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Plasma Metabolomics Reveals Pathogenesis of Retained Placenta in Dairy Cows
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The complex etiology and pathogenesis of retained placenta (RP) bring huge challenges for researchers and clinical veterinarians in investigating the pathogenesis and treatment schedule. This study aims to investigate the pathogenesis of RP in dairy cows by plasma metabolomics. As subjects, 10 dairy cows with RP and 10 healthy dairy cows were enrolled according to strict enrollment criteria. Imbalanced antioxidant capacity, reduced Th1/Th2 cytokine ratio, and deregulation of total bilirubin (T-bil), alkaline phosphatase (ALP), and reproductive hormones were shown in dairy cows with RP by detecting biochemical indicators, oxidation and antioxidant markers, and cytokines in serum. Plasma metabolites were detected and analyzed by a liquid chromatography–mass spectrometry (LC–MS) system coupled with multivariate statistical analysis software. A total of 23 potential biomarkers were uncovered in the plasma of dairy cows with RP. The metabolic pathways involved in these potential biomarkers are interconnected, and the conversion, utilization, and excretion of nitrogen were disturbed in dairy cows with RP. Moreover, these potential biomarkers are involved in the regulation of antioxidant capacity, inflammation, and autocrine or paracrine hormone. All of these findings suggest that an imbalance of these potential biomarkers might be responsible for the imbalanced antioxidant capacity, reduced Th1/Th2 cytokine ratio, and deregulation of reproductive hormones in dairy cows with RP. The regulation of metabolic pathways involved in these potential biomarkers represents a promising therapeutic strategy for RP.
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INTRODUCTION

The retained placenta (RP), a common multifactorial postpartum reproductive disease manifesting as failure to expel fetal membranes within 24 h of calving, increases the risk of developing metritis and infertility and reduces milk production and quality, causing great financial losses in the dairy industry (1–4). The etiology, pathogenesis, and therapy of RP have been extensively explored by many researchers (4–7). At present, the incidence of RP morbidity varies across countries and herds, which are closely related to the management and environment of herds; the physiological state of cows, namely, age, parity, heredity, hormones, and nutrition; and the condition of calves, such as stillbirth and twinning (4, 8). The complex etiology and pathogenesis bring huge challenges for researchers and clinical veterinarians in probing the pathogenesis and treatment schedule of RP (9–12). The pathogenesis of RP is still unclear, and there are four popular hypotheses to explain it: deregulation of uterine contractions, dysfunction of the chorionic villi, inflammatory stress, and immune disorders (13–15). Many studies have also confirmed that changes in blood metabolites, cytokines, inflammatory factors, immune factors, and hormones are associated with the pathogenesis of RP (3, 13, 16, 17). However, it is difficult to clarify the complex pathogenesis of RP involving the nutritional metabolic, immune, nervous, and reproductive systems through blood indicators.

Metabolomics, a fairly new branch of omics technologies, can monitor the overall changes of small-molecule metabolites under physiological or pathological conditions, which contributes to finding disease biomarkers, probing differential metabolic pathways in the development of disease, and clarifying the pathogenesis of disease (18–20). A large body of studies have confirmed that the biomarkers screened by metabolomics are not only involved in diagnosis but also implicated in exploring the pathogenesis of the disease (21–24). Changes in the profiles of metabolites can trace and predict the occurrence and development of disease, but they are also easily affected by the interference of multiple confounding factors. Therefore, it is essential for metabolomics to exclude confounding factors in the collection of disease samples.

A growing body of evidence supports the utilization of alterations in biochemical profiles, antioxidant ability, cytokines, and hormones as biological indicators of RP (3, 25, 26). It has also recognized that several reproductive hormones and Th1 and Th2 cells participate in the process of separation and discharge of the placenta (16, 26, 27). Besides, oxidative stress and alterations in biochemical profiles as reasons or results of RP have been extensively attended. In this study, several biochemical indicators, oxidation and antioxidant markers, and cytokines along with plasma metabolism were detected. Based on the differential metabolites and their targeted metabolic pathways, coupled with the changes in biochemical indicators, oxidation and antioxidant markers, and cytokines, targeted regulation of the metabolic state of dairy cows with RP may be beneficial to clarify the pathogenesis of the disease and develop an effective treatment schedule.

