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Abstract

:

Simple Summary


We hypothesized that environmental heat load (HL) may affect the endocannabinoid system (ECS), a central regulator of metabolism and the stress response, in adipose tissue (AT), plasma and milk of dairy cows. In AT of summer vs. winter calving cows, gene expression of ECS components was decreased, but this was not translated to differences in protein abundance or in levels of endocannabinoids. In late-lactation cows that were not cooled vs. cooled, AT protein abundance of the heat sensitive, and ECS receptor, transient-receptor-potential-cation-channel-subfamily-V-member-1 (TRPV1) tended to be lower, and milk levels of 2-arachidonoylglycerol (2-AG) tended to increase in cows that were not cooled; but other ECS components were not different between groups. This suggests that HL is associated with limited alterations in the ECS of AT in dairy cows, either directly or via reduced feed intake.




Abstract


Environmental heat load (HL) adversely affects the performance of dairy cows. The endocannabinoid system (ECS) regulates metabolism and the stress response, thus we hypothesized that HL may affect the ECS of dairy cows. Our objective was to determine the levels of endocannabinoids (eCBs) and gene and protein expressions of the ECS components in adipose tissue (AT) and plasma of early postpartum (PP) and late-lactation cows. In addition, we examined eCBs in milk, and studied the interaction of eCBs with bovine cannabinoids receptors CB1 and CB2. In the first experiment, plasma and AT were sampled from cows calving during summer (S, n = 9) or winter (W, n = 9). Dry matter intake (DMI) and energy balance (EB) were lower in S vs. W, and relative gene expressions of transient-receptor-potential-cation-channel-subfamily-V-member-1 (TRPV1), the cannabinoid receptors CNR1 (CB1) and CNR2 (CB2), and monoglyceride lipase (MGLL) were decreased in AT of S compared to W. Protein abundance of peroxisome proliferator-activated-receptor-alpha (PPAR-α) was decreased, while tumor-necrosis factor-α (TNF-α) was increased in AT of S vs. W. Other components of the ECS were not different between S and W calving cows. To study whether the degree of HL may affect the ECS, we performed a second experiment with 24 late-lactation cows that were either cooled (CL) or not cooled (heat-stressed; HS) during summer. DMI was lower in HS vs. CL, AT protein abundance of PPAR-α was lower, and TRPV1 tended to be lower in HS vs. CL, but other components of the ECS were not different between groups. Milk levels of 2-arachidonoylglycerol (2-AG) tended to increase in HS vs. CL. Additionally, modeling of the bovine cannabinoid receptors demonstrated their binding to anandamide and 2-AG. Environmental HL, possibly via lower intake, is associated with limited alterations in ECS components in AT of dairy cows.
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1. Introduction


Environmental heat load (HL), a combination of high ambient temperature and humidity, negatively affects livestock production. In the next decades, climate change is predicted to increase the prevalence and intensity of HL [1]. As a consequence, livestock will be increasingly exposed to heat stress, negatively impacting wellbeing and the sustainability of the animal agriculture industry [2]. Due to their increased metabolic rate, high-yielding dairy cows are extremely sensitive to hot environment [3]. In these animals, chronic HL has detrimental effects on feed intake, milk production and reproductive performance [4]. The transition period from late pregnancy to onset of lactation is characterized by changes in the immune and metabolic functions. Around parturition, HL contributes to systemic inflammation by increasing the expression of pro-inflammatory cytokines in blood cells [5,6], leading to immune dysfunction [7]. Key modulators of the metabolic function such as adipose tissue (AT) are also affected by HL; during seasonal HL, subcutaneous AT of periparturient cows exhibits enrichment of proteins related to the oxidative stress response pathway such as Nrf2 [8].



The endocannabinoid system (ECS) plays a crucial role in activation of key processes for AT metabolic function including lipogenesis and adipogenesis as well as inhibition of lipolytic activity [9]. The ECS is a central regulator of whole body metabolism and energy homeostasis by reducing the duration and intensity of negative energy balance in mammals [10]. However, its role in ruminant physiology is only recently emerging [9,11,12]. The cannabinoid-1 (CB1) receptor is abundant in the brain and in peripheral tissues of rodents and humans, and can be present on adipocytes as well as on infiltrating immune cells in AT [13,14,15]. The enzymes that synthesize and degrade the ECS ligands, the endocannabinoids (eCBs), were also detected in AT [15,16]. The activation of CB1 receptor in adipocytes triggers de novo biosynthesis of fatty acids, accumulation of triglycerides, and minimizes lipolysis [10]. We have demonstrated that dairy cows calving in summer that exhibited a high degree of AT lipolysis postpartum (PP) had 2-fold elevated levels of the main eCBs anandamide (AEA) and 2-arachidonoylglycerol (2-AG) compared to prepartum levels. In the same group of cows, the endogenous precursor and breakdown product arachidonic acid (AA) was also elevated in AT collected PP compared to precalving samples [11]. These findings suggested a correlation between the ECS and the metabolic response of AT in PP dairy cows.



The ECS is also a potent modulator of inflammatory responses and immune function in mammals. For example, AEA and 2-AG have both anti- and pro-inflammatory functions [17,18,19]. The cannabinoid-2 (CB2) receptor, expressed by various cells of the immune system, can also modulate the release of cytokines and appears to have a critical role in immune regulation and function [20]. In fact, CB2 has been found to play a complex role in regulating immune cell migration, proliferation, and numerous effector functions [21]. Recently, it was demonstrated that the expression of pro-inflammatory genes (TNF-α, IL-6, IL-1β) was higher in AT of cows that experienced a high degree of AT lipolysis at 21 and 42 d PP, and this was coupled with higher expression levels of CB2 receptor, as well as N-acyl phosphatidylethanolamine-specific phospholipase D (NAPEPLD) and fatty acid amide hydrolase (FAAH), the enzymes that are responsible for AEA synthesis and degradation, respectively [22]. The mechanisms for ECS’s anti-inflammatory effects in bovines are unclear. However, a prominent target is the nuclear receptor PPAR-α that has an anti-inflammatory activity and at the same time modulates AT metabolism. [23]. PPAR-α is robustly activated by the eCB-like molecules, palmitoylethanolamide (PEA) and oleoylethanolamide (OEA) [23]. Another receptor related to the ECS is the heat-sensitive transient-receptor-potential-cation channel-subfamily-V-member-1 (TRPV1), which is a ligand-gated ion channel that plays a key role in modulation of the sensation of pain and thermal hyperalgesia [24]. TRPV1 has been shown to be expressed in the AT [25], and both thermal heat [25] and AEA [26,27], among other activators, activate the TRPV1 receptor.



We hypothesized that HL during summer may affect the ECS in dairy cows, possibly via TRPV1, and we aimed to determine the levels of eCBs and gene and protein expressions of the ECS components in AT of early PP and late-lactation cows. In addition, we studied the effect of the degree of HL on TRPV1 and ECS in AT of dairy cows during summer as well as the interaction of 2-AG and AEA with bovine CB1 and CB2 receptors.




2. Materials and Methods


2.1. Animals and Experimental Procedures and Collection of Blood and Milk


2.1.1. Seasonal Effects on eCB ‘Tone’ in Adipose Tissue of Early Postpartum Cows (S vs. W)


The experimental protocol was performed in accordance with the approval of the Volcani Center Animal Care Committee (approval numbers IL 697/17 and IL 318/19). Eighteen high-yielding, 255 ± 5 d pregnant dry multiparous Israeli-Holstein dairy cows with an average parity of 3.5 (range 2–7) that were available at the Volcani Dairy farm (Rishon LeZion, Israel) during the summer season (n = 9, August–September) or winter season (n = 9, January–February) participated in this experiment. The cows calving in summer were exposed to five cooling sessions per day postpartum, and were part of a study described in Zachut et al. (2020) [28]. Relative humidity (RH) and ambient temperature were recorded every 3 h by the Israel Meteorological Service (Bet Dagan, Israel), and temperature humidity index (THI) was calculated as described [29]. The average calculated THI was 77.5 in S and 57.0 in W. All cows were housed in a covered loose pen with an adjacent outside yard, and were fed ad libitum once a day at 1100 h with a standard Israeli lactating cows’ diet containing 16.5 percent crude protein and 1.78 Mcal NEL per kg dry matter. The cows were group-housed from calving to 21 d PP in a barn that was equipped with a real-time electronic individual feeding system. Each feeding station included an individual identification system that allowed each cow to enter a specific feeding station and automatically recorded each meal (ID tag; S.A.E. Afikim, Kibbutz Afikim, Israel). Body weight (BW) and milk production were recorded three times daily (at 05:00, 13:00, and 20:00 h) at the milking parlor (SAE, Kibbutz Afikim, Israel). In addition, milk samples were collected every two weeks and analyzed for milk fat, protein, lactose, and urea by infrared analysis (standard IDF 141C:2000) at the laboratories of the Israeli Cattle Breeders’ Association (Caesarea, Israel) [30]. Energy balance was calculated according to NRC (2001) [31]. All cows were observed 5 to 10 d after calving by a veterinarian according to the farm’s routine management and treatments were recorded. During the routine checkup, 4 cows in S were diagnosed by the veterinarian with mild metritis, were treated once, and recovered; one W cow had ketosis, was treated intravenously with a dextrose infusion, rechecked 4 d later and was found healthy. Blood samples were collected twice a week at 07:00 h, and centrifugation was done at 4000× g for 15 min for plasma and the separated plasma stored at −80 °C for further analysis. BCS (scale 1–5) was determined at the day of AT biopsy by a single technician [32].




