E. coli-stimulated cells (significant for TNFα and numeric (P = 0.11) for IL-1β at 14 d after parturition). Pro-inflammatory gene cytokine expression in E. coli-stimulated monocytes from cows that had metritis tended to decrease from calving to 14 d after calving and then rebounded, peaking at 21 d (IL-6) or 28 d (TNFα and IL-1β) after calving, before returning to basal levels (comparable to healthy cows) by 35 d postpartum. Conversely, pro-inflammatory cytokine gene expression by non-stimulated monocytes tended to increase from calving to 14 d postpartum, before returning to basal levels by 35 d after calving. Therefore, we inferred that monocytes were being activated to produce pro-inflammatory cytokines in vivo in cows that had metritis at approximately 7 d postpartum. However, around the time the disease occurred, this activation in vivo did not result in higher gene expression when monocytes were stimulated in vitro. In fact, when pro-inflammatory cytokine gene expression was highest in non-stimulated monocytes, it was lowest in E. coli-stimulated cells. Once pro-inflammatory cytokine gene expression in non-stimulated monocytes from metritic cows was decreasing to the levels of healthy control cows, E. coli-stimulated cells produced a stronger pro-inflammatory response when stimulated. That basal (unstimulated) expression of proinflammatory TNFα, IL-1β and IL-6 were increased in early lactation in cows that developed metritis is intriguing. This disease was diagnosed on average 5 d postpartum (range 3–8 d). Blood samples were obtained on the day of calving, varying from 1 to 12 h after calving. It seems implausible that there was significant bacterial infection in these animals at this time. It is therefore more likely that the monocytes were stimulated by other factors. Metritis is known to be more likely in cows that are in negative energy balance by the time of calving [47] and [48]. There is also evidence that elevated concentrations of specific saturated free fatty acids such as oleate and palmitate or other lipids such as intracellular ceramide may activate the TLR4 receptor [49] and [50] or the NLRP3 receptor [51]. Since the cows in our study that developed metritis had elevated concentrations of NEFA and BHBA on the day of calving, this is a possible explanation. Another possibility is that this is a response to tissue damage, for example that sustained during the trauma of parturition. Indeed, half of the metritic cows had a difficult calving, and it is now evident that tissue necrosis can activate inflammatory responses via the NLRP3 inflammasome [52]. Parturient trauma is a major issue in Holstein dairy cows and its relevance in the pathogenesis of uterine disease has recently been highlighted [53]. Despite the increased basal expression of some proinflammatory cytokines, cytokine mRNA expression after stimulation with E. coli was reduced, both relative to the unstimulated state and relative to the housekeeping gene, in cows that developed metritis. Importantly, this was also reflected in diminished secretion of TNFα protein in the medium of stimulated monocytes. We inferred that despite (or perhaps because of) the increased basal stimulation, monocytes were less able to respond vigorously to a bacterial challenge, which may compromise the overall defense of the animal against infection because collectively the proinflammatory cytokines enhance phagocytosis and bacterial killing by professional phagocytes. Possible mechanisms reducing responsiveness in cytokine production in early postpartum cows include the endocrine environment of late pregnancy and parturition and the negative energy balance suffered by most dairy cows and most severe in those destined to develop uterine disease [4], [27], [34], [47], [48], [54], [55], [56], [57] and [58]. Feed restriction has been associated with diminished pro-inflammatory response in rats and mice [59] and [60]. Similarly, estradiol and progesterone have been shown to inhibit expression of several pro-inflammatory cytokines, albeit inconsistently [61], [62], [63], [64], [65], [66], [67] and [68]. Of note is the observation that metritis cows have higher estradiol concentrations on the day of calving than unaffected herdmates, indicating a possible endocrine difference between these groups [4]. Sordillo and co-workers reported increased production of bovine TNFα during the postpartum period compared with middle to late lactation [69]. It seems this is most likely a reflection of down-regulation of acute inflammatory responses during pregnancy [70]. In fact, reduced expression of pro-inflammatory cytokines in cows with metritis might reflect a failure to adapt normally from an immune environment appropriate for pregnancy to the normal, non-pregnant environment necessary for mounting a vigorous inflammatory response [71]. It seems likely that some factors common to cows likely to develop metritis prime an incipient response in circulating monocytes as early as the day of parturition, even though signs of the disease do not appear until several days later. At the same time, the ability of these cells to respond to an infectious stimulus seems to be impaired.There were no significant differences in expression of IL-8 mRNA between disease groups. For IL-10, both unstimulated and stimulated expression were higher in cows with metritis (making the relative change non-significant). This may be a response to the pre-existing inflammatory milieu, or a delayed transition from the high IL-10 concentrations typical of pregnancy. Considered in total, the current results revealed substantial differences in the negative energy balance profiles and monocyte cytokine profiles between cows with metritis and those with endometritis, providing further evidence that these diseases are not simply different manifestations of the same underlying pathogenic factors, but instead are quite different diseases. This was consistent with the observations of Dubuc et al, that purulent vaginal exudate and (cytological) endometritis have different risk factors and respond differently to prophylactic antibiotic treatment [56], [72] and [73]. Although this study exposed major differences in monocyte cytokine gene expression between cows with metritis and healthy controls, cows with endometritis showed little deviaiton from the pattern showed by control cows. Perhaps metritis is accompanied by systemic immune dysfunction, whereas endometritis might be more specifically a reflection of neutrophil dyusfunction that has been shown to exist in thesse cases [27] and [55]. Clearly both diseases are associated with negative energy balance [4], [27], [34], [48], [55], [56] and [57], but the extent and timing (relative to parturition) of this metabolic disturbance might be different between metritis and endometritis. In summary, although monocytes from cows that developed metritis had an increased un-stimulated gene expression of pro-inflammatory cytokines (TNFα, IL-1β, and IL-6), there was decreased E coli-stimulated gene expression, and secretion of the main pro-inflammatory cytokine (TNFα) in the first weeks after calving. Cows that had endometritis did not differ from healthy cows. Decreased expression of pro-inflammatory cytokines after bacterial challenge could lead to poor chemotaxis and activation of neutrophils and monocytes, which would impair diapedesis to the site of infection, bacterial clearance and predispose cows to the development of metritis.
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