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Cows with ketosis display severe metabolic stress and immune dysfunction which renders them more susceptible to infections. Monocytes, one of the major subtypes of white blood cells, play an important role in innate immune defense against infections. Thus, the aim of this study was to investigate alterations in immune function, reactive oxygen species (ROS) production and activity of the NLR family pyrin domain containing 3 (NLRP3) inflammasome pathway in monocytes (CD14+) of cows with clinical ketosis (CK). Twelve healthy multiparous Holstein cows [blood β-hydroxybutyrate (BHB) concentration < 1.2 mM] and 12 cows with CK (BHB > 3.0 mM) at 3 to 14 days in milk were used for blood sample collection. To determine effects of BHB on phagocytosis, ROS and protein abundance of the NLRP3 inflammasome pathway in vitro, monocytes isolated from healthy cows were treated with 3.0 mM BHB for 0, 6, 12 or 24 h. Dry matter intake (22.7 vs. 19.0 kg) was lower in cows with CK. Serum concentrations of fatty acids (0.30 vs. 0.88 mM) and BHB (0.52 vs. 3.78 mM) were greater in cows with CK, whereas concentration of glucose was lower (4.09 vs. 2.23 mM). The adhesion, migration and phagocytosis of monocytes were lower in cows with CK, but apoptosis and ROS content were greater. Protein abundance of NLRP3, cysteinyl aspartate specific proteinase 1 (caspase 1) and interleukin-1B p17 (IL1B p17) were greater in monocytes of cows with CK, while abundance of NADPH oxidase isoform 2 (NOX2) was lower. Compared with 0 h BHB, ROS content and apoptosis were greater in the monocytes challenged for 6, 12 or 24 h BHB. Compared with 0 h BHB, protein abundance of NLRP3, caspase 1, IL1B p17 and concentration of IL1B in medium were greater in the monocytes challenged for 6, 12 or 24 h BHB. However, compared with 0 h BHB, protein abundance of NOX2 and phagocytosis of monocytes were lower in the monocytes challenged for 6, 12 or 24 h BHB. Overall, the data suggested that exogenous BHB activated the ROS-NLRP3 pathway, which might be partly responsible for immune dysfunction of dairy cows with CK.
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Introduction

Ketosis is a common metabolic disease that occurs with greatest frequency during the transition period. This disease is a severe risk factor for infectious disorders such as metritis and mastitis (1). It has been demonstrated that dairy cows with ketosis had increased odds (from 1.0 to 5.8) of developing metritis after calving (2). A large portion of this response is due to severe metabolic stress and immune dysfunction (3, 4). For instance, chemotactic capacity of leukocytes was lower in ketotic cows (5). In addition, a large number of studies reported that increased circulating concentrations of ketone bodies [β-hydroxybutyrate (BHB), acetoacetic acid and acetone] impaired function of immune cells (6–8). Monocytes, components of immune cells of the innate system, have emerged as important regulators of infectious disorders. It is unknown to what extent immune function of monocytes is affected by ketosis and whether BHB plays a direct role.

Oxidative stress is a major contributing factor of immune dysfunction, which increases the susceptibility of transition dairy cows to infectious diseases (9). An imbalance between generation of reactive oxygen species (ROS) and the system's ability to neutralize and eliminate them causes oxidative stress. Elevated circulating concentrations of fatty acids and BHB underscore that a major contributing factor for the increase in ROS in ketotic cow is the severe metabolic stress (10–12). Work with human monocytes revealed that overproduction of ROS enhanced apoptosis and hampered immune function (13).

The ROS-sensitive NLR family pyrin domain containing 3 (NLRP3) inflammasome is an innate immune sensor, which provides an immediate response against pathogen invasion. The activation of the NLRP3 inflammasome requires a priming step, typically by a TLR ligand [such as LPS (14)] that leads to upregulation of transcription of the inflammasome components along with inflammatory genes. Besides TLR ligands, in non-ruminants, activation of the NLRP3 inflammasome triggered by ROS leads to oligomerization of the protein with adaptor molecule apoptosis-associated speck-like protein containing a CARD (ASC) (15, 16). Following auto-activation through inflammasome assembly, cysteinyl aspartate specific proteinase 1 (caspase 1) cleaves interleukin-1B (IL1B), which mediates the immune response of monocytes (17, 18). It is now well-established that dairy cows with ketosis display systemic oxidative stress with elevated concentrations of IL1B in the blood and impaired immune function (19, 20). Given the negative associations between immune function and metabolic stress, we hypothesized that BHB may activate the ROS-NLRP3 inflammasome in monocytes and contribute to immune dysfunction during ketosis. The aim of this study was to investigate (1) immune function of monocytes in ketotic cows and (2) the effects of BHB on the ROS-NLRP3 inflammasome as well as immune function of monocytes in vitro.



Materials and methods


Animals

The experiment protocol was approved by the Ethics Committee on the Use and Care of Animals at Heilongjiang Bayi Agricultural University (Daqing, China) approved the study protocol (Number of permits: SY201912007). In the present study, Holstein cows with similar number of lactations (median = 3, range = 2 to 4) and days in milk (DIM: median = 8 d, range = 3 to 14 d) were selected from a 2,000-cow dairy farm in Daqing, Heilongjiang, China. Experimental cows underwent routine physical examinations to guarantee the absence of other comorbidities. Cows had ad libitum access to a TMR consisting of 4.5% hay (alfalfa hay and oat hay), 49.3% corn silage, and 46.2% concentrate and mineral mix on a DM basis (DM: 46.4 ± 1.3%), with free access to tap water. Individual cow feed intake was recorded by farm staff, and DM percentage of the TMR was used to calculate daily DMI. If a nitroprusside test for ketone bodies in milk was positive and in the presence of clinical symptoms including excessively dry feces, rapid loss of live weight, decreased feed intake and milk yield, the cows were classified as suspected clinical ketosis (CK) (2, 21, 22). According to clinical symptoms and serum BHB concentrations (22–24), 12 CK cows with whole blood BHB concentrations >3.0 mM and 12 healthy cows (without clinical symptoms) with whole blood BHB concentrations below 1.2 mM were selected.

Blood samples were harvested by coccygeal venipuncture and then centrifuged at 2,000 × g for 10 min at 4°C to obtain serum. Whole blood concentrations of BHB in these cows were measured with an electrochemical blood ketone meter (TNN-II, Yicheng Biotechnology Co. Ltd., Beijing, China). Serum concentrations of glucose (F006-1-1, Jiancheng, Nanjing, China) and fatty acids (A042-1-1, Jiancheng) were determined using an autoanalyzer (Hitachi 7170, Tokyo, Japan) with commercially-available kits. The basic description of the cows used is reported in Table 1.


TABLE 1 Basic description of Holstein cows classified as healthy control (n = 12) and clinical ketosis (CK, n = 12).
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Isolation of blood mononuclear cells

Density gradient separation was used to isolate mononuclear cells from blood. Holstein cows were bled by coccygeal venipuncture and blood were collected in 20 mL Sodium heparin anticoagulation tube (Junnuo, Shandong, China). Samples were then diluted in an equal amount of phosphate buffer saline (PBS) containing 0.02% ethylene diamine tetraacetic acid (EDTA), layered on Biocoll Separating Solution before centrifuging at 800 × g for 30 min. The interphase containing mononuclear cells was collected according to manufacturer's instructions (P5280, Solarbio, Beijing, China) and shaken for 40 s to lyse erythrocytes (R1010, Solarbio) (250 x g for 10 min). Then, mononuclear cells were washed twice with PBS containing 5 g/L of bovine serum albumin (BSA) and 2.0 mM EDTA (250 × g for 10 min).



Magnetic activated cell sorting of CD14+ monocytes, cell culture and treatment

Cells were suspended in PBS containing 5 g/L of BSA and 2 mM EDTA (MACS-buffer, 130-091-221, Miltenyi Biotec, Bergisch Gladbach, Germany), and cell aggregates were removed using Pre-Separation Filters (130-042-201, Miltenyi Biotec). Viable mononuclear cells were counted and incubated with anti-bovine CD14 monoclonal antibody (MCA2678GA, Bio-red, California, USA) in MACS-buffer for 30 min at 4°C. Mononuclear cells were centrifuged (250 × g for 5 min) and suspended in MACS-buffer before incubating with MicroBeads (130-407-101, Miltenyi Biotec) in MACS-buffer for 15 min at 4°C. Thereafter, cells were centrifuged (250 × g for 5 min) and suspended in MACS-buffer. Monocytic separation was performed using MACS MS (middle size) columns according to the manufacturer's instructions. To verify the purity of CD14+ monocytes isolated from blood mononuclear cells, the expression of CD14 was detected by immunofluorescence (FLUOVIEW FV1000 microscope, Olympus, Tokyo, Japan).

In experiment 1, CD14+ monocytes were isolated from healthy and CK cows for subsequent experiments. For the ROS content and phagocytosis analyses, dead cells were excluded by addition of propidium iodide (25). In experiment 2, isolated CD14+ monocytes from healthy cows were seeded into 6-well plates with Iscove's modified Dulbecco's medium (IMDM, include 4.0 mM L-Glutamin; SH30228.01B, Hyclone, Los Angeles, USA) supplemented with 10% fetal bovine serum (FBS; FB15015, Clark, Cordova, Argentina), 100 U/mL Penicillin/Streptomycin. Cells were incubated at 37°C and 5% CO2 for 24 h (25, 26). The CD14+ monocyte was cultured with 3.0 mM BHB (H6501, Sigma-Aldrich, St Louis, USA) for 0, 6, 12 or 24 h. The BHB was solubilized in ultrapure sterile water filtered through a 0.22-μm-pore-size filter. For ROS content and phagocytosis analyses, dead cells were excluded by addition of propidium iodide (25).



Adhesion assay

The adhesion assay of CD14+ monocytes was performed according to a previously described method (27). Briefly, 24 well plates were precoated with 200 μL FBS for 2 h. A total of 105 monocytes (200 μL) were isolated from healthy and CK cows and incubated at 37°C with 5% CO2 for 1 h. Monocytes were then fixed with fixative (4% paraformaldehyde, P1110, Solarbio) for 15 min at room temperature. Unbound cells were removed by washing with PBS. Monocytes were stained with Hoechst 33342 (C0021, Solarbio). and then observed by fluorescence microscopy (Tis, Nikon, Sendai-shi, Japan). At least 3 vision fields were counted in each of 3 wells per group. Area counting was analyzed with the ImageJ software (version 1.8.0, National Institutes of Health, Bethesda, MD) for each group.



Migration assay

For transwell migration assays, 100 μL cell suspension (1 × 105 cells) were placed in the top chamber of the transwell system (353097, Corning, NY, USA) with serum-free medium. Six-hundred μL medium with 10% FBS were added to the lower chamber of the transwell system. The top chambers were removed after incubating at 37 °C for 1 h (27). Migratory cells in the lower chambers were collected and measured by flow cytometry (Sysmex Cyflow Cube8, Sysmex). Subsequently, results were analyzed with Flowjo (TreeStar, Ashland, OR). To exclude debris, CD14+ monocytes were gated based on forward and side scatter (FSC/SSC) parameters. The migration was analyzed by the number of monocytes.



Apoptosis assay

Apoptosis of CD14+ monocytes was measured via the annexin V-FITC/propidium iodide (PI) apoptosis detection kit (C1062M, Beyotime, Shanghai, China). In brief, after treatment as indicated above, cells were washed and centrifuged (300 × g for 5 min) with PBS, and 1× Binding Buffer (300 μL) was used to resuspend CD14+ monocytes. Then, CD14+ monocytes were stained with Annexin V-FITC (10 μL) for 15 min, followed by staining with 5 μL PI for 5 min at room temperature. After mixing with 1× Binding Buffer (200 μL), cells were analyzed by flow cytometry (Sysmex Cyflow Cube8, Sysmex). Flow cytometric compensation was established using a single stain control for each fluorochrome and unstained cells. To exclude debris, CD14+ monocytes were gated based on forward and side scatter (FSC/SSC) parameters. Data acquisition was completed when exactly 10,000 events were acquired in the region of counting beads. The cellular apoptosis (Annexin-V-FITC+) was analyzed by calculating the fluorescence intensity.



Measurement of ROS

Intracellular ROS content was detected using a commercial ROS assay kit (S0033S, Beyotime Institute of Biotechnology, Jiangsu, China) according to protocols from the supplier. After treatment as indicated above, CD14+ monocytes were incubated with 20 μM 2′,7'-dichloro-fluorescein diacetate for 30 min at 37 °C. Cells were then washed twice and centrifuged (300 × g for 5 min) with PBS. After resuspending with serum-free medium, cells were measured by flow cytometry (Sysmex Cyflow Cube8, Sysmex) and analyzed with Flowjo. To exclude debris, CD14+ monocytes were gated based on forward and side scatter (FSC/SSC) parameters. PI− was selected to remove dead cells. Data acquisition was completed when exactly 10,000 events were acquired in the region of counting beads. The ROS production was expressed as the mean fluorescence intensity (MFI) calculated using Flowjo software.



Bacteria and phagocytosis

S. aureus bacteria labeled with fluorescein isothiocyanate (FITC) (College of Life Sciences, Heilongjiang Bayi Agricultural University, China) was grown at 37°C in Soybean-Casein Digest Agar medium with 25 μg/mL erythromycin overnight. After culturing to the mid-exponential phase (OD600 = 0.8–0.9), bacteria were washed 3 times and resuspended with PBS containing 0.2% BSA. After treatment as indicated above, CD14+ monocytes were infected with live S. aureus with green fluorescence (10 S. aureus with green fluorescence per cell were added) at 37 °C in a humidified atmosphere of 5% CO2 for 1 h (27, 28). Monocytic phagocytosis was then terminated in an ice box and cells washed with PBS. Phagocytosis assay of CD14+ monocyte was measured by flow cytometry (Sysmex Cyflow Cube8, Sysmex) and analyzed with Flowjo (27). Unstimulated controls were used to determine gating strategy for flow cytometry. To exclude debris, CD14+ monocytes were gated based on forward and side scatter (FSC/SSC) parameters. PI− was selected to remove dead cells. Data acquisition was completed when exactly 10,000 events were acquired in the region of counting beads. Then, phagocytosis was analyzed through calculating the fluorescence intensity (after subtracting the negative control).



Immunofluorescence assay

After, CD14+ monocytes were washed 3 times with PBS before fixed with fixative (4% paraformaldehyde, P1110, Solarbio) at room temperature for 20 min. The cell membrane was stained with Dil fluorescent cell membrane marker for 20 min (5mM, abs42002237, Absin, Shanghai, China) after washing 3 times with PBS. CD14+ monocytes were stained by 4′,6-diamidino-2-phenylindole (DAPI, 10 μg/mL, D8417, Sigma) for 10 min. Lastly, cells were washed 3 times in PBS and imaged with an Olympus FLUOVIEW FV1000 microscope (Olympus).



Protein extraction and western blotting

Protein abundance was measured using protocols described previously by our group (29). Total protein was extracted from CD14+ monocytes with a commercial protein extraction kit (99% RIPA cell lysis buffer and 1% phosphatase inhibitors, R0010 and P0100, Solarbio) following the supplier's instructions. Protein concentration was measured with the bicinchoninic acid protein assay kit (P0012, Beyotime), and protein samples (15 μg per lane) separated using 10% SDS-PAGE with known molecular weight markers (P1200, Solarbio). Subsequently, the protein was transferred onto polyvinylidene difluoride (PVDF) membranes and blocked in Tris-buffered saline/Tween (TBST) supplemented with 3% BSA for 4 h. Membranes were then incubated with primary antibodies against NADPH oxidase isoform 2 (NOX2, 1:1000, ab129068, Abcam, Cambridge, MA), NLRP3 (1: 2000, ab214185, ABclonal, Wuhan, China), caspase 1 (1:1000, 22915-1-AP, Proteintech Group, Inc, Chicago, USA), IL1B (1:500, 66737-1-lg, Proteintech), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 1:2000, abs132004, Absin) at 4°C overnight. Membranes were then washed with TBST and incubated with secondary antibodies conjugating with horseradish peroxidase (respective anti-mouse or anti-rabbit, BA1038 or BA1039, Boster, Wuhan, China) at room temperature for 45 min. Lastly, immunoreactive bands were visualized by protein imager (AI600, GE Healthcare, Marlborough, MA; UVP, Analytikjena German) through an enhanced chemiluminescence solution (abs920, Absin). ImageJ analysis software (NIH, Bethesda) was used to quantify the intensity of bands.



ELISA

The concentrations of IL1B were assessed with a commercially-available ELISA kit (SEA563Bo, USCN Life Science Inc., Wuhan, China) according to the manufacturer's instructions. The minimum detectable concentration was 6.5 pg/mL. This assay was run in triplicate for each sample, and absorbance values read at 450 nm using a spectrophotometer (51119100; Thermo Fisher Scientific, Shanghai, China).



Cell viability

Cell viability was assessed using a Cell Counting Kit 8 (Cck8; C0037, Biyuntian Co., Shanghai, China) according to the manufacturer's instructions. The cells (104) were allowed to grow in a 96-well plate. Afterward 10 μL of Cck8 was added to each well, and the culture medium incubated at 37°C for an additional 2 h. Absorbance values were read at 450 nm using a spectrophotometer (51119100; Thermo Fisher Scientific). Cell viability was calculated as a percentage of the Control cells.



Statistical analysis

Data analyses were performed using GraphPad Prism program (Prism 7, GraphPad InStat Software). Each experiment was repeated at least three times. The Shapiro-Wilk and Levene tests were performed to analyze normality and homogeneity of variance for all data. In the in vivo studies, the data of baseline characteristics were not normally distributed and were analyzed with the Wilcoxon signed-rank test. Other data were normally distributed and analyzed with paired t-tests. In the in vitro studies, data were normally distributed and analyzed with one-way ANOVA followed by a Bonferroni correction. Linear and quadratic contrasts were conducted to evaluate time-dependent effects of BHB. Data of baseline characteristics were expressed as the median and interquartile range (IQR), and other data reported as means ± standard error of the means (mean ± SEM). P < 0.05 was considered statistically significant.




Results


Content of fatty acids, BHB, and glucose in serum of cows with CK

Body weight did not differ between cows with CK and healthy cows (P = 0.540, Table 1). However, DMI of cows with CK was lower (P = 0.004, Table 1). Concentrations of fatty acids (P = 0.002) and BHB (P < 0.001) of cows with CK were greater (Table 1). In contrast, serum concentration of glucose was lower in cows with CK (P < 0.001, Table 1).



Immune function in monocytes of cows with CK

Immunofluorescence staining results revealed successful purification of CD14+ monocytes from mononuclear cells (Figure 1A). Monocytes of cows with CK had lower CD14+ adhesion (P = 0.009, Figures 1B,C) and migration (P = 0.006, Figures 1D,E) along with lower phagocytosis (P < 0.001, Figures 2A,B). Similarly, immunofluorescence staining results revealed that the phagotrophic S. aureus with green puncta was lower in monocytes of cows with CK (Figure 2C).


[image: Figure 1]
FIGURE 1
 Migration and adhesion of CD14+ monocytes in healthy cows (n = 12), and clinically ketotic cows (CK, n = 12). (A) Representative images of CD14 (green), and nuclei (blue), scale bar = 5 μm. (B,C) Adhesion of monocytes, Nuclei (blue), scale bar = 100 μm. (D,E) Migration of monocytes. Data were analyzed with paired t-tests and reported as means ± SEM of three independent experiments.



[image: Figure 2]
FIGURE 2
 Phagocytosis of CD14+ monocytes in healthy cows (n = 12), and clinically ketotic cows (CK, n = 12). (A,B) Phagocytosis of monocytes, RATE, proportion of positive cells in 10,000 cells. (C) Representative images of Staphylococcus aureus (green) and cell membrane (orange), scale bar = 5 μm. Data were analyzed with paired t-tests and reported as means ± SEM of three independent experiments.




ROS content and apoptosis in monocytes of cows with CK

Compared with healthy cows, the ROS content was greater in monocytes of cows with CK (P = 0.010, Figures 3A,B). Similarly, the cellular apoptosis was greater in monocytes of cows with CK compared with healthy cows (P = 0.001, Figures 3C,D).


[image: Figure 3]
FIGURE 3
 Reactive oxygen species (ROS) content and apoptosis of CD14+ monocytes from healthy cows (n = 12), and clinically ketotic cows (CK, n = 12). (A,B) ROS content in monocytes. (C,D) Apoptosis of monocytes. Data were analyzed with paired t-tests and reported as means ± SEM of three independent experiments.




NLRP3 pathway in monocytes of cows with CK

Compared with healthy cows, cell viability was lower in monocytes from cows with CK (P = 0.024, Figure 4A). Protein abundance of NLRP3 (P = 0.001, Figures 4B,C), caspase 1 (P = 0.001, Figures 4B,D), pro-IL1B (P = 0.078, Figures 4B,F) and IL1B p17 (P = 0.001, Figures 4B,G) was greater in monocytes of cows with CK. In contrast, protein abundance of NOX2 (P = 0.012, Figures 4B,E) was lower in monocytes of cows with CK.


[image: Figure 4]
FIGURE 4
 Abundance of molecules involved in the NLRP3 inflammasome pathway in CD14+ monocytes from healthy cows (n = 12), and clinically ketotic cows (CK, n = 12). (A) Monocyte cell viability. (B) Western blot analysis of NLRP3, caspase 1, NOX2, pro-IL1B and IL1B p17. (C) Protein abundance of NLRP3. (D) Protein abundance of caspase 1. (E) Protein abundance of NOX2. (F) Protein abundance of pro-IL1B. (G) Protein abundance of IL1B p17. Data were analyzed with paired t-tests and reported as means ± SEM of three independent experiments.




Effects of BHB on ROS content, apoptosis and phagocytosis in bovine monocytes

Compared with 0 h, content of ROS (linear and quadratic effect, P < 0.001 and P = 0.003, Figures 5A,B; Table 2) and cellular apoptosis (linear and quadratic effect, P < 0.001 and P = 0.612, Figures 5C,D; Table 2) were higher at 6, 12 or 24 h in cells incubated with 3.0 mM BHB. In contrast, phagocytosis of monocytes at 6, 12 or 24 h was lower compared with the 0 h (linear and quadratic effect, P < 0.001 and P = 0.392, Figures 6A,B; Table 2). Similarly, immunofluorescence staining results revealed that the phagotrophic S. aureus with green puncta of monocytes at 6, 12 or 24 h was lower compared with the 0 h (Figure 6C).


[image: Figure 5]
FIGURE 5
 Effects of β-Hydroxybutyrate (BHB) on reactive oxygen species (ROS) content and apoptosis of CD14+ monocytes. Monocytes were treated with 3.0 mM of BHB for 0, 6, 12 or 24 h. (A,B) ROS content in monocytes. (C,D) Apoptosis of monocytes. Comparisons among groups were calculated using a one-way ANOVA with subsequent Bonferroni correction. Data are means ± SEM of three independent experiments. Different lowercase letters in the bar chart indicate significant differences (P < 0.05).



TABLE 2 Linear and quadratic contrasts in monocytes incubated with 3.0 mM BHB over time.
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FIGURE 6
 Effects of β-Hydroxybutyrate (BHB) on phagocytosis of CD14+ monocytes. The monocytes were treated with 3.0 mM of BHB for 0, 6, 12 or 24 h, and then infected with live green-fluorescence-labeled Staphylococcus aureus (10 S. aureus with green fluorescence per cell) for 1 h. (A,B) Phagocytosis of monocytes, RATE, proportion of positive cells in 10,000 cells. (C) Representative images of Staphylococcus aureus (green) and cell membrane (orange), scale bar = 5 μm. Comparisons among groups were calculated using a one-way ANOVA with subsequent Bonferroni correction. Data are means ± SEM of three independent experiments. Different lowercase letters in the bar chart indicate significant differences (P < 0.05).




Effects of BHB on abundance of the NLRP3 pathway proteins in bovine monocytes

Protein abundance of NLRP3 (linear and quadratic effect, P < 0.001 and P < 0.001; Figures 7A,B; Table 2), caspase 1 (linear and quadratic effect, P < 0.001 and P = 0.053; Figures 7A,C; Table 2), pro-IL1B (linear and quadratic effect, P = 0.002 and P = 0.001; Figures 7A,E; Table 2) and IL1B p17 (linear and quadratic effect, P < 0.001 and P = 0.621; Figures 7A,F; Table 2) were greater at 6, 12 or 24 h compared with the 0 h. In contrast, protein abundance of NOX2 (linear and quadratic effect, P < 0.001 and P = 0.004; Figures 7A,D; Table 2) was lower at 6, 12 or 24 h compared with the 0 h. Compared with 0 h, the IL1B concentrations (linear and quadratic effect, P < 0.001 and P = 0.079; Figure 7G; Table 2) were greater in medium at 12 or 24 h.


[image: Figure 7]
FIGURE 7
 Effects of β-Hydroxybutyrate (BHB) on NLRP3 signaling pathway of CD14+ monocytes. The monocytes were treated with 3.0 mM of BHB for 0, 6, 12 or 24 h. (A) Western blot analysis of NLRP3, caspase 1, NOX2, pro-IL1B and IL1B p17. (B) Protein abundance of NLRP3. (C) Protein abundance of caspase 1. (D) Protein abundance of NOX2. (E) Protein abundance of pro-IL1B. (F) Protein abundance of IL1B p17. (G) Medium concentration of IL1B. Comparisons among groups were calculated using a one-way ANOVA with subsequent Bonferroni correction. Data are means ± SEM of three independent experiments. Different lowercase letters in the bar chart indicate significant differences (P < 0.05).





Discussion

Ketosis is a common metabolic disease during the transition period in dairy cows. Severe metabolic stress during ketosis is thought to impair immune function and increase the risk of infectious disorders, including metritis and mastitis (3, 30, 31). Work with ruminants has confirmed that leukocytes from ketotic cows and leukocytes challenged with ketone bodies have a diminished capacity for chemotaxis (8). Cows with negative energy balance (NEB) during the transition period are also characterized by increased inflammation and immune dysfunction (32). In the present study, immune function of monocytes (CD14+) was impaired in ketotic cows partly due to direct negative effects of high BHB concentrations. Increases in BHB lead to greater ROS production and activation of the NLRP3 inflammasome pathway. Thus, our data contributed to a better understanding of the mechanisms responsible for immune dysfunction during ketosis.

Monocytes, a class of leukocytes, are an important innate immune cell of the mononuclear phagocyte system, which participates in the body's resistance to infectious diseases (33, 34). Work in humans revealed that impaired monocyte function in peripheral blood is associated with gestational diabetes mellitus physiopathology (35). Furthermore, mice with non-alcoholic fatty liver disease displayed impaired phagocytosis capacity of macrophages (36), as well as impaired migration and adhesion of monocytes (37, 38). Thus, we speculated that lower phagocytosis, migration and adhesion of blood circulating monocytes in cows with CK partly explained the higher susceptibility to infections that this disease confers to afflicted cows (39). The fact that incubation with BHB decreased monocyte phagocytosis was consistent with previous findings in bovine leukocytes (8). Overall, it is evident that increased metabolic stress impairs the immune function of monocytes in cows with CK.

Oxidative stress, an imbalance between the production of ROS and their removal, plays a crucial role in the dysfunction of immune cells, thus, contributing to the development of infectious diseases (9, 40, 41). Negative associations between the level of ROS and immune function are often observed in dairy cows with NEB during the transition period (32). An excessive production of ROS triggers cell apoptosis, which impairs immune function of macrophages (42, 43). Thus, we speculated that greater ROS content and apoptosis in monocytes from cows with CK decreases cell numbers and contributes to immune dysfunction. Metabolic challenges of dairy cows with CK are thought to be the main source of ROS. In fact, increased circulating ketone bodies (BHB and acetoacetate) were reported to enhance production of ROS in bovine hepatocytes (10, 44). In agreement with those data, in the present study, incubating exogenous BHB increased ROS content and apoptosis in monocytes, which further confirmed our data in vivo. As such, that effect can partly explain the observation that increases in circulating BHB in postpartal dairy cows coincides with the period in which they are most-susceptible to infectious diseases (45).

Due to the leucine-rich repeats found in the C-terminus of NLRP3, it was hypothesized to act as a cytosolic receptor and directly bind to a ligand (such as LPS) (46, 47). In addition, the NLRP3 inflammasome is a redox-sensitive inflammatory pathway that in non-ruminants regulates immune function of cells (48–50). Subsequently, caspase 1 can negatively regulate the NOX2 complex through hydrolysis of gp91 from its subunits (51), which is responsible for regulating immune function of cells. Work in non-ruminants has demonstrated that inhibition of NOX2 decreased phagocytosis of macrophages (52), and increased the risk of infection in patients (53).

In the present study, the greater protein abundance of NLRP3, caspase 1 and IL1B along with lower protein abundance of NOX2 underscored the mechanistic association between BHB and the NLRP3-NOX2 pathway. In fact, there is a positive association between circulating BHB concentrations and activity of the NLRP3 inflammasome in liver and mammary gland tissue of ketotic cows (54, 55). It is noteworthy, however, that some studies have reported that BHB inhibits of the NLRP3 inflammasome, e.g., in mouse macrophages (56) or neutrophils (57). The discrepancy in the response of the NLRP3 inflammasome between published data and the present study may be due to the fact that in previous non-ruminant studies BHB increased antioxidant capacity [murine nerve cells (58); HEK293 cells, (59)], whereas in bovine hepatocytes (10) and the present study ROS content was increased in response to BHB. Oral ketone supplementation acutely increased markers of NLRP3 inflammasome activation in human monocytes (60). Similarly, psychological stress associated with increased blood BHB levels was correlated with activation of NLRP3 in the prefrontal cortex (61). Thus, taken together, previous studies are indicative that BHB can activate the NLRP3 inflammasome in the absence of ligands, which agrees with our data.

In general, along with the upregulation of the NLRP3-NOX2 pathway, the downregulation of phagocytosis in monocytes cultured with BHB suggested that BHB inhibited phagocytosis of monocytes via activating the NLRP3 inflammasome pathway. Together with our data in vivo, we speculate that increased metabolic stress may inhibit phagocytosis of monocytes via overactivation of NLRP3 inflammasomes.



Conclusions

Monocytes of ketotic cows display an activation of the ROS-NLRP3 inflammasome pathway as a direct effect of high concentrations of BHB. Overactivation of the ROS-NLRP3 inflammasome decreased phagocytosis, indicating this pathway is responsive to BHB and can cause immune dysfunction. Overall, our data contribute to increasing the understanding of mechanisms responsible for immune dysfunction during ketosis.



Data availability statement

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



Ethics statement

The experiment protocol was approved by the Ethics Committee on the Use and Care of Animals at Heilongjiang Bayi Agricultural University (Daqing, China). Written informed consent was obtained from the owners for the participation of their animals in this study.



Author contributions

ZD, CX, and XS conceived the study. ZD, YT, SL, HJ, QX, JL, WX, and XS carried out experiments and data analysis. XS, QJ, JL, and ZD interpreted the data. ZD, JL, and XS wrote the manuscript. All authors approved the final version.



Funding

This work was supported by the National Natural Science Foundation of China (Beijing, China, Grant Nos. 32002348 and 32072931), Heilongjiang Touyan Innovation Team Program, the Earmarked Fund for CARS36, and the Natural Science Foundation of Heilongjiang Province Joint Guidance Project (LH2020C085).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Suthar VS, Canelas-Raposo J, Deniz A, Heuwieser W. Prevalence of subclinical ketosis and relationships with postpartum diseases in European dairy cows. J Dairy Sci. (2013) 96:2925–38. doi: 10.3168/jds.2012-6035

 2. Duffield TF, Lissemore KD, McBride BW, Leslie KE. Impact of hyperketonemia in early lactation dairy cows on health and production. J Dairy Sci. (2009) 92:571–80. doi: 10.3168/jds.2008-1507

 3. Pérez-Báez J, Risco CA, Chebel RC, Gomes GC, Greco LF, Tao S, et al. Association of dry matter intake and energy balance prepartum and postpartum with health disorders postpartum: part II. Ketosis and clinical mastitis. J Dairy Sci. (2019) 102:9151–64. doi: 10.3168/jds.2018-15879

 4. Raboisson D, Mounié M, Maigné E. Diseases, reproductive performance, and changes in milk production associated with subclinical ketosis in dairy cows: a meta-analysis and review. J Dairy Sci. (2014) 97:7547–63. doi: 10.3168/jds.2014-8237

 5. Suriyasathaporn W, Heuer C, Noordhuizen-Stassen EN, Schukken YH. Hyperketonemia and the impairment of udder defense: a review. Vet Res. (2000) 31:397–412. doi: 10.1051/vetres:2000128

 6. Kluciński W, Degórski A, Miernik-Degórska E, Targowski S, Winnicka A. Effect of ketone bodies on the phagocytic activity of bovine milk macrophages and polymorphonuclear leukocytes. Zentralbl Veterinarmed A. (1988) 35:632–9.

 7. Kremer WD, Noordhuizen-Stassen EN, Grommers FJ, Schukken YH, Heeringa R, Brand A, et al. Severity of experimental escherichia coli mastitis in ketonemic and nonketonemic dairy cows. J Dairy Sci. (1993) 76:3428–36. doi: 10.3168/jds.S0022-0302(93)77681-X

 8. Suriyasathaporn W, Daemen AJ, Noordhuizen-Stassen EN, Dieleman SJ, Nielen M, Schukken YH, et al. Beta-hydroxybutyrate levels in peripheral blood and ketone bodies supplemented in culture media affect the in vitro chemotaxis of bovine leukocytes. Vet Immunol Immunopathol. (1999) 68:177–86. doi: 10.1016/S0165-2427(99)00017-3

 9. Sordillo LM, Aitken SL. Impact of oxidative stress on the health and immune function of dairy cattle. Vet Immunol Immunopathol. (2009) 128:104–9. doi: 10.1016/j.vetimm.2008.10.305

 10. Song Y, Li N, Gu J, Fu S, Peng Z, Zhao C, et al. β-Hydroxybutyrate induces bovine hepatocyte apoptosis via an ROS-p38 signaling pathway. J Dairy Sci. (2016) 99:9184–98. doi: 10.3168/jds.2016-11219

 11. Li Y, Ding HY, Wang XC, Feng SB, Li XB, Wang Z, et al. An association between the level of oxidative stress and the concentrations of NEFA and BHBA in the plasma of ketotic dairy cows. J Anim Physiol Anim Nutr (Berl). (2016) 100:844–51. doi: 10.1111/jpn.12454

 12. Zhang Y, Li X, Zhang H, Zhao Z, Peng Z, Wang Z, et al. Non-esterified fatty acids over-activate the TLR2/4-NF-κb signaling pathway to increase inflammatory cytokine synthesis in neutrophils from ketotic cows. Cell Physiol Biochem. (2018) 48:827–37. doi: 10.1159/000491913

 13. Wu HY, Huang CH, Lin YH, Wang CC, Jan TR. Cannabidiol induced apoptosis in human monocytes through mitochondrial permeability transition pore-mediated ROS production. Free Radic Biol Med. (2018) 124:311–8. doi: 10.1016/j.freeradbiomed.2018.06.023

 14. Abderrazak A, Syrovets T, Couchie D, El Hadri K, Friguet B, Simmet T, et al. NLRP3 inflammasome: from a danger signal sensor to a regulatory node of oxidative stress and inflammatory diseases. Redox Biol. (2015) 4:296–307. doi: 10.1016/j.redox.2015.01.008

 15. Becker CE, O'Neill LA. Inflammasomes in inflammatory disorders: the role of TLRs and their interactions with NLRs. Semin Immunopathol. (2007) 29:239–48. doi: 10.1007/s00281-007-0081-4

 16. Kim YG, Kim SM, Kim KP, Lee SH, Moon JY. The Role of Inflammasome-Dependent and Inflammasome-Independent NLRP3 in the Kidney. Cells. (2019) 8:1389. doi: 10.3390/cells8111389

 17. Dostert C, Petrilli V, Bruggen RV, Steele C, Mossman BT, Tschopp J. Innate immune activation through Nalp3 inflammasome sensing of asbestos and silica. Science. (2008) 320:674–7. doi: 10.1126/science.1156995

 18. Gaidt MM, Ebert TS, Chauhan D, Schmidt T, Schmid-Burgk JL, Rapino F, et al. Human monocytes engage an alternative inflammasome pathway. Immunity. (2016) 44:833–46. doi: 10.1016/j.immuni.2016.01.012

 19. Abuajamieh M, Kvidera SK, Fernandez MV, Nayeri A, Upah NC, Nolan EA, et al. Inflammatory biomarkers are associated with ketosis in periparturient Holstein cows. Res Vet Sci. (2016) 109:81–5. doi: 10.1016/j.rvsc.2016.09.015

 20. Zhou Z, Bulgari O, Vailati-Riboni M, Trevisi E, Ballou MA, Cardoso FC, et al. Rumen-protected methionine compared with rumen-protected choline improves immunometabolic status in dairy cows during the peripartal period. J Dairy Sci. (2016) 99:8956–69. doi: 10.3168/jds.2016-10986

 21. Piechotta M, Sander AK, Kastelic JP, Wilde R, Heppelmann M, Rudolphi B, et al. Short communication: Prepartum plasma insulin-like growth factor-I concentrations based on day of insemination are lower in cows developing postpartum diseases. J Dairy Sci. (2012) 95:1367–70. doi: 10.3168/jds.2011-4622

 22. Du X, Zhu Y, Peng Z, Cui Y, Zhang Q, Shi Z, et al. High concentrations of fatty acids and β-hydroxybutyrate impair the growth hormone-mediated hepatic JAK2-STAT5 pathway in clinically ketotic cows. J Dairy Sci. (2018) 101:3476–87. doi: 10.3168/jds.2017-13234

 23. Itle AJ, Huzzey JM, Weary DM, von-Keyserlingk MA. Clinical ketosis and standing behavior in transition cows. J Dairy Sci. (2015) 98:128–34. doi: 10.3168/jds.2014-7932

 24. Seely CR, Bach KD, Barbano DM, McArt JAA. Effect of hyperketonemia on the diurnal patterns of energy-related blood metabolites in early-lactation dairy cows. J Dairy Sci. (2021) 104:818–25. doi: 10.3168/jds.2020-18930

 25. Eger M, Hussen J, Koy M, Dänicke S, Schuberth HJ, Breves G. Glucose transporter expression differs between bovine monocyte and macrophage subsets and is influenced by milk production. J Dairy Sci. (2016) 99:2276–87. doi: 10.3168/jds.2015-10435

 26. Hussen J, Düvel A, Sandra O, Smith D, Sheldon IM, Zieger P, et al. Phenotypic and functional heterogeneity of bovine blood monocytes. PLoS ONE. (2013) 8:e71502. doi: 10.1371/journal.pone.0071502

 27. Zhang B, Guo H, Yang W, Li M, Zou Y, Loor JJ, et al. Effects of ORAI calcium release-activated calcium modulator 1 (ORAI1) on neutrophil activity in dairy cows with subclinical hypocalcemia1. J Anim Sci. (2019) 97:3326–36. doi: 10.1093/jas/skz209

 28. Wójcik R, Zabek K, Małaczewska J, Milewski S, Kaczorek-Łukowska E. The effects of β-Hydroxy-β-Methylbutyrate (HMB) on chemotaxis, phagocytosis, and oxidative burst of peripheral blood granulocytes and monocytes in goats. Animals. (2019) 9:1031. doi: 10.3390/ani9121031

 29. Sun X, Li X, Jia H, Loor JJ, Bucktrout R, Xu Q, et al. Effect of heat-shock protein B7 on oxidative stress in adipocytes from preruminant calves. J Dairy Sci. (2019) 102:5673–85. doi: 10.3168/jds.2018-15726

 30. Vanacker N, Girard CL, Blouin R, Lacasse P. Effects of feed restriction and supplementary folic acid and vitamin B12 on immune cell functions and blood cell populations in dairy cows. Animal. (2020) 14:339–45. doi: 10.1017/S1751731119002301

 31. Duffield T, Herdt T. Subclinical ketosis in lactating dairy cattle. Vet Clin N Am Food Anim Pract. (2000) 16:231–53. doi: 10.1016/S0749-0720(15)30103-1

 32. Trevisi E, Minuti A. Assessment of the innate immune response in the periparturient cow. Res Vet Sci. (2018) 116:47–54. doi: 10.1016/j.rvsc.2017.12.001

 33. Korf H, Plessis JD, Pelt JV, Groote SD, Cassiman D, Verbeke L, et al. Inhibition of glutamine synthetase in monocytes from patients with acute-on-chronic liver failure resuscitates their antibacterial and inflammatory capacity. Gut. (2019) 68:1872–83. doi: 10.1136/gutjnl-2018-316888

 34. Russell CD, Parajuli A, Gale HJ, Bulteel NS, Schuetz P, de Jager CPC. The utility of peripheral blood leucocyte ratios as biomarkers in infectious diseases: A systematic review and meta-analysis. J Infect. (2019) 78:339–48. doi: 10.1016/j.jinf.2019.02.006

 35. Angelo AGS, Neves CTC, Lobo TF, Godoy RVC, Ono É, Mattar R, et al. Monocyte profile in peripheral blood of gestational diabetes mellitus patients. Cytokine. (2018) 107:79–84. doi: 10.1016/j.cyto.2017.11.017

 36. Soderborg TK, Clark SE, Mulligan CE, Janssen RC, Babcock L, Ir D, et al. The gut microbiota in infants of obese mothers increases inflammation and susceptibility to NAFLD. Nat Commun. (2018) 9:4462. doi: 10.1038/s41467-018-06929-0

 37. Xiao F, Waldrop SL, Bronk SF, Gores GJ, Davis LS, Kilic G. Lipoapoptosis induced by saturated free fatty acids stimulates monocyte migration: a novel role for Pannexin1 in liver cells. Purinergic Signal. (2015) 11:347–59. doi: 10.1007/s11302-015-9456-5

 38. Wang Y, Parlevliet ET, Geerling JJ, van-der-Tuin SJ, Zhang H, Bieghs V, et al. Exendin-4 decreases liver inflammation and atherosclerosis development simultaneously by reducing macrophage infiltration. Br J Pharmacol. (2014) 171:723–34. doi: 10.1111/bph.12490

 39. Brunner N, Groeger S, Canelas Raposo J, Bruckmaier RM, Gross JJ. Prevalence of subclinical ketosis and production diseases in dairy cows in Central and South America, Africa, Asia, Australia and New Zealand, and Eastern Europe. Transl Anim Sci. (2018) 3:84–92. doi: 10.1093/tas/txy102

 40. Rinaldi M, Moroni P, Leino L, Laihia J, Paape MJ, Bannerman DD. Effect of cis-urocanic acid on bovine neutrophil generation of reactive oxygen species. J Dairy Sci. (2006) 89:4188–201. doi: 10.3168/jds.S0022-0302(06)72464-X

 41. Gilardini MMS, Santarelli R, Granato M, Gonnella R, Torrisi MR, Faggioni A, et al. EBV reduces autophagy, intracellular ROS and mitochondria to impair monocyte survival and differentiation. Autophagy. (2019) 15:652–67. doi: 10.1080/15548627.2018.1536530

 42. Jiang C, Yang W, Wang C, Qin W, Ming J, Zhang M, et al. Methylene blue-mediated photodynamic therapy induces macrophage apoptosis via ROS and reduces bone resorption in periodontitis. Oxid Med Cell Longev. (2019) 2019:1529520. doi: 10.1155/2019/1529520

 43. Ai F, Zhao G, Lv W, Liu B, Lin J. Dexamethasone induces aberrant macrophage immune function and apoptosis. Oncol Rep. (2020) 43:427–36. doi: 10.3892/or.2019.7434

 44. Li Y, Ding H, Liu L, Song Y, Du X, Feng S, et al. Non-esterified fatty acid induce dairy cow hepatocytes apoptosis via the mitochondria-mediated ROS-JNK/ERK signaling pathway. Front Cell Dev Biol. (2020) 8:245. doi: 10.3389/fcell.2020.00245

 45. Alarcon P, Manosalva C, Carretta MD, Hidalgo AI, Figueroa CD, Taubert A, et al. Fatty and hydroxycarboxylic acid receptors: the missing link of immune response and metabolism in cattle. Vet Immunol Immunopathol. (2018) 201:77–87. doi: 10.1016/j.vetimm.2018.05.009

 46. Coutermarsh-Ott S, Eden K, Allen IC. Beyond the inflammasome: regulatory NOD-like receptor modulation of the host immune response following virus exposure. J Gen Virol. (2016) 97:825–38. doi: 10.1099/jgv.0.000401

 47. Chung LK, Bliska JB. Yersinia versus host immunity: how a pathogen evades or triggers a protective response. Curr Opin Microbiol. (2016) 29:56–62. doi: 10.1016/j.mib.2015.11.001

 48. Abais JM, Xia M, Zhang Y, Boini KM, Li PL. Redox regulation of NLRP3 inflammasomes: ROS as trigger or effector? Antioxid Redox Signal. (2015) 22:1111–29. doi: 10.1089/ars.2014.5994

 49. Christ A, Günther P, Lauterbach MAR, Duewell P, Biswas D, Pelka K, et al. Western diet triggers NLRP3-dependent innate immune reprogramming. Cell. (2018) 172:162–75.e14. doi: 10.1016/j.cell.2017.12.013

 50. Rathinam VA, Vanaja SK, Fitzgerald KA. Regulation of inflammasome signaling. Nat Immunol. (2012) 13:333–42. doi: 10.1038/ni.2237

 51. Sokolovska A, Becker CE, Ip WK, Rathinam VA, Brudner M, Paquette N, et al. Activation of caspase-1 by the NLRP3 inflammasome regulates the NADPH oxidase NOX2 to control phagosome function. Nat Immunol. (2013) 14:543–53. doi: 10.1038/ni.2595

 52. Lv J, He X, Wang H, Wang Z, Kelly GT, Wang X, et al. TLR4-NOX2 axis regulates the phagocytosis and killing of Mycobacterium tuberculosis by macrophages. BMC Pulm Med. (2017) 17:194. doi: 10.1186/s12890-017-0517-0

 53. Singh A, Zarember KA, Kuhns DB, Gallin JI. Impaired priming and activation of the neutrophil NADPH oxidase in patients with IRAK4 or NEMO deficiency. J Immunol. (2009) 182:6410–7. doi: 10.4049/jimmunol.0802512

 54. Sun X, Tang Y, Jiang C, Luo S, Jia H, Xu Q, et al. Oxidative stress, NF-κB signaling, NLRP3 inflammasome, and caspase apoptotic pathways are activated in mammary gland of ketotic Holstein cows. J Dairy Sci. (2021) 104:849–61. doi: 10.3168/jds.2020-18788

 55. Shen T, Li X, Loor JJ, Zhu Y, Du X, Wang X, et al. Hepatic nuclear factor kappa B signaling pathway and NLR family pyrin domain containing 3 inflammasome is over-activated in ketotic dairy cows. J Dairy Sci. (2019) 102:10554–63. doi: 10.3168/jds.2019-16706

 56. Youm YH, Nguyen KY, Grant RW, Goldberg EL, Bodogai M, Kim D, et al. The ketone metabolite β-hydroxybutyrate blocks NLRP3 inflammasome-mediated inflammatory disease. Nat Med. (2015) 21:263–9. doi: 10.1038/nm.3804

 57. Goldberg EL, Asher JL, Molony RD, Shaw AC, Zeiss CJ, Wang C, et al. β-Hydroxybutyrate deactivates neutrophil NLRP3 inflammasome to relieve gout flares. Cel Rep. (2017) 18:2077–87. doi: 10.1016/j.celrep.2017.02.004

 58. Noh HS, Hah YS, Nilufar R, Han J, Bong JH, Kang SS, et al. Acetoacetate protects neuronal cells from oxidative glutamate toxicity. J Neurosci Res. (2006) 83:702–9. doi: 10.1002/jnr.20736

 59. Shimazu T, Hirschey MD, Newman J, He W, Shirakawa K, Le Moan N, et al. Suppression of oxidative stress by beta-hydroxybutyrate, an endogenous histone deacetylase inhibitor. Science. (2013) 339:211–4. doi: 10.1126/science.1227166

 60. Neudorf H, Durrer C, Myette-Cote E, Makins C, O'Malley T, Little JP. Oral ketone supcplementation acutely increases markers of NLRP3 inflammasome activation in human monocytes. Mol Nutr Food Res. (2019) 63:e1801171. doi: 10.1002/mnfr.201801171

 61. Nishiguchi T, Iwata M, Kajitani N, Miura A, Matsuo R, Murakami S, et al. Stress increases blood beta-hydroxybutyrate levels and prefrontal cortex NLRP3 activity jointly in a rodent model. Neuropsychopharmacol Rep. (2021) 41:159–67. doi: 10.1002/npr2.12164





OPS/images/fvets-09-925900-g005.gif





OPS/images/fvets-09-925900-g006.gif





OPS/images/fvets-09-925900-g003.gif





OPS/images/fvets-09-925900-g004.gif





OPS/images/fvets-09-925900-t002.jpg
Item SEM P

Linear Quadratic
ROS 309.6 <0001 0.003
Apoptosis 1059 <0001 0612
Phagocytosis 0730 <0001 0392
NLRP3 0.054 <0001 <0.001
Caspase 1 0.091 <0.001 0053
NOX2 0.083 <0001 0.004
Pro-ILIB, 0.101 =0002 0.001
ILIB p17 0152 <0001 0621
IL1B in medium 1675 <0001 0.079

ROS, React

inflammasom

s NLRP3, NLR family pyrin domain containing 3
ysteinyl aspartate specific proteinase 1; NOX2, NADPH
oxidase isoform 2; pro-ILIB, Pro-Interleukin-16; ILIB pi7, Interleukin-16 p17;
IL1B, Interleukin-18.






OPS/images/fvets-09-925900-g007.gif





OPS/images/fvets-09-925900-t001.jpg
Item

Body weight (kg)

DMI (kg)

BHB (mM)

Serum fatty acids (mM)

Serum glucose (mM)

Median

613
27
052
0.30
4.09

Healthy (n = 12)

Interquartile range

588-639
203-245
0.18-0.83
020-0.41
3.86-4.32

Clinical ketosis (n = 12)

Median

625
19.0
378
088
223

Interquartile range

601-648

18.1-202
3.55-4.08
0.68-1.06
2.07-2.37

P-value

P=0540
P=0.004
P <0.001
P=0002
P <0.001





OPS/xhtml/Nav.xhtml




Contents





		Cover



		β-hydroxybutyrate impairs monocyte function via the ROS-NLR family pyrin domain-containing three inflammasome (NLRP3) pathway in ketotic cows



		Introduction



		Materials and methods



		Animals



		Isolation of blood mononuclear cells



		Magnetic activated cell sorting of CD14+ monocytes, cell culture and treatment



		Adhesion assay



		Migration assay



		Apoptosis assay



		Measurement of ROS



		Bacteria and phagocytosis



		Immunofluorescence assay



		Protein extraction and western blotting



		ELISA



		Cell viability



		Statistical analysis







		Results



		Content of fatty acids, BHB, and glucose in serum of cows with CK



		Immune function in monocytes of cows with CK



		ROS content and apoptosis in monocytes of cows with CK



		NLRP3 pathway in monocytes of cows with CK



		Effects of BHB on ROS content, apoptosis and phagocytosis in bovine monocytes



		Effects of BHB on abundance of the NLRP3 pathway proteins in bovine monocytes







		Discussion



		Conclusions



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

B-hydroxybutyrate impairs
monocyte function via the
ROS-NLR family pyrin
domain-containing three
inflammasome (NLRP3) pathway
in ketotic cows





OPS/images/fvets-09-925900-g001.gif
o






OPS/images/fvets-09-925900-g002.gif
WO |










OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Veterinary Science