2.1.2. Comparing Not Cooled (Heat-Stressed) vs. Cooled Late-Lactation Cows in Summer (HS vs. CL)


The protocol of this experiment was approved by the Volcani Center Animal Care Committee (approval number IL 318/19). In the second experiment, twenty-four multiparous Israeli-Holstein dairy cows at late-lactation (on average 272 ± 7 days in lactation) with an average parity of 3.5 (range 2–7) were allocated for this experiment at the Volcani dairy farm during the summer season. Cows were divided into two treatments according to milk production, BW and parity into: (1) cooled cows (CL; n = 12)—exposed to five cooling sessions per day in the holding area of the milking parlor; and (2) Heat stress (HS; n = 12)—were exposed to the ambient weather without cooling sessions or fans during the experiment. For CL cows, each cooling session lasted 45 min, comprising repeated cycles of 45 s of showering and 4 min of forced ventilation without showering. The cooling area, which was part of the holding pen, was 12 × 9 m (108 m2) and included 30 sprinklers (720 L/h each), 3 large fans (198.1 cm in diameter; capacity: 120,000 m3 of air/h each) located on the back side of the cooling area, and 4 small fans (50.8 cm in diameter; capacity: 8800 m3 of air/h each) hung at the top of the cooling area. The experiment was conducted during peak summer (August) for a period of 14 days. Relative humidity (RH) and ambient temperature were recorded for every 3 h by the Israel Meteorological Service (Bet Dagan, Israel), and THI was calculated as described in Bohjmanova et al., 2007 [29]. The average calculated THI during the experiment was 78.2. Respiratory rate (RR) and rectal temperature (RT) were recorded twice weekly. On each day, measurements were taken at 07:00 and 15:00 h. Rectal temperature was recorded by a clinical thermometer inserted 12 cm and was held on the rectum wall for 1 min. Respiration rates were measured by counting flank movements during 1 min, as recorded with a stopwatch. All cows were housed in a group with an adjacent outside yard and fed ad libitum with a typical Israeli diet containing 16.5 percent crude protein and 1.78 Mcal NEL per kg dry matter once a day at 1000 h. BW and milk production (at 05:00, 13:00, and 20:00 h) were recorded as described above. In addition, milk samples from three consecutive milking sessions were collected on day 9 of the trial and evaluated for milk fat, protein, lactose, and urea using infrared analysis (standard IDF 141C:2000) at the Israeli Cattle Breeders’ Association’s laboratory (Caesarea, Israel). Additional milk samples were taken at the noon milking at the day of milk sampling and immediately frozen in −80 °C. Energy balance was calculated according to NRC (2001) [31]. Blood samples were collected at days 1, 6, 8, 10 and 13 of the experiment at 07:00 h, and separated plasma by centrifugation at 4000× g for 15 min and then stored at −80 °C for further analysis. BCS (scale 1–5) was determined at the day of AT biopsy by a single technician [32].





2.2. Analysis of Circulating NEFA, Oxidative Stress and Inflammatory Markers


Non-esterified fatty acids (NEFA), the oxidative stress marker malondialdehyde (MDA), cortisol, and TNF- were measured in plasma samples from both investigations. Plasma NEFA was measured as described in [8]; the intra-assay CV for NEFA was 6.7 percent. The intra- and inter-assay CV were 9.5 percent and 2.6 percent, respectively, when plasma MDA concentrations were determined using a fluorimetric thiobarbituric acid reactive assay [33]. A Bovine TNF- duoset ELISA kit (R&D Systems, Inc., Minneapolis, MN, USA) was used to detect plasma TNF- concentrations; the intra- and inter-assay CVs were 9.4 and 5.7 percent, respectively. ELISA was used to measure cortisol levels in the blood (EIA1887, DRG International, Inc., Springfield, NJ, USA). In the first experiment, radioimmunoassay was used to detect plasma insulin concentrations (MP Bio-medicals, Solon, OH, USA). The Cobas C111 Autoanalyser was used in the second experiment to determine plasma glucose concentrations (Roche Holding GmbH, Grenzach-Wyhlen, Germany).




2.3. Biopsy of Subcutaneous AT


In the first experiment on seasonal effects, subcutaneous AT biopsies from the fat pad around the pin bones were taken from each cow (n = 9 from each season) at day 7 ± 2 postpartum, as previously described [34]. At the day of AT biopsy all cows were without clinical signs of disease. In the second experiment of HS vs. CL, the AT biopsies were conducted at day 13 or 14 of the experiment, from a subset of 6 CL and 6 HS cows. In short, the biopsy site was prepped by clipping, cleaning, and sterilizing a 5-cm patch of skin on one side of the pin bone. Cows were sedated with 1 mL of 2 percent Sedaxylan (xylazine base, 20 mg/mL; Eurovet Animal Health, AE Bladel, The Netherlands) administered intramuscularly. An 8-mL subcutaneous injection of 2 percent lidocaine HCl (Esracain 2 percent, 200 mg per 10 mL; Rafa Laboratories Ltd., Jerusalem, Israel) was used to anesthetize the biopsy site, and aseptic procedures were used to make a 1.5- to 2.5-cm blade incision through the skin and subcutaneous tissues. Tweezers were used to catch four samples of nearly 40 mg of fat tissue, which were then cut off using scissors and rinsed in saline before being snap frozen in liquid nitrogen and stored at −80 °C.




2.4. Measurements of eCBs in AT


In both experiments, eCBs levels were measured in all AT samples and in plasma at the day of AT biopsy (n = 9 per group in S vs. W, and n = 6 per group in CL vs. HS). In the second experiment, in order to assess whether the degree of HL affects milk eCBs, we analyzed in a subset of milk samples from 10 CL and 10 HS cows. Levels of 2-AG, AEA, PEA, OEA, and AA in AT, plasma and milk were isolated, purified, and measured by the stable isotope dilution LC-MS/MS method as described in [11,35]. The values are shown in fmol/mg tissue (wet weight), pmol/mg tissue (wet weight), or nmol/mg tissue (wet weight), and for the plasma or milk values are shown in nmol/mL, pmol/mL (picomole/mL), and fmol/mL (femtomole/mL).




2.5. Relative Gene Expression in AT by Quantitative Real-Time PCR


For RNA extraction, 40 mg of AT samples (n = 9 per group in S vs. W, and n = 6 per group in CL vs. HS) were homogenized in 1 mL of lysis solution with one metal bead using the RNeasy lipid tissue mini kit (Qiagen, Hilden, Germany). The 260/280 ratio of the RNA quality was greater than 1.85. A cDNA reverse transcription kit was used to generate first-strand cDNA (Applied Biosystems, Foster City, CA, USA). Real-time PCR was used to detect specific mRNA transcripts analyzed in duplicates using a StepOnePlus instrument (Applied Biosystems) and the SYBR green PCR mix (Invitrogen, Carlsbad, CA, USA). We looked at the expression of the following eCB-related genes: cannabinoid-1 receptor (CNR1), 2 (CNR2), MGLL, fatty acid amide hydrolase (FAAH), and N-Acylphosphatidylethanolamine phospholipase D (NAPEPLD). These primers were according to Zachut et al. (2018) [11]. In addition, we examined the expression of inflammatory genes: TNFA, cluster of differentiation 68 (CD68), nuclear factor kappa-light-chain-enhancer of activated B cells (NFKB), peroxisome proliferator-activated receptor alpha (PPARA) and transient receptor potential cation channel subfamily V member 1 (TRPV1), as well as genes related to the NrF2-oxidative stress response: mitogen-activated protein kinase (MAP2K), superoxide dismutase-1 (SOD1), NrF2, stress induced phosphoprotein-1 (STIP1) and glutathione S-transferase Mu 1 (GSTM1) [8,28]. Data of AT samples were standardized for the presence of two reference genes, GAPDH and HPRT1, according to MIQE recommendations, and primers were confirmed before use [36].




2.6. Protein Abundance in AT by Immunoblot Analysis


Protein abundance was determined in AT samples (n = 9 per group in S vs. W, and n = 6 per group in CL vs. HS) by immune blotting method. The protein concentrations of AT were measured by Bradford assay (Bio-Rad protein quantification kit). Subsequently, under reducing conditions, SDS-PAGE was used to resolve 20 g of sample in Laemmli loading buffer, which was then transferred to nitrocellulose membrane with the following antibodies: MGLL (1:200, ab24701, Abcam, Cambridge, UK), β-actin (1:1000, ab46805, Abcam Biotech, Cambridge, UK), CB1 (1:200, ab23703, Abcam Biotech, Cambridge, UK), FAAH (1 µg/mL, ARP33121_P050, Aviva Systems Biology, San Diego, CA, USA), CB2 (ADI-905-820-100, Enzo, Farmingdale, NY, USA), PPAR-α (ab24509, Abcam Biotech, Cambridge, UK), TRPV1 (1 µg/mL, WH0007442M1, Sigma, St. Louis, MO, USA) and TNF-α (OACA04183, Aviva Systems Biology, San Diego, CA, USA). For protein detection, a 1:10,000 dilution of goat anti-rabbit HRP conjugated secondary antibody (Jackson Immunoresearch 111-035-003, West Grove, PA, USA) was used for chemiluminescence reaction. ImageJ software was used to process and analyze the data (NIH, Bethesda, MD, USA). β-actin was used to equalize the signal bands.