In the present study, to detect the pathogenesis of RP in dairy cows, untargeted plasma metabolism along with the detection of related biochemical indicators, oxidation and antioxidant markers, and cytokines were performed, which is helpful for clarifying the pathogenesis and developing an effective treatment schedule.



MATERIALS AND METHODS


Chemicals and Materials

All LC solvents [methanol, acetonitrile (ACN), and isopropanol] were of liquid chromatography–mass spectrometry (LC–MS) grade and purchased from Fisher Scientific (Loughborough, UK). LC–MS additives (formic acid and ammonium acetate) were acquired from Sigma-Aldrich (Madrid, Spain). Lithocholic acid-D4 (LCAD4) was obtained from Steraloids (Steraloids Inc., Newport, RI, USA). Phenylalanine-D5 (Phe-D5) was purchased from Cambridge Isotope Laboratories (Tewksbury, MA, USA). An ACQUITY UPLC BEH amide column was purchased from Waters (Milford, MA, USA). A vacuum blood collection tube was purchased from Laiwu Yaohua Pharmaceutical Packing Co., Ltd. (Shandong, China). The commercial kits for blood biochemical parameters were provided by Ningbo Medical System Biotechnology Co., Ltd. (Ningbo, China). Malondialdehyde (code number: S0131S), Cu/Zn-SOD and Mn-SOD assay kit (code number: S0103), and Total Glutathione Peroxidase assay kit (code number: S0058) were purchased from Beyotime (Shanghai, China). Interleukin (IL)-2, IL-4, IL-10, and tumor necrosis factor alpha (TNF-α) enzyme-linked immunosorbent assay (ELISA) kits (code numbers: ab193682, ab277388, ab277386, and ab193683, respectively) were purchased from Abcam (Cambridge, USA).



Animals and Clinical Specimens

In this study, the enrollment criteria of dairy cows with RP were drawn up to limit sample heterogeneity caused by confounding factors. All experimental procedures involving animals were conducted according to the guidelines of the Animal Care and Use Committee of the Lanzhou Institute of Husbandry and Pharmaceutical Sciences of Chinese Academy of Agricultural Sciences (Lanzhou, China) (Animal Use Permit: SCXK201808-1756). All animals were obtained from a dairy farm with 680 lactating Holstein–Friesian cows in northwestern China, and the annual incidence of RP was 10.4% at this dairy farm. In the present study, RP is defined as placenta that has not been expelled within 24 h postpartum. The dairy cows enrolled as healthy dairy cows were of the same parity as the dairy cows with RP and expelled placenta within 24 h postpartum. Besides, they were free of infectious or metabolic diseases. All enrolled dairy cows had a good mental and physical state and appetite, a body condition score (BCS) between 2.5 and 4.0 at the time of calving according to the criteria specified in the protocol of Edmonson et al. (28), and clinical history of veterinary quarantine and clinical records. The dairy cows with a history of cesarean section during previous or current calving, displaced abomasum, laminitis, or any drug therapy excluding preventive medication in the standardized management of dairy farms were excluded from the study. To limit the effect of confounding factors on metabolic profiles, according to the enrollment and exclusion criteria, 20 dairy cows were enrolled in the experiment: 10 healthy cows were set as the control group, and 10 cows with RP made up the disease group. The characteristics of enrolled dairy cows, namely, BCS at calving, parity, and age, are shown in Supplementary Table 1. The cows in both groups had similar physical characteristics. Because RP was defined as placenta that had not been expelled within 24 h postpartum, all blood samples were collected at 24 h after calving to explore metabolic alterations in dairy cows with RP. All enrolled dairy cows had a clinical history of veterinary quarantine and clinical records. Blood samples of enrolled cows were collected from the jugular vein at 24 ± 1 h postpartum in K2 EDTA anti-coagulation vacuum tubes or evacuated tubes without anticoagulant to obtain plasma and serum, respectively. In brief, the blood samples were left at room temperature for 1 h and then after centrifugation at 1,600 × g for 10 min at 4°C, the supernatants in the anti-coagulation vacuum tubes were transferred into sterile tubes without any preservatives and stored at −80°C until analysis. The clotted blood in the evacuated tubes without anticoagulant was centrifuged at 2,000 × g at 4°C for 20 min, and the supernatant was transferred into sterile tubes.



Metabolite Sample Preparation

In the present study, the profiles of metabolites in plasma of dairy cows with RP were investigated by ultra-high liquid chromatography tandem mass spectrometry to screen the potential biomarkers and differential metabolic pathways of RP and explain its pathogenesis. For LC–MS metabolomics analysis, 100 μl of plasma was mixed with 400 μl of ice-cold ACN/methanol (1:1, v/v) for deproteinization. After vortexing (30 s), samples were allowed to rest at −20°C for 10 min and then centrifuged (14,000 × g, 10 min) at 4°C. The 400 μl supernatant of each sample was transferred to another tube and evaporated to dryness with a vacuum concentrator. Each dried sample was reconstituted in 40 μl of ACN/water (1:1, v/v), sonicated for 10 min, and then centrifuged for 15 min at 13,000 rpm. The supernatants were transferred to analytical vials and stored at −80°C prior to LC–MS analysis. We pooled plasma from all samples (100 μl) to create a single pooled quality control (QC) sample, which was prepared as described above.



UPLC/QTOF-MS Analysis of Plasma Metabolites

Tables LC–MS/MS analyses were performed using an Agilent 1290 Infinity LC system (Agilent Technologies, Inc., Palo Alto, USA) coupled to a Triple TOF 5600 system (AB SCIEX, Foster City, CA, USA). Samples were analyzed through using an ACQUITY UPLC HSS T3 (1.8 μm, 2.1 × 100 mm columns; Waters) for HILIC analysis. Each sample was analyzed two times under positive and negative ionization modes. The temperature of the column and auto-sampler was maintained at 25 and 4°C, respectively. The injection volume was 2 μl, and the flow rate was 0.3 ml/min for both positive and negative ion modes. For the positive ionization mode, mobile phases A and B were 0.1% formic acid in deionized water and 0.1% formic acid in ACN. For the negative ionization mode, mobile phases A and B were 0.5 mmol ammonium fluoride in deionized water and ACN. The optimized gradient program is established as shown in Supplementary Table 2.

Mass spectrometry was operated by electrospray ionization in positive and negative ion modes. For the positive ion mode, collision energy was set to 50 V, declustering potential was set to 60 V, and ion spray voltage floating was set to +5,000 V; for the negative ion mode, collision energy was set to 20 V, declustering potential was set to −60 V, and ion spray voltage was set to −5,000 V. The other source parameters were as follows: ion source gas 1 was set at 40 psi, ion source gas 2 was set at 80 psi, curtain gas was set at 30 psi, and source temperature was set at 650°C. The data were acquired over a mass-to-charge ratio (m/z) range of 60–1,000 Da with a TOF MS scan rate of 0.20 s/spectrum and an m/z range of 25–1,000 for production ion scan with an accumulation time of 0.05 s/spectrum. The product ion scan was acquired by information dependent acquisition (IDA) with high sensitivity mode selected. The MS/MS conditions were set as follows: declustering potential: ±60 V; collision energy: 35 ± 15 eV; exclusion of isotopes: within 4 Da; and candidate ions to monitor per cycle: 6.

Plasma samples from the two groups were analyzed in random order during the analysis. In addition, QC samples were detected once every five subject samples for conditioning of the analytical system, signal correction, and quality assurance.



Serum Biochemistry Analysis

The serum concentrations of total bilirubin (T-bil), total protein (TP), albumin (ALB), globulin (GLB), alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), creatine kinase (CK), urea (BUN), creatinine (CREA), glucose (GLU), triglycerides (TG), and total cholesterol (TC) were detected by an automatic biochemical analyzer (ERBA XL 600®) according to the manufacturer's instructions for the corresponding commercial kits.



Oxidation and Antioxidant Markers in Serum

The concentrations of malondialdehyde (MDA), superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px) were probed through commercial kits according to the manufacturer's protocols. In brief, the serially diluted MDA standards and test serum samples were prepared and added to the microplate well, and then 10 μl of MDA color reagent stock solution was added into each well of MDA standard and serum sample and incubated at room temperature for 20 min. The 10 μl of reaction solution was added to each cell plate and incubated at room temperature for 60 min. The absorbance increase of each plate well was monitored by Enspire Microplate Reader at 695 nm.



Th1/Th2 Cytokine Measurement

The serum levels of IL-2, IL-4, IL-10, and TNF-α were detected by the corresponding commercial ELISA kits according to the manufacturer's protocols. In brief, all reagents should be brought to room temperature before use. The serum samples or standard working solution samples were added to the corresponding ELISA microplate wells and combined with the specific antibody. Then, a biotinylated detection antibody and avidin–horseradish peroxidase (HRP) conjugate are added successively to each microplate well and incubated. Free components are washed away. The substrate solution is added to each well and incubated. The enzyme–substrate reaction is terminated by the addition of stop solution. The optical density (OD) is measured spectrophotometrically at a wavelength of 450 nm. The ratio of Th1 and Th2 was calculated according to the following formula: Th1/Th2 = (CIL-2 + CTNFα) / (CIL-4 + CIL10).



Reproductive Hormone Analysis

The serum levels of estradiol, progesterone, and PGF2α in serum were detected by the Beijing North Institute of Biotechnology Co., Ltd. using the corresponding commercial assay kits. The detection protocol of estradiol, progesterone, and PGF2α was similar with that of TNF-α, as was already depicted in section Th1/Th2 Cytokine Measurement.



Statistical Analysis
 
Multivariate Statistical Analysis of Plasma Metabolite Data

The raw MS data were processed by Progenesis QI (Nonlinear Dynamics, Newcastle, UK) to filter the noise, correct the baseline, align the peaks, and identify and quantify the peaks. Retention time errors of <0.1 min were applied to align the peaks. Ion peaks with missing values >50% in both groups were deleted from the alignment data. Then, the normalized data with auto-scaling were imported into MetaboAnalyst software online (29) to perform multivariate and single-dimensional statistical analysis, namely, unsupervised principal component analysis (PCA), supervised partial least squares discriminant analysis (PLS-DA), t-test, and fold change analysis. The potential biomarkers were selected in accordance with variable importance in projection (VIP) score >1 from the PLS-DA model. The potential biomarkers were further optimized by Student's t-test for their abundance in dairy cows with RP and healthy dairy cows. Adjusted p-value < 0.05 was considered to be statistically significant. The biomarkers were further screened in accordance with VIP score >1, adjusted p-value < 0.05, and fold change >2 or <0.5.



Statistical Analysis of BCS, Age, Serum Biochemistry, Oxidation and Antioxidant Markers, Th1/Th2 Cytokine, and Reproductive Hormone Data

The BCS, age, serum biochemistry, oxidation and antioxidant markers, Th1/Th2 cytokine, and reproductive hormone data were analyzed through SAS 9.2 (SAS Institute Inc., Cary, NC, USA). Differences of BCS, age, serum biochemistry, oxidation and antioxidant markers, Th1/Th2 cytokine, and reproductive hormone between healthy group and RP group were compared through one-way analysis of variance with Tukey's test.




Biomarker Identification and Metabolic Pathway Analysis

Optimization of candidate biomarkers was performed by comparing the accuracy of the m/z values (<25 ppm), and the MS/MS spectra were interpreted using a self-built metabolite database (Shanghai Applied Protein Technology Co., Ltd., Shanghai, China) based on their MS and MS/MS signatures. In order to evaluate the rationality of candidate biomarkers and intuitively display the differences in expression patterns of candidate metabolites in different samples, hierarchical cluster analysis based on the abundance of candidate biomarkers was performed. Cluster and correlation analysis of the optimized candidate biomarkers was performed by R (version 3.6.1). The metabolic pathways involved in the optimized candidate biomarkers were identified by the Kyoto Encyclopedia of Genes and Genomes (KEGG) database.




RESULTS


Metabolic Alterations in Dairy Cows With RP

In positive and negative ion modes, 4,617 and 2,897 metabolite ion peaks, respectively, were identified in positive and negative ion modes, and in these metabolite ion peaks, 3,012 metabolites were identified. In the generated PCA score plots, samples between groups showed a significant separation tendency, and samples within groups tended to cluster in positive and negative modes. The metabolic profiles of plasma samples from healthy and diseased groups were clearly separated in the negative and positive modes. These findings suggest that the plasma metabolic profile of dairy cows with RP was significantly different from that of healthy dairy cows (Figures 1A,B).


[image: Figure 1]
FIGURE 1. Differentiation of metabolic profiles of plasma of healthy dairy cows and dairy cows with retained placenta (RP). (A,B) Principal component analysis (PCA) score plots based on plasma metabolic profiles of healthy and diseased groups in positive and negative modes. ESI+: R2 = 0.568, ESI–: R2 = 0.603. (C,D) PLS-DA score plots of healthy and RP groups in positive and negative modes. ESI+: R2X = 0.235, R2Y = 0.953, Q2 = 0.451; ESI–: R2X = 0.257, R2Y = 0.969, Q2 = 0.684. (E,F) Permutation test of PLS-DA model: ESI+: intercepts of R2 = 0.691 and Q2 = −0.154, ESI–: intercepts of R2 = 0.621 and Q2 = −0.348.


In the PLS-DA model, the samples of the disease and healthy groups were clearly separated (Figures 1C,D), and the Q2 regression lines based on a permutation test with a negative intercept suggested that the model was not overfitting (Figures 1E,F). In the positive and negative ionization modes, there were 629 and 488 metabolites, respectively, with VIP >1.

The differential metabolites in the plasma of dairy cows with RP and healthy cows were further screened, with an adjusted p-value < 0.05 and fold change >2. There were 164 and 112 differential metabolites with an adjusted p-value < 0.05 and fold change >2 in positive and negative ionization modes (Figure 2).


[image: Figure 2]
FIGURE 2. Candidate biomarkers in plasma of healthy dairy cows and dairy cows with RP. (A) Positive electrospray ionization (ESI+) mode; (B) negative electrospray ionization (ESI–) mode.


The differential metabolites were further optimized, with a VIP score >1, adjusted p-value < 0.05, and fold change >2.0 in positive and negative ionization modes to screen candidate biomarkers (Table 1). In the positive and negative ionization modes, 18 and 6 candidate biomarkers were found.


Table 1. Result of biomarkers identified in plasma of calves with RP.

[image: Table 1]

As shown in Figure 3, samples within groups formed clusters, and samples between groups were separated in positive and negative ionization modes. Candidate biomarkers with similar expression patterns in different samples were clustered, which suggested that these candidate biomarkers were located in a closer reaction process in the metabolic pathway.


[image: Figure 3]
FIGURE 3. Relationship between healthy and RP samples, and expression patterns of potential biomarkers in different samples.


As indicated by the enrichment analysis and pathway analysis shown in Figure 4, urea cycle, glucose–alanine cycle, ammonia recycling, arginine and proline metabolism, glutamate metabolism, and aspartate metabolism were significantly changed in dairy cows with RP. Moreover, these altered metabolic pathways were interconnected. These findings suggest that the conversion, utilization, and excretion of nitrogen were disturbed in these cows.


[image: Figure 4]
FIGURE 4. Pathways of conversion, utilization, and excretion of nitrogen were disturbed in dairy cows with RP. (A) Enriched KEGG pathway involving candidate biomarkers. a: citrate cycle; b: arginine and proline metabolism; c: porphyrin and chlorophyll metabolism; d: glyoxylate and dicarboxylate metabolism; e: aminoacyl-tRNA biosynthesis; f: alanine, aspartate, and glutamate metabolism; g: nitrogen metabolism; h: valine, leucine, and isoleucine; l: arginine biosynthesis; m: D-glutamine and D-glutamate metabolism. (B) Enrichment pathway network diagram involving candidate biomarkers. Each node represents a metabolite set, with its color based on fold enrichment.




Reduced Th1/Th2 Cytokine Ratio in Dairy Cows With RP

To probe the changes in the immune function of dairy cows with RP, the serum levels of IL-2, IL-4, IL-10, and TNF-α were detected. As shown in Table 2, the levels of IL-2 and IL-4 in serum of dairy cows with RP were significantly lower than those of healthy cows, while the levels of IL-10 and TNF-α increased, and the Th1/Th2 cytokine ratio was reduced.


Table 2. Reduced Th1/Th2 cytokine ratio, dysregulation of antioxidant capacity, and reproductive hormones in dairy cows with RP (mean ± SD).
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Imbalance of Antioxidant Capacity in Dairy Cows With RP

To investigate the alteration of antioxidant capacity in dairy cows with RP, the level of MDA and the activity of SOD and GSH-Px were detected. The results are shown in Table 2. The level of MDA significantly increased in the serum of dairy cows with RP compared with healthy cows. The activity of SOD and GSH-Px was significantly reduced in the serum of dairy cows with RP.



Dysregulation of T-bil, ALP, and Reproductive Hormones

Alterations in blood biochemistry are important biomarkers in diseases. Therefore, blood biochemistry of dairy cows with RP was evaluated. RP was a common multifactorial postpartum reproductive disease, so reproductive hormones were also evaluated. As shown in Table 2 and Supplementary Table 3, increased levels of T-bil, ALP, and progesterone and decreased levels of estradiol and PGF2α were found in serum of dairy cows with RP.




DISCUSSION

To explore the complex pathogenesis of RP, increasing studies have focused on the detection of potential pathological factors involved in the complex pathological process of dairy cows with RP (30). Blood biochemical indicators are important markers of the physiological or pathological state of the body (31, 32). Therefore, in the present study, a few biochemical indicators were detected. The levels of T-bil and ALP significantly increased in dairy cows with RP, and other biochemical indicators (TP, ALB, GLB, ALT, AST, CK, BUN, CREA, GLU, TG, and TC) showed no differences between healthy and disease groups. ALP comes mainly from the liver and is also a marker of liver injury. However, because there were no differences in Alb, ALT, and AST, vital markers of liver injury, between healthy and disease groups, we speculated that the increased ALP in dairy cows with RP might be from the RP (33, 34).

The separation and expulsion of the placenta from the maternal uterus is a coordinated, regulated multi-system and multi-factor process. It has been demonstrated that the immune response plays a vital role in the process of separation and discharge of the placenta (16, 26, 27). During the perinatal period, Th1 cells are gradually derived from Th2 cells and secrete pro-inflammatory cytokines to initiate an inflammatory response, which induces apoptosis of trophoblast cells and endometrial epithelial cells and promotes placental separation (27, 35–37). In the present study, the Th1/Th2 cytokine ratio was significantly reduced in dairy cows with RP, which might decrease the inflammatory response in the uterus and cause the retention of placenta.

Moreover, it has been well-known that there is a close interaction between oxidation state and inflammation in the process of expelling fetal membranes (25, 26, 38). Oxidative stress increases the risk of placental retention (39). The result of increasing MDA and decreasing GSH-Px and SOD activity was consistent with a previous report (40). The balance of reproductive hormones is also essential for the separation and expulsion of the placenta (39, 41, 42). In this study, the levels of estradiol, progesterone, and PGF2α in serum of dairy cows with RP were significantly lower than those of healthy cows. Lower estradiol and PGF2α would reduce uterine contractility, causing failure to expel fetal membranes.

Although imbalanced antioxidant capacity, reduced Th1/Th2 cytokine ratio, and deregulation of T-bil, ALP, and reproductive hormones were uncovered, the interregulation of these biological factors and the exact pathogenesis of RP are still unclear. It is difficult to clarify the complex pathological process of RP involved in the nutritional metabolic, immune, nervous, and reproductive systems by using only a few blood indicators. Metabolites of the body are also products of the comprehensive regulation of multiple systems. Having an overview of changes in metabolites is beneficial to identify diagnostic markers and investigate pathogenic mechanisms of disease. Metabolomics can rapidly, sensitively, and comprehensively monitor alterations in the metabolites of the organism under physiological or pathological states (18, 20).

In the present study, plasma metabolomics were detected by ultra-high performance liquid chromatography–quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF/MS) to reveal the potential biomarkers and pathogenesis of RP in dairy cows. The results suggest that metabolic profile significantly changes in dairy cows with RP. Moreover, 23 potential biomarkers were found and were mostly involved in urea cycle, glucose–alanine cycle, ammonia recycling, arginine and proline metabolism, glutamate metabolism, and aspartate metabolism. L-Arginine, L-lysine, L-leucine, and L-alanine, which were potential biomarkers, in serum of dairy cows with RP were significantly lower than those of healthy cows. Several previous studies had reported that there were significant differences in various amino acids, namely, leucine and arginine, between healthy dairy cows and dairy cows with RP, but in different research reports, these amino acids were no consistent trend of change (43–45). For instance, in several studies, significant decrease in various amino acids was detected by metabolomics in plasma of dairy cows with RP, and the corresponding results of the present study were consistent with it. However, in other studies, the corresponding amino acids appeared to have opposite results. Some researchers believe that the opposite results may be related to the different courses of the disease, but a unified view has not yet been formed, and further investigation is needed. It has been reported that arginine not only participates in the synthesis of protein, urea, and pyrimidine but also affects the release of various endocrine hormones, such as insulin and growth hormone (46, 47). Moreover, L-arginine may regulate immune function and estrogen by the NO pathway (48, 49). Lysine deficiency may also cause immunodeficiency (50). Decreased alanine in plasma is a sign of branched chain amino acid (BCAA) deficiency (51).

In this study, L-leucine, a type of BCAA, had a similar changing trend as L-alanine. It had been documented that BCAA deficiency could induce the dysfunction of immune cells (52). In this study, we speculated that decreased L-arginine, L-lysine, L-leucine, and L-alanine were responsible for imbalanced antioxidant capacity, reduced Th1/Th2 cytokine ratio, and deregulation of reproductive hormones. The lysophosphatidylcholines (LysoPCs), namely, LysoPC (16:0), LysoPC (22:6), LysoPC (20:3), LysoPC (20:5), LysoPC (20:4), LysoPC (20:2), LysoPC (18:2), LysoPC (18:3), and LysoPC (20:4), in serum of dairy cows with RP were significantly lower than those of healthy cows. Previous studies also showed lower concentrations of LysoPC (18:2), LysoPC (20:3), LysoPC (20:4), LysoPC (28:0), and LysoPC (28:1) in RP cows than in healthy cows (43, 45). Although LysoPC is a major component of lipids in blood, its physiological role is still unclear (53). LysoPC was reported to play a role in immunomodulation, anti-hemostasis, and cytotoxicity. Saturated LysoPC (LysoPC 16:0 and 18:0) and monounsaturated LysoPC (18:1) may induce inflammatory actions, such as release of chemotactic factors and enhanced production of reactive oxygen species (ROS) (53, 54).

We speculated that lower LysoPC reduced inflammatory response in the process of expelling placenta, which was consistent with the foregoing results that the Th1/Th2 cytokine ratio was significantly reduced in dairy cows with RP. Increased potential biomarkers, namely, L-glutamate, citrate, cis-aconitate, bilirubin, 8/9-DiHETrE, biliverdin, and phenylacetylglycine, were found in dairy cows with RP. Moreover, 8,9-DiHETrE is an important autocrine and paracrine factor that has diverse biological functions, such as regulation of vascular tone, renal tubular transport, and inflammation. Bilirubin and biliverdin have similar change trends as T-bil, suggesting that bilirubin metabolism is dysfunctional in dairy cows with RP. A previous study of metabolomics in dairy cows with RP had also showed that glutamate was significantly increased in different courses of RP (43). The increased L-glutamate, citrate, and cis-aconitate might be attributed to glutaminolysis. Glutaminolysis is composed of a series of biochemical reactions that catabolize glutamine to glutamate, citrate, aspartate, pyruvate, and lactate. In the present study, we speculated that glutaminolysis was significantly strengthened in dairy cows with RP. The result of KEGG pathway enrichment analysis based on these potential biomarkers suggested that the metabolic pathways involved are interconnected and the conversion, utilization, and excretion of nitrogen are disturbed in dairy cows with RP. Therefore, we considered that the regulation of metabolic pathways involved in these potential biomarkers could be a promising therapeutic strategy for RP and be also beneficial to elaborate the pathological mechanism of RP. However, since no samples were collected before the occurrence of RP, this study had certain limitations that whether these potential biomarkers could be used as potential early warning diagnostic biomarkers of dairy cows with RP still needed further study.

In summary, 23 potential biomarkers were uncovered in the plasma of dairy cows with RP. The metabolic pathways involved in these potential biomarkers were interconnected, and the conversion, utilization, and excretion of nitrogen were disturbed in these cows. Moreover, the imbalance of these potential biomarkers might be responsible for imbalanced antioxidant capacity, reduced Th1/Th2 cytokine ratio, and deregulation of reproductive hormones in these cows (Figure 5). The regulation of metabolic pathways involved in these potential biomarkers is a promising therapeutic strategy for RP.


[image: Figure 5]
FIGURE 5. Imbalance of potential biomarkers might be responsible for imbalanced antioxidant capacity, reduced Th1/Th2 cytokine ratio, and deregulation of reproductive hormones in dairy cows with RP.
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