2.7. Homology Modeling and Active Site Prediction of CB1 and CB2


To predict CB1 and CB2 receptors structures, the protein sequences were collected from UNIPROT database using bos taurus as reference (CB1: Uniprot_KB Accession Id: Q17QM9 and CB2: Uniprot_KB Accession Id: E1B9P2). The domain regions of these proteins were predicted by SBASE server (pongor.itk.ppke.hu) and searched against BLAST (blast.ncbi.nlm.nih.gov) accessed at 11 October 2021 using PDB [37]. The CB1 and CB2 receptor sequences aligned with their templates respectively using ClustalX software and structures were generated by MODELLER9V7 [38]. Among the generated structures, the least energy models of CB1 and CB2 receptors were selected for further studies. Using NAMD and CHARMM27 force field, these predicted models were stabilized in according to Daddam et al. [39]. The reliability of CB1 and CB2 structures were confirmed by Ramachandran plot server and PROCHECK server. ERRAT, structure evaluation server used to check the environmental profile of the structures [40]. The binding sites of CB1 and CB2 receptors were identified by CASTp server (sts.bioe.uic.edu/castp) accessed at 26 October 2021 and also by comparing templates with structure.



Molecular Interaction of 2-AG and AEA with CB1 and CB2 Receptors


The interaction of 2-AG and AEA with CB1 and CB2 receptors was done using GOLD 3.0.1 software, through docking studies [41]. 2-AG and AEA compounds were docked to the active site of CB1 and CB2 receptors to study the possibility of interaction mechanism. Following docking, each protein-compound complex’s distinct binding poses were chosen and their binding energies were investigated. The complex’s most energetic conformation was chosen, and docking studies were examined [42]. To find the possible interaction of 2-AG, AEA on bovine CB1 and CB2 receptors, CB1 and CB2 sequences from Bos taurus structures were predicted. CB1 receptor contains RelB antitoxin-like domain (37–91 amino acids) and rhodopsin-like GPCR super family domain (133–397 AA). CB2 receptor contains rhodopsin-like domain (50–229 amino acids). The CB1 receptor structure was developed by using CB1 receptor of synthetic construct structure (PDB ID: 6WSK_A), showed similarity (95.1%) with CB1 from Bos taurus. The CB2 receptor structure was generated by Cryo-EM structure of GPCR (PDB code: 6KPF_R) structure of Homo sapiens, showed similarity (82.7%) with CB2 from Bos taurus.





2.8. Statistical Analysis


In the seasonal effects experiment, plasma concentrations of insulin, NEFA, cortisol, MDA and TNF-α, as well as milk production, FCM, DMI and energy balance were analyzed by repeated measurements PROC MIXED, using the following model:


Yijkl = µ + Si + C(S)ij + DIMijk + Eijkl,



(1)




where µ = overall mean; Si = season effect (i = summer or winter); C(S)ij = cow j nested in season i; DIMijk = day in lactation as a continuous variable; Eijkl = random residual.



In CL vs. HS experiment, continuous variables (plasma measures, milk, DMI and EB) were analyzed by PROC MIXED using a similar model as described above, where Si = CL effect (i = cooled or Heat stress); C(S)ij = cow j nested in treatment i; DIMijk = day in lactation as a continuous variable; Eijkl = random residual.



Protein abundances and mRNA expressions from each experiment and BCS values at day of AT biopsy were evaluated by SAS GLM (version 9.2, 2002). The eCB levels in plasma, milk and AT are shown as the mean ± SEM, and were analyzed by unpaired two-tailed Student’s t-test.





3. Results


3.1. Heat Load Affects Plasma Indicators of Metabolism, Inflammation, Oxidative Stress, and Lactation Performance in Periparturient Cows (S vs. W)


As shown in Table 1, dry matter intake (DMI) was lower in S than in W during the first month in lactation (p < 0.001), milk production was not significantly changed in S compared to W (p = 0.11), and fat-corrected milk (FCM, 4%) was lower in S than in W (p = 0.02). The average calculated energy balance (EB) was lower in S than in W cows PP (p = 0.01; Table 1). The average body condition score (BCS) at 7 d PP was 2.99 in S and 3.04 in W cows (SEM = 0.19; p = 0.84). Plasma non-esterified fatty acids (NEFAs) concentrations were not different between S and W calving cows, and plasma insulin concentrations tended to be lower in S (p = 0.06; Table 1). No differences in oxidative stress marker malondialdehyde (MDA) or in cortisol concentrations were found between seasons, but plasma TNF-α concentrations were 3.4-fold higher in S than in W (p = 0.001; Table 1).




3.2. Heat Load Impacts Transcription of ECS Components in AT of S vs. W Calving Cows


In AT biopsies obtained at 7 d PP, the relative mRNA expression levels of CNR1 and CNR2 decreased by 55% (p = 0.01) and 53% (p = 0.009) in S compared to W, respectively (Table 2). The expression of the 2-AG degrading enzyme, MGLL, in AT was reduced by 56% in S than in W (p = 0.03), while the relative expression levels of FAAH, NAPEPLD and PPARA were not different between seasons (Table 2). The expression of TRPV1 was 43% lower in S than in W AT (p = 0.001), while TNFA, CD68, and NFKB were not different between seasons (Table 2). The relative expression of the Nrf2-oxidative stress response genes SOD1, NRF2, STIP1 and GSTM1 showed no significant difference between seasons; however, the expression of MAP2K was higher in S than in W AT (p = 0.009; Table 2).




3.3. Heat Load and ECS Components’ Protein Abundance in AT of S vs. W Calving Cows


The changes measured in the mRNA expression were not translated to differences in the protein abundances of CB1, CB2, FAAH and MGLL in AT, whereas the protein abundance of PPARα decreased by 31.1% in S than in W (p = 0.04) (Figure 1A). The abundance of TNFα increased by 44.4% (p = 0.04), and TRPV1 was not different in S compared to W AT (Figure 1B). Full blots are provided in Supplementary Figure S1.




3.4. Levels of eCBs in AT and Plasma at 7 d PP of Summer vs. Winter


The average levels of the eCBs AEA, 2-AG, OEA, PEA and AA in plasma and AT collected at d 7 PP are shown in Table 3. As shown, no significant differences were observed between seasons in the levels of eCBs in AT or in plasma of S vs. W cows.




3.5. Abating Heat Load by Cooling Affects Idices of Heat Stress in Late-Lactation Cows (HS vs. CL)


In the second experiment, DMI (p < 0.001), milk production (p = 0.02), and FCM 4% (p = 0.05) were decreased in HS compared to CL cows (Table 4). The average calculated EB was lower in HS vs. CL cows (p < 0.001; Table 4). Plasma NEFAs concentrations tended to be lower in HS vs. CL cows (p = 0.10). No changes in plasma glucose, cortisol, TNF-α concentrations and MDA levels were observed in HS vs. CL, and no significant change in BW gain was observed in HS vs. CL late-lactation cows (Table 4). The average BCS was 2.90 and 3.15 for CL and HS, respectively (SEM = 0.22, p = 0.45). Rectal temperatures in morning and afternoon were higher in HS than in CL (p < 0.001), and respiration rate was higher in morning (p = 0.005) and tended to be higher in afternoon (p = 0.08) in HS vs. CL (Table 4). The average THI, rectal temperatures and respiration rates in this experiment are within the range of moderate heat stress [43], and the significant differences between groups in feed intake, milk production, rectal temperature and respiration rates indicate that the HS-cows were experiencing a higher degree of heat stress than the CL cows.




3.6. Minimizing Heat Load by Cooling Did Not Affect Gene Expression of ECS Components in AT of HS vs. CL


The relative mRNA expression levels of ECS components: CNR1, CNR2, MGLL, FAAH, NAPEPLD and PPARA as well as the expression of inflammatory genes TRPV1, TNFA, NFKB, and the Nrf2-oxidative stress response genes MAP2K and STIP1 were not significantly different in AT of HS vs. CL late-lactation cows (Table 5).




3.7. Minimizing Heat Load by Cooling Affects Protein Abundance of ECS Components in AT of HS vs. CL


Among the protein abundances of ECS components, only PPAR-α showed a significant decrease (p = 0.02) in HS compared to CL AT, whereas no significant differences of CB1, FAAH, MGLL (Figure 2A) or CB2 were detected in AT. The abundance of TRPV1 tended to be lower (p = 0.10) in AT of HS vs. CL cows, whereas TNF-α showed no difference in AT (Figure 2B).




3.8. Levels of eCBs in AT, Plasma and Milk of HS vs. Cooled Cows


The average concentrations of the eCBs AEA, 2-AG, OEA, PEA and AA in milk, plasma and AT are presented in Table 6. As shown, no significant differences of eCBs were observed in plasma and AT between HS vs. CL cows. However, in milk, the levels of 2-AG were 72.2% higher and tended to be increased in HS vs. CL cows (p = 0.06; Table 6).




3.9. Modeling the Bovine CB1 and CB2 Receptors and Interactions of 2-AG and AEA


The predicted CB1 and CB2 structures, after stabilizing by molecular dynamics, validated and confirmed the reliability by Ramachandranplot server using PROCHECK server (Figure 3A and Figure 4A). The predicted binding sites of CB1 and CB2 receptors are shown in Figure 3B and Figure 4B. The designed 2-AG and AEA showed good interaction with CB1 and CB2 at the binding region. The docked conformations of 2-AG and AEA with the CB1 receptor binding site are shown in Figure 3C,D. The amino acids LYS2 and ILE16 formed a strong hydrogen bond with 2-AG and AEA. In the bonding of AEA, two hydrogen bonds were observed between hydrogen atom of LYS2 with O1 and O2 of AEA, whereas one hydrogen bond was observed between hydrogen atom of ILE16 and O4 of 2-AG.



The CB2 amino acids ILE7, ALA9 and LEU39 formed a strong hydrogen bonding with 2-AG and AEA (Figure 4C,D). In the bonding of AEA, three hydrogen bonds were observed between the oxygen atom of ILE7 with H51, hydrogen atom of ALA9 with O2 and oxygen atom of LEU39 with H62 of AEA, whereas three hydrogen bonds were observed between the hydrogen atom of THR41 with O2, oxygen atom of LEU39 with H22 and hydrogen atom of ALA9 with O2 of 2-AG. Based on molecular docking studies it was confirmed that CB1 and CB2 receptors of bos taurus have strong interaction with 2-AG and AEA at the binding site, forming a receptor-compound complex with amino acids of receptors.





4. Discussion


4.1. Effects of HL on Feed Intake, Metabolic Response, Oxidative Stress and Inflammation and the Possible Role of the ECS in These Responses


In the first experiment, cows calving during S HL had lower feed intake during the first month PP compared to W cows, which could explain their negative EB; this effect of lower intake and lower EB was also evident in the second experiment with HS vs. CL late-lactation cows. Reduced feed intake during HL is well described in previous studies [44]. One limitation of our study is that we cannot determine whether the changes we observed in ECS components are a direct effect of the HL or related to the reduced intake and the associated metabolic adaptations during HL. Thus, to fully understand this relationship, additional studies using other experimental models such as pair feeding are required. Nonetheless, our findings highlight the possible link between environmental factors and ECS activity in dairy cows.



We found lower gene expression of CNR1 in AT of summer-calving cows that had lower feed intake, but not in AT of HS late-lactation cows that also had lower intake com-pared to CL. CB1 antagonists that are restricted to the periphery (not crossing the blood-brain barrier) have been shown to reduce food intake and body weight in rodents [45,46]. Experiments in heat-stressed chickens indicate that lower hepatic eCB levels are associated with lower feed intake, as eCBs reaching the brain would stimulate feeding [47]. In rodents, adipocyte-specific inducible genetic deletion of CB1 receptor has been shown to protect mice from diet-induced obesity and associated metabolic alterations and to reverse the phenotype in already obese mice [48]. Here, we observed lower feed intake in the summer-calving cows and lower CNR1 expression in AT without differences in plasma or AT concentrations of eCBs, and no differences in CNR1 expression in AT of late-lactation HS cows. These results could be possibly explained by the single timing of blood and AT sampling that might have been insufficient to find changes in their levels due to the large variance between cows, or it could suggest that in early lactation cows circulating eCBs and AT levels are not a major effector on feed intake. Together, the few changes that we found in ECS components in HS cows may indicate that the effects of HL on the ECS in AT are limited in their importance; however, more research is required to elucidate this point.



The lack of difference in plasma NEFAs or MDA concentrations in both experiments may indicate that the degree of AT lipolysis was similar among seasons and in CL vs. HS cows. The tendency for lower plasma insulin concentrations in S cows compared to W cows can be attributed to the lower feed intake during summer. Plasma cortisol concentrations were similar between seasons and in HS vs. CL cows, which is in contrast to our previous findings of increased plasma cortisol during heat load [8]. NAD(P)H dehydro-genase [quinone] 1 (NQO1), a critical oxidative stress-response gene regulated by Nrf2, was shown to be higher in S AT than in W AT [8], which could explain our finding of higher MAP2K expression in S AT. Together, it might be suggested that the minor changes in oxidative stress may be related to the lack of increase in plasma cortisol in the present experiment. Heat stress has been implicated in increasing inflammation in dairy cows [5,6], and indeed the cows calving during S had increased plasma TNF-α concentrations compared to W-calving cows. In the AT, the protein abundance of pro-inflammatory TNF-α was increased and the abundance of the anti-inflammatory PPAR-α was decreased in S vs. W; however, at the mRNA level we did not see increased expression of the pro-inflammatory genes in S AT (TNFA, CD68, NFKB). The changes at the protein level could suggest that HL may increase AT local inflammation. It is important to note that the reduction in gene expressions of CNR1, MGLL and TRPV1 may be part of the physiological response to lower the degree of inflammation in AT of early PP cows; however, more research is required on this subject. In contrast, in late-lactation cows, no significant change of TNFα gene expression or protein abundance was observed in HS vs. CL cows, which could be related to the positive EB and BW gain that occurred in the second experiment. Recently, a higher expression of TNF-α, IL-6 and IL-1β, coupled with increased expression of CB2 and NAPEPLD and lower expression of FAAH, was reported in AT of cows that exhibited increased lipolysis compared to cows with a lesser degree of AT lipolysis at 21 and 42 days postpartum [22]. This was in agreement with our previous findings of a tendency toward a higher expression of CB1 and CB2 in AT of cows with a high degree of BW loss PP that also had increased plasma TNF-α concentrations [11]. Collectively, we suggest that further studies should examine the association between heat stress, inflammation and the ECS in dairy cows.




4.2. Effects of HS on the ECS Receptors, MGLL and PPAR-α in AT


As mentioned above, in the present study we demonstrated that seasonal HL (either directly or via reduced feed intake) is associated with reductions in the gene expression of the CB1 (CNR1) and CB2 (CNR2) receptors in AT of S compared to W calving cows. Although not significant, a similar trend of decreased CB1 abundance was observed at the protein level in AT of S vs. W calving cows, possibly suggesting lower abundance of CB1 receptors on adipocytes during HS. There is scarce information on the relationship be-tween the ECS and HL; Joyeux et al. (2002) [49] suggested an involvement of eCBs, acting through CB receptors, and nitric oxide in the cardio protection conferred by heat stress against myocardial ischemia. In a comprehensive review on the neurobiological interactions between stress and the ECS, Morena et al. (2016) [50] concluded that exposure to chronic stress causes a downregulation or loss of CB1 receptors in the brain, which together with our findings of lower CB1 expression in AT of S cows could suggest that chronic HL (weeks to months) may elicit a similar reduction in CB1 receptor in AT of PP cows. It could be that CB1 overactivation following chronic stressors such as heat leads to its downregulation since it is a GPCR receptor, and its internalization/downregulation in these conditions has been reported [51]. The decrease in CB1 receptor expression during chronic stress could be related to the hypothesis of allostatic load [52].



We found reduced gene expression of MGLL, the 2-AG degrading enzyme, in AT of S vs. W calving cows. It was previously reported that MGLL gene expression decreased in AT of PP cows experiencing higher inflammation and lipolysis [11], which is in accordance with reduced MGLL expression in cows suffering from endometritis [53]. A decrease in MGLL expression has been suggested as a possible factor leading to improved 2-AG signaling capacity after repeated stress [50,54]. However, the similar protein abundance of the ECS enzymes (MGLL, FAAH, NAPEPLD) we found in AT could suggest that the activity of these enzymes, rather than their abundance, may have been affected by HL, and this issue warrants further investigation.



The protein abundance of PPAR-α was lower in AT during S compared to W and HS vs. CL cows. PPAR-α is a nuclear receptor with an anti-inflammatory activity that controls metabolism and its dysfunctions [23], and is activated by fatty acid derivatives, which upregulate the catabolic enzyme expression of fatty acid β-oxidation and microsomal ω-oxidation that regulates the transcription of genes necessary for redox balance in oxidative catabolism of fatty acids [23]. The eCB-like molecules, PEA and OEA, are among the most potent endogenous ligands for PPAR-α, and it was speculated that reduction in OEA levels in AT with unchanged PPAR-α may account for lipid accumulation in AT [23]. We found lower abundance of PPAR-α in AT of HS cows vs. CL cows; however, we did not observe changes in OEA and PEA levels in their AT. Therefore, we cannot link the two molecules with the reduction of PPAR-α. In addition, no significant difference among the eCBs, oxidative stress and inflammatory genes was found in our experiment in HS vs. CL cows.




4.3. eCB Levels in Plasma, Milk and AT of PP Dairy Cows


In the present experiment we also examined the concentrations of circulating eCBs in plasma, milk and AT of dairy cows. Though no differences were detected among eCB levels, these data are among the first to identify eCBs in milk, plasma and AT of dairy cows that are exposed to a hot and humid environment in summer. Previously, eCB levels in milk from different breeds of dairy cows [55], and in heart and liver tissues from post-mortem 18-month old heifers [56], were reported using similar methods as in the present study. Recently, Kuhla et al. (2020) [12] described the concentrations of plasma eCBs in peripartum cows, showing that plasma 2-AG and AEA levels increased 2-fold in the first month after parturition relative to the prepartum levels. It was suggested that the orexigenic action of these eCBs is to increase metabolic rate and energy intake in order to meet the increased requirements for milk synthesis in early lactation [12]. Kuhla et al. (2020) [12] reported that average plasma AEA concentrations at 7 d PP were ~600 fmol/mL and 2-AG was ~0.003 nmol/mL, which is comparable to our findings. In the present study we did not observe differences in AEA concentrations in AT of HS cows, although the AEA concentrations were double in S compared to W AT. Interestingly, milk 2-AG levels tended to be higher in HS vs. CL cows, and therefore we suggest that levels of eCBs in cows’ milk, plasma and AT should be examined in additional HL studies and in multiple time points.




4.4. Effects of HL on TRPV1 in AT


In the present study, decreased gene expressions of the heat sensitive receptor TRPV1 was found in AT of S vs. W calving cows. As mentioned above, TRPV1 is a ligand-gated ion channel that plays a key role in modulation of the sensation of pain and thermal hyperalgesia [24], and is expressed in the AT [25]. Both thermal heat [25] and the eCB AEA [26], among other activators, activate the TRPV1 receptor. Recently it was shown that AEA activates TRPV1 via a unique lipid pathway at a peripheral binding site [57,58]. In addition, AT B-lymphocytes that regulate the local inflammatory response produce leukotriene B4, which is also a TRPV1 agonist [25]. In our study, protein abundance of TRPV1 tended to be decreased in AT of HS vs. CL late-lactation cows whereas no significant change was observed in early lactation S vs. W cows. Based on our findings we suggest that further studies should examine the possible role of TRPV1 in AT of HS dairy cows.




4.5. Molecular Interaction of Bovine CB1, CB2 Receptors with eCBs


To study the interactions of 2-AG and AEA with bovine CB1 and CB2 receptors, we used the in silico method of modeling and docking; our findings show new binding residues of bovine CB1 and CB2 receptors with possible interactions of endocannabinoids. Modeling of protein structures and validating for interaction studies is a common method used previously [59,60,61] and has reliable predictions [62,63,64,65]. Our modeling demonstrates that the important amino acids in the active site formed a large pocket where 2-AG and AEA can bind to bovine CB1 and CB2 receptors. The interaction of CB1 with eCBs was also examined by Saleh et al. [66], who demonstrated the role of active residues in the allosteric mechanism of the CB1 PAM ZCZ011. The CB1 and CB2 interactions with 2-AG and AEA in the present study provide information about the activation of receptors, but more studies are required on the function of eCBs once they bind to their receptors in dairy cows.





5. Conclusions


The results from the present study suggest that environmental HL, either directly or via reduced feed intake, has a limited effect on ECS components in the AT of dairy cows, and the heat-sensitive receptor TRPV1 could be related to the association between HL and the ECS in AT. One limitation of this study is the relatively small sample of cows; thus, to fully elucidate the effects of HL on the ECS in dairy cows, more research with a large number of cows is required.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ani12060795/s1, Figure S1: Full blots.





Author Contributions


Conceptualization, J.T. and M.Z.; methodology, G.K., H.K., U.M. and A.N.; software, J.R.D.; validation, G.K. and M.Z.; formal analysis, G.K., M.Z., J.T., M.A. and A.N.; data curation, G.K. and J.R.D.; writing—original draft preparation, G.K., J.R.D. and M.Z.; writing—review and editing, J.T., G.A.C. and M.Z.; visualization, G.K. and J.R.D.; supervision, J.T. and M.Z. Funding acquisition M.Z., J.T. and G.A.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Israeli Dairy Board grant number 362-0580 (Yehud, Israel) and by Research Grant No. IS-5167-19 from BARD, The United States—Israel Binational Agricultural Research and Development Fund (Rishon Lezion, Israel) to J.T., G.A.C. and M.Z.; J.R.D. received a postdoc scholarship from the Israeli Ministry of Foreign Affairs.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of the Volcani Center Animal Care Committee (approval number IL 318/19 and IL 697/17).




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Solomon, S.; Manning, M.; Marquis, M.; Qin, D. Climate Change 2007-the Physical Science Basis: Working Group I Contribution to the Fourth Assessment Report of the IPCC; Cambridge University Press: Cambridge, UK, 2007; Volume 4, ISBN 0521705967. [Google Scholar]

	



St-Pierre, N.R.; Cobanov, B.; Schnitkey, G. Economic Losses from Heat Stress by US Livestock Industries. J. Dairy Sci. 2003, 86, E52–E77. [Google Scholar] [CrossRef]

	



Bernabucci, U.; Basiricò, L.; Morera, P.; Dipasquale, D.; Vitali, A.; Piccioli Cappelli, F.; Calamari, L. Effect of summer season on milk protein fractions in Holstein cows. J. Dairy Sci. 2015, 98, 1815–1827. [Google Scholar] [CrossRef] [PubMed]

	



Tao, S.; Orellana Rivas, R.M.; Marins, T.N.; Chen, Y.-C.; Gao, J.; Bernard, J.K. Impact of heat stress on lactational performance of dairy cows. Theriogenology 2020, 150, 437–444. [Google Scholar] [CrossRef] [PubMed]

	



Tao, S.; Dahl, G.E. Invited review: Heat stress effects during late gestation on dry cows and their calves. J. Dairy Sci. 2013, 96, 4079–4093. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, F.J.; Weng, X.G.; Wang, J.F.; Zhou, D.; Zhang, W.; Zhai, C.C.; Hou, Y.X.; Zhu, Y.H. Effects of temperature-humidity index and chromium supplementation on antioxidant capacity, heat shock protein 72, and cytokine responses of lactating cows. J. Anim. Sci. 2014, 92, 3026–3034. [Google Scholar] [CrossRef] [PubMed]

	



do Amaral, B.C.; Connor, E.E.; Tao, S.; Hayen, M.J.; Bubolz, J.W.; Dahl, G.E. Heat stress abatement during the dry period influences metabolic gene expression and improves immune status in the transition period of dairy cows. J. Dairy Sci. 2011, 94, 86–96. [Google Scholar] [CrossRef] [PubMed]

	



Zachut, M.; Kra, G.; Livshitz, L.; Portnick, Y.; Yakoby, S.; Friedlander, G.; Levin, Y. Seasonal heat stress affects adipose tissue proteome toward enrichment of the Nrf2-mediated oxidative stress response in late-pregnant dairy cows. J. Proteom. 2017, 158, 52–61. [Google Scholar] [CrossRef] [PubMed]

	



Myers, M.N.; Zachut, M.; Tam, J.; Contreras, G.A. A proposed modulatory role of the endocannabinoid system on adipose tissue metabolism and appetite in periparturient dairy cows. J. Anim. Sci. Biotechnol. 2021, 12, 21. [Google Scholar] [CrossRef]

	



Silvestri, C.; Di Marzo, V. The Endocannabinoid System in Energy Homeostasis and the Etiopathology of Metabolic Disorders. Cell Metab. 2013, 17, 475–490. [Google Scholar] [CrossRef] [PubMed]

	



Zachut, M.; Kra, G.; Moallem, U.; Livshitz, L.; Levin, Y.; Udi, S.; Nemirovski, A.; Tam, J. Characterization of the endocannabinoid system in subcutaneous adipose tissue in periparturient dairy cows and its association to metabolic profiles. PLoS ONE 2018, 13, e0205996. [Google Scholar] [CrossRef] [PubMed]

	



Kuhla, B.; Kaever, V.; Tuchscherer, A.; Kuhla, A. Involvement of Plasma Endocannabinoids and the Hypothalamic Endocannabinoid System in Increasing Feed Intake after Parturition of Dairy Cows. Neuroendocrinology 2020, 110, 246–257. [Google Scholar] [CrossRef]

	



Bensaid, M.; Gary-Bobo, M.; Esclangon, A.; Maffrand, J.P.; Le Fur, G.; Oury-Donat, F.; Soubrié, P. The cannabinoid CB1 receptor antagonist SR141716 increases Acrp30 mRNA expression in adipose tissue of obese fa/fa rats and in cultured adipocyte cells. Mol. Pharmacol. 2003, 63, 908–914. [Google Scholar] [CrossRef] [PubMed]

	



Cota, D.; Marsicano, G.; Tschöp, M.; Grübler, Y.; Flachskamm, C.; Schubert, M.; Auer, D.; Yassouridis, A.; Thöne-Reineke, C.; Ortmann, S.; et al. The endogenous cennabinoid system affects energy balance via central orexigenic drive and peripheral lipogenesis. J. Clin. Investig. 2003, 112, 423–431. [Google Scholar] [CrossRef]

	



Matias, I.; Gonthier, M.-P.; Orlando, P.; Martiadis, V.; De Petrocellis, L.; Cervino, C.; Petrosino, S.; Hoareau, L.; Festy, F.; Pasquali, R.; et al. Regulation, Function, and Dysregulation of Endocannabinoids in Models of Adipose and β-Pancreatic Cells and in Obesity and Hyperglycemia. J. Clin. Endocrinol. Metab. 2006, 91, 3171–3180. [Google Scholar] [CrossRef]

	



Blüher, M.; Engeli, S.; Klöting, N.; Berndt, J.; Fasshauer, M.; Bátkai, S.; Pacher, P.; Schön, M.R.; Jordan, J.; Stumvoll, M. Dysregulation of the peripheral and adipose tissue endocannabinoid system in human abdominal obesity. Diabetes 2006, 55, 3053–3060. [Google Scholar] [CrossRef] [PubMed]

	



Devane, W.A.; Hanus, L.; Breuer, A.; Pertwee, R.G.; Stevenson, L.A.; Griffin, G.; Gibson, D.; Mandelbaum, A.; Etinger, A.; Mechoulam, R. Isolation and structure of a brain constituent that binds to the cannabinoid receptor. Science 1992, 258, 1946–1949. [Google Scholar] [CrossRef] [PubMed]

	



Mechoulam, R.; Ben-Shabat, S.; Hanus, L.; Ligumsky, M.; Kaminski, N.E.; Schatz, A.R.; Gopher, A.; Almog, S.; Martin, B.R.; Compton, D.R. Identification of an endogenous 2-monoglyceride, present in canine gut, that binds to cannabinoid receptors. Biochem. Pharmacol. 1995, 50, 83–90. [Google Scholar] [CrossRef]

	



Sugiura, T.; Kondo, S.; Sukagawa, A.; Nakane, S.; Shinoda, A.; Itoh, K.; Yamashita, A.; Waku, K. 2-Arachidonoylglycerol: A possible endogenous cannabinoid receptor ligand in brain. Biochem. Biophys. Res. Commun. 1995, 215, 89–97. [Google Scholar] [CrossRef] [PubMed]

	



Silver, R.J. The Endocannabinoid System of Animals. Animals 2019, 9, 686. [Google Scholar] [CrossRef] [PubMed]

	



Basu, S.; Dittel, B.N. Unraveling the complexities of cannabinoid receptor 2 (CB2) immune regulation in health and disease. Immunol. Res. 2011, 51, 26–38. [Google Scholar] [CrossRef] [PubMed]

	



Dirandeh, E.; Ghorbanalinia, M.; Rezaei-Roodbari, A.; Colazo, M.G. Relationship between body condition score loss and mRNA of genes related to fatty acid metabolism and the endocannabinoid system in adipose tissue of periparturient cows. Animal 2020, 14, 1724–1732. [Google Scholar] [CrossRef] [PubMed]

	



Izzo, A.A.; Piscitelli, F.; Capasso, R.; Marini, P.; Cristino, L.; Petrosino, S.; Di Marzo, V. Basal and fasting/refeeding-regulated tissue levels of endogenous PPAR-alpha ligands in Zucker rats. Obesity 2010, 18, 55–62. [Google Scholar] [CrossRef] [PubMed]

	



Gavva, N.R.; Tamir, R.; Klionsky, L.; Norman, M.H.; Louis, J.-C.; Wild, K.D.; Treanor, J.J.S. Proton Activation Does Not Alter Antagonist Interaction with the Capsaicin-Binding Pocket of TRPV1. Mol. Pharmacol. 2005, 68, 1524–1533. [Google Scholar] [CrossRef]

	



Christie, S.; Wittert, G.A.; Li, H.; Page, A.J. Involvement of TRPV1 Channels in Energy Homeostasis. Front. Endocrinol. 2018, 9, 420. [Google Scholar] [CrossRef] [PubMed]

	



Szallasi, A.; Cortright, D.N.; Blum, C.A.; Eid, S.R. The vanilloid receptor TRPV1: 10 years from channel cloning to antagonist proof-of-concept. Nat. Rev. Drug Discov. 2007, 6, 357–372. [Google Scholar] [CrossRef] [PubMed]

	



Ho, K.W.; Ward, N.J.; Calkins, D.J. TRPV1: A stress response protein in the central nervous system. Am. J. Neurodegener. Dis. 2012, 1, 1–14. [Google Scholar] [PubMed]

	



Zachut, M.; Kra, G.; Nemes-Navon, N.; Ben-Aharon, N.; Moallem, U.; Lavon, Y.; Jacoby, S. Seasonal heat load is more potent than the degree of body weight loss in dysregulating immune function by reducing white blood cell populations and increasing inflammation in Holstein dairy cows. J. Dairy Sci. 2020, 103, 10809–10822. [Google Scholar] [CrossRef]

	



Bohmanova, J.; Misztal, I.; Cole, J.B. Temperature-Humidity Indices as Indicators of Milk Production Losses due to Heat Stress. J. Dairy Sci. 2007, 90, 1947–1956. [Google Scholar] [CrossRef] [PubMed]

	



Moallem, U.; Kamer, H.; Hod, A.; Lifshitz, L.; Kra, G.; Jacoby, S.; Portnick, Y.; Zachut, M. Reducing milking frequency from thrice to twice daily in early lactation improves the metabolic status of high-yielding dairy cows with only minor effects on yields. J. Dairy Sci. 2019, 102, 9468–9480. [Google Scholar] [CrossRef] [PubMed]

	



Council, N.R. Nutrient Requirements of Dairy Cattle, 7th ed.; The National Academies Press: Washington, DC, USA, 2001; pp. 18–19. ISBN 978-0-309-06997-7. [Google Scholar]

	



Edmonoson, A.J.; Lean, I.J.; Weaker, L.D.; Farver, T.; Webster, G. A Body Condition Scoring Chart for Holstein Dairy Cows. J. Dairy Sci. 1989, 72, 68–78. [Google Scholar] [CrossRef]

	



Feldman, E. Thiobarbituric acid reactive substances (TBARS) Assay. Anim. Models Diabet. Complicat. Consort. 2004, 1, 1–3. [Google Scholar]

	



Zachut, M.; Honig, H.; Striem, S.; Zick, Y.; Boura-Halfon, S.; Moallem, U. Periparturient dairy cows do not exhibit hepatic insulin resistance, yet adipose-specific insulin resistance occurs in cows prone to high weight loss. J. Dairy Sci. 2013, 96, 5656–5669. [Google Scholar] [CrossRef] [PubMed]

	



Aran, A.; Cassuto, H.; Lubotzky, A.; Wattad, N.; Hazan, E. Brief Report: Cannabidiol-Rich Cannabis in Children with Autism Spectrum Disorder and Severe Behavioral Problems—A Retrospective Feasibility Study. J. Autism Dev. Disord. 2019, 49, 1284–1288. [Google Scholar] [CrossRef] [PubMed]

	



Bustin, S.A.; Benes, V.; Garson, J.A.; Hellemans, J.; Huggett, J.; Kubista, M.; Mueller, R.; Nolan, T.; Pfaffl, M.W.; Shipley, G.L.; et al. The MIQE Guidelines: Minimum Information for Publication of Quantitative Real-Time PCR Experiments. Clin. Chem. 2009, 55, 611–622. [Google Scholar] [CrossRef] [PubMed]

	



Daddam, J.R.; Dowlathabad, M.R.; Panthangi, S.; Jasti, P. Molecular docking and P-glycoprotein inhibitory activity of Flavonoids. Interdiscip. Sci. Comput. Life Sci. 2014, 6, 167–175. [Google Scholar] [CrossRef] [PubMed]

	



Thepbandit, W.; Papathoti, N.K.; Daddam, J.R.; Thumanu, K.; Siriwong, S.; Le Thanh, T.; Buensanteai, N. Identification of Salicylic Acid Mechanism against Leaf Blight Disease in Oryza sativa by SR-FTIR Microspectroscopic and Docking Studies. Pathogens 2021, 10, 652. [Google Scholar] [CrossRef]

	



Daddam, J.R.; Sreenivasulu, B.; Umamahesh, K.; Peddanna, K.; Rao, D.M. In Silico Studies on Anti-Stress Compounds of Ethanolic Root Extract of Hemidesmus indicus L. Curr. Pharm. Biotechnol. 2019, 21, 502–515. [Google Scholar] [CrossRef] [PubMed]

	



Rayalu, D.J.; Selvaraj, C.; Singh, S.K.; Ganeshan, R.; Udaya Kumar, N.; Seshapani, P. Homology modeling, active site prediction, and targeting the anti hypertension activity through molecular docking on endothelin–B receptor domain. Bioinformation 2012, 8, 81–86. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, B.C.K.; Kuo, W.W.; Day, C.H.; Hsieh, D.J.Y.; Kuo, C.H.; Daddam, J.; Chen, R.J.; Padma, V.V.; Wang, G.; Huang, C.Y. The soybean bioactive peptide VHVV alleviates hypertension-induced renal damage in hypertensive rats via the SIRT1-PGC1α/Nrf2 pathway. J. Funct. Foods 2020, 75, 104255. [Google Scholar] [CrossRef]

	



Kurjogi, M.; Satapute, P.; Jogaiah, S.; Abdelrahman, M.; Daddam, J.R.; Ramu, V.; Tran, L.S.P. Computational modeling of the staphylococcal enterotoxins and its interaction with natural antitoxin compounds. Int. J. Mol. Sci. 2018, 19, 133. [Google Scholar] [CrossRef] [PubMed]

	



Shu, H.; Wang, W.; Guo, L.; Bindelle, J. Recent Advances on Early Detection of Heat Strain in Dairy Cows Using Animal-Based Indicators: A Review. Animals 2021, 11, 980. [Google Scholar] [CrossRef] [PubMed]

	



Shwartz, G.; Rhoads, M.L.; VanBaale, M.J.; Rhoads, R.P.; Baumgard, L.H. Effects of a supplemental yeast culture on heat-stressed lactating Holstein cows1. J. Dairy Sci. 2009, 92, 935–942. [Google Scholar] [CrossRef]

	



Tam, J.; Vemuri, V.K.; Liu, J.; Bátkai, S.; Mukhopadhyay, B.; Godlewski, G.; Osei-Hyiaman, D.; Ohnuma, S.; Ambudkar, S.V.; Pickel, J.; et al. Peripheral CB1 cannabinoid receptor blockade improves cardiometabolic risk in mouse models of obesity. J. Clin. Investig. 2010, 120, 2953–2966. [Google Scholar] [CrossRef] [PubMed]

	



Tam, J.; Cinar, R.; Liu, J.; Godlewski, G.; Wesley, D.; Jourdan, T.; Szanda, G.; Mukhopadhyay, B.; Chedester, L.; Liow, J.-S.; et al. Peripheral cannabinoid-1 receptor inverse agonism reduces obesity by reversing leptin resistance. Cell Metab. 2012, 16, 167–179. [Google Scholar] [CrossRef] [PubMed]

	



Jastrebski, S.F.; Lamont, S.J.; Schmidt, C.J. Chicken hepatic response to chronic heat stress using integrated transcriptome and metabolome analysis. PLoS ONE 2017, 12, e0181900. [Google Scholar] [CrossRef] [PubMed]

	



Ruiz de Azua, I.; Mancini, G.; Srivastava, R.K.; Rey, A.A.; Cardinal, P.; Tedesco, L.; Zingaretti, C.M.; Sassmann, A.; Quarta, C.; Schwitter, C.; et al. Adipocyte cannabinoid receptor CB1 regulates energy homeostasis and alternatively activated macrophages. J. Clin. Investig. 2017, 127, 4148–4162. [Google Scholar] [CrossRef] [PubMed]

	



Joyeux, M.; Arnaud, C.; Godin-Ribuot, D.; Demenge, P.; Lamontagne, D.; Ribuot, C. Endocannabinoids are implicated in the infarct size-reducing effect conferred by heat stress preconditioning in isolated rat hearts. Cardiovasc. Res. 2002, 55, 619–625. [Google Scholar] [CrossRef]

	



Morena, M.; Patel, S.; Bains, J.S.; Hill, M.N. Neurobiological Interactions Between Stress and the Endocannabinoid System. Neuropsychopharmacology 2016, 41, 80–102. [Google Scholar] [CrossRef] [PubMed]

	



Drori, A.; Gammal, A.; Azar, S.; Hinden, L.; Hadar, R.; Wesley, D.; Nemirovski, A.; Szanda, G.; Salton, M.; Tirosh, B.; et al. CB1R regulates soluble leptin receptor levels via CHOP, contributing to hepatic leptin resistance. eLife 2020, 9, e60771. [Google Scholar] [CrossRef]

	



Karatsoreos, I.N.; McEwen, B.S. Psychobiological allostasis: Resistance, resilience and vulnerability. Trends Cogn. Sci. 2011, 15, 576–584. [Google Scholar] [CrossRef]

	



Bonsale, R.; Seyed Sharifi, R.; Dirandeh, E.; Hedayat, N.; Mojtahedin, A.; Ghorbanalinia, M.; Abolghasemi, A. Endocannabinoids as endometrial inflammatory markers in lactating Holstein cows. Reprod. Domest. Anim. 2018, 53, 769–775. [Google Scholar] [CrossRef] [PubMed]

	



Sumislawski, J.J.; Ramikie, T.S.; Patel, S. Reversible Gating of Endocannabinoid Plasticity in the Amygdala by Chronic Stress: A Potential Role for Monoacylglycerol Lipase Inhibition in the Prevention of Stress-Induced Behavioral Adaptation. Neuropsychopharmacology 2011, 36, 2750–2761. [Google Scholar] [CrossRef] [PubMed]

	



Gouveia-Figueira, S.; Nording, M.L. Development and validation of a sensitive UPLC-ESI-MS/MS method for the simultaneous quantification of 15 endocannabinoids and related compounds in milk and other biofluids. Anal. Chem. 2014, 86, 1186–1195. [Google Scholar] [CrossRef] [PubMed]

	



Gouveia-Figueira, S.; Nording, M.L. Validation of a tandem mass spectrometry method using combined extraction of 37 oxylipins and 14 endocannabinoid-related compounds including prostamides from biological matrices. Prostaglandins Other Lipid Mediat. 2015, 121, 110–121. [Google Scholar] [CrossRef]

	



Muller, C.; Lynch, D.L.; Hurst, D.P.; Reggio, P.H. TRPV1 Activation by Anandamide via a Unique Lipid Pathway. J. Chem. Inf. Model. 2021, 61, 5742–5746. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Chen, X.; Nie, Y.; Tian, Y.; Xiao, X.; Yang, F. Endocannabinoid activation of the TRPV1 ion channel is distinct from activation by capsaicin. J. Biol. Chem. 2021, 297, 101022. [Google Scholar] [CrossRef] [PubMed]

	



Singh, N.K.; Pakkkianathan, B.C.; Kumar, M.; Daddam, J.R.; Jayavel, S.; Kannan, M.; Pillai, G.G.; Krishnan, M. Computational studies on molecular interactions of 6-thioguanosine analogs with anthrax toxin receptor 1. Interdiscip. Sci. Comput. Life Sci. 2012, 4, 183–189. [Google Scholar] [CrossRef]

	



Lin, Y.-M.; Badrealam, K.F.; Kuo, C.-H.; Daddam, J.; Shibu, M.A.; Lin, K.-H.; Ho, T.-J.; Viswanadha, V.P.; Kuo, W.-W.; Huang, C.-Y. Small Molecule Compound Nerolidol attenuates Hypertension induced hypertrophy in spontaneously hypertensive rats through modulation of Mel-18-IGF-IIR signalling. Phytomedicine 2021, 84, 153450. [Google Scholar] [CrossRef] [PubMed]

	



Desai, T.D.; Wen, Y.-T.; Daddam, J.R.; Cheng, F.; Chen, C.-C.; Pan, C.-L.; Lin, K.-L.; Tsai, R.-K. Long term therapeutic effects of icariin-loaded PLGA microspheres in an experimental model of optic nerve ischemia via modulation of CEBP-β/G-CSF/noncanonical NF-κB axis. Bioeng. Transl. Med. 2021, e10289. [Google Scholar] [CrossRef]

	



Kra, G.; Daddam, J.R.; Gabay, H.; Yosefi, S.; Zachut, M. Antioxidant Resveratrol Increases Lipolytic and Reduces Lipogenic Gene Expression under In Vitro Heat Stress Conditions in Dedifferentiated Adipocyte-Derived Progeny Cells from Dairy Cows. Antioxidants 2021, 10, 905. [Google Scholar] [CrossRef] [PubMed]

	



Shaik, A.H.; Shaik, S.R.; Daddam, J.R.; Ali, D.; Manoharadas, S.; Arafah, M.W.; Kodidhela, L.D. Maslinic acid and gallic acid protective efficacy on lipids, lipoproteins and lipid metabolizing enzymes against isoproterenol administered cardiotoxicity: An in vivo and in silico molecular docking evidences. J. King Saud Univ.-Sci. 2021, 33, 101230. [Google Scholar] [CrossRef]

	



Ali, A.; Kuo, W.W.; Kuo, C.H.; Lo, J.F.; Chen, M.Y.C.; Daddam, J.R.; Ho, T.J.; Viswanadha, V.P.; Shibu, M.A.; Huang, C.Y. E3 ligase activity of Carboxyl terminus of Hsc70 interacting protein (CHIP) in Wharton’s jelly derived mesenchymal stem cells improves their persistence under hyperglycemic stress and promotes the prophylactic effects against diabetic cardiac damages. Bioeng. Transl. Med. 2021, 6, e10234. [Google Scholar] [CrossRef] [PubMed]

	



Daddam, J.R.; Sreenivasulu, B.; Peddanna, K.; Umamahesh, K. Designing, docking and molecular dynamics simulation studies of novel cloperastine analogues as anti-allergic agents: Homology modeling and active site prediction for the human histamine H1 receptor. RSC Adv. 2020, 10, 4745–4754. [Google Scholar] [CrossRef]

	



Saleh, N.; Hucke, O.; Kramer, G.; Schmidt, E.; Montel, F.; Lipinski, R.; Ferger, B.; Clark, T.; Hildebrand, P.W.; Tautermann, C.S. Multiple Binding Sites Contribute to the Mechanism of Mixed Agonistic and Positive Allosteric Modulators of the Cannabinoid CB1 Receptor. Angew. Chem. Int. Ed. Engl. 2018, 57, 2580–2585. [Google Scholar] [CrossRef] [PubMed]








[image: Animals 12 00795 g001 550] 





Figure 1. Protein abundance of endocannabinoid system (ECS) components in AT at 7 d PP from cows calving in winter (n = 9) or summer (n = 9). (A) Presented are the average abundances of CB1, CB2, FAAH, MGLL and PPAR-α, and representative immunoblots of 5 S and 4 W AT. (B) Presented are the average abundances of TNF-α and TRPV1, and representative immunoblots of 5 S and 4 W AT. * Significant with p ≤ 0.05. 
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Figure 2. Protein abundance of ECS components in AT of late lactation cooled (n = 6) or heat-stressed cows (n = 6). (A) Presented are the average abundances of CB1, FAAH, MGLL and PPAR-α and immunoblots. (B) Protein abundance of TNF-α and TRPV1 in AT of late lactation cooled (n = 6) or heat-stressed cows (n = 6). * Significant with p ≤ 0.05. # Statistical tendency with p = 0.1. 






Figure 2. Protein abundance of ECS components in AT of late lactation cooled (n = 6) or heat-stressed cows (n = 6). (A) Presented are the average abundances of CB1, FAAH, MGLL and PPAR-α and immunoblots. (B) Protein abundance of TNF-α and TRPV1 in AT of late lactation cooled (n = 6) or heat-stressed cows (n = 6). * Significant with p ≤ 0.05. # Statistical tendency with p = 0.1.
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Figure 3. (A) Structure of CB1 with sheets (blue color). (B) Active site of CB1 in red color pocket in the structure. (C) Docking of 2-AG (red color) and Amino acids of CB1 involved in docking with 2-AG. (D) Docking of AEA (red color) with CB1 and Amino acids of CB1 involved in docking with AEA. 
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Figure 4. (A) Structure of CB2 with sheets (blue color) (B) Active site of CB2 in red color pocket in the structure (C) Docking of 2-AG (red color) and Amino acids of CB2 involved in docking with 2-AG. (D) Docking of AEA (red color) with CB2 and Amino acids of CB2 involved in docking with AEA. 
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Table 1. Dry matter intake, milk production, and energy balance during the first month postpartum (PP), and plasma concentrations of metabolic and stress indicators during the peripartum period in cows calving during winter or summer.
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	Winter
	Summer
	SEM
	p





	Dry matter intake 30 d, kg/d
	25.0 a
	18.5 b
	0.8
	<0.0001



	Milk production 30 d, kg/d
	41.7
	37.5
	1.7
	0.11



	Fat corrected milk (4%) 30 d, kg/d
	40.7 a
	34.0 b
	1.9
	0.02



	Energy balance 30 d, Mcal/d
	0.6 a
	−4.5 b
	1.7
	0.01



	NEFAs, µEq/L
	414.0
	437.0
	47.7
	0.74



	Insulin, pg/mL
	20.1
	14.2
	2.0
	0.06



	Cortisol, ng/mL
	7.8
	6.8
	1.8
	0.69



	MDA, µM
	224.3
	388.2
	91.6
	0.25



	TNF-α, pg/mL
	375.8 b
	1289.3 a
	161.6
	0.001







NEFAs = Non-esterified fatty acids; MDA = Malondialdehyde; TNF-α = Tumor necrosis factor alpha. a,b Different letters within a row are significant at p ≤ 0.05.
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Table 2. Relative mRNA expression in adipose tissue (AT) at 7 d PP in cows calving during summer or winter.
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RQ

	
Summer

	
Winter

	
SEM

	
p






	
ECS genes




	
CNR1

	
0.035 a

	
0.064 b

	
0.007

	
0.01




	
CNR2

	
0.176 a

	
0.331 b

	
0.037

	
0.009




	
MGLL

	
0.551 a

	
0.992 b

	
0.127

	
0.03




	
FAAH

	
0.008

	
0.010

	
0.002

	
0.57




	
NAPEPLD

	
0.012

	
0.015

	
0.003

	
0.42




	
PPARA

	
0.073

	
0.056

	
0.013

	
0.36




	
Inflammatory genes




	
TRPV1

	
0.210 a

	
0.487 b

	
0.051

	
0.001




	
TNFA

	
0.003

	
0.003

	
0.001

	
1.00




	
CD68

	
0.241

	
0.465

	
0.093

	
0.10




	
NFKB

	
0.148

	
0.088

	
0.034

	
0.24




	
Oxidative stress genes




	
SOD1

	
0.519

	
0.492

	
0.068

	
0.78




	
NRF2

	
0.244

	
0.151

	
0.069

	
0.36




	
STIP1

	
0.741

	
0.919

	
0.088

	
0.17




	
MAP2K

	
2.501 a

	
1.788 b

	
0.171

	
0.009




	
GSTM1

	
0.106

	
0.086

	
0.040

	
0.73








CNR1 = cannabinoid-1 (CB1) receptor; CNR2 = cannaboid-2 (CB2) receptor; FAAH = Fatty acid amide hydrolase; MGLL = Monoglyceride Lipase; NAPEPLD = N-acyl phosphatidylethanolamine-specific phospholipase D; PPARA = Peroxisome proliferator-activated receptor alpha; TRPV1 = Transient receptor potential cation channel subfamily V member 1; TNFA = tumor necrosis factor alpha; CD68 = Cluster of Differentiation 68; NFKB = Nuclear factor kappa-light-chain-enhancer of activated B cells; SOD1 = Superoxide Dismutase1; STIP1 = Stress Induced Phosphoprotein1; MAP2K = Mitogen-activated protein kinase; GSTM1 = Glutathione S-Transferase Mu 1. a,b Different letters within a row are significant at p ≤ 0.05.
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Table 3. Average concentrations of endocannabinoids (eCBs) in AT and plasma at 7 d PP from cows calving in winter (n = 9) or summer (n = 9).
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Winter

	
Summer

	
SEM

	
p






	
Adipose tissue




	
AEA, fmol/mg

	
1.6

	
3.3

	
1.5

	
0.429




	
2-AG, nmol/mg

	
199.7

	
199.0

	
49.0

	
0.992




	
OEA, pmol/mg

	
148.2

	
238.6

	
84.5

	
0.461




	
PEA, pmol/mg

	
34.3

	
66.7

	
21.2

	
0.295




	
AA, nmol/mg

	
1097.0

	
1023.2

	
176.7

	
0.773




	
Plasma




	
AEA, fmol/mL

	
308.6

	
443.9

	
67.9

	
0.178




	
2-AG, nmol/mL

	
16.8

	
13.9

	
2.1

	
0.350




	
OEA, pmol/mL

	
65.4

	
62.4

	
5.4

	
0.694




	
PEA, pmol/mL

	
1698.9

	
1186.1

	
579.9

	
0.544




	
AA, nmol/mL

	
251.5

	
260.8

	
28.2

	
0.820








AEA = Anandamide; 2-AG = 2-Arachidonoylglycerol; OEA = Oleoylethanolamide; PEA = Palmitoylethanolamide; AA = Arachidonic acid; fmol = femtomole; pmol = picomole.
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Table 4. Dry matter intake, milk production, energy balance, plasma concentrations of metabolic and stress indicators, rectal temperature, resting time, respiration rate and rumination time in cooled vs. heat-stressed late-lactation cows.
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	Cooled
	Heat Stressed
	SEM
	p





	Dry matter intake, kg/d
	28.7 a
	24.8 b
	0.6
	0.0005



	Milk production, kg/d
	32.3 a
	28.9 b
	0.9
	0.02



	Fat corrected milk (4%), kg/d
	28.1 a
	24.0 b
	1.4
	0.05



	Energy balance, Mcal/d
	15.2 a
	12.6 b
	0.9
	<0.0001



	BW gain, kg
	3.5
	13.2
	5.9
	0.26



	NEFAs, µEq/L
	136.0
	120.6
	6.4
	0.10



	Glucose, mg/dL
	62.8
	59.3
	1.8
	0.19



	Cortisol, ng/mL
	1.09
	1.03
	0.04
	0.35



	MDA, µM
	3.8
	4.9
	0.8
	0.38



	TNF-α, pg/mL
	163.6
	154.0
	8.4
	0.43



	Rectal temperature, morning
	37.8 b
	38.5 a
	0.08
	<0.0001



	Rectal temperature, afternoon
	38.4 b
	39.1 a
	0.08
	<0.0001



	Resting time, min/d
	586.7
	543.2
	18.7
	0.11



	Respiration rate, morning
	28.6 b
	43.1 a
	3.2
	0.005



	Respiration rate, afternoon
	48.6
	58.6
	3.8
	0.08



	Rumination time, min/d
	517.5
	512.9
	9.8
	0.7







NEFAs = Non-esterified fatty acids; MDA = Malondialdehyde; TNF-α = Tumor necrosis factor alpha; BW = Body weight. a,b Different letters within a row are significant at p < 0.05.













[image: Table] 





Table 5. Relative mRNA expression in AT of cooled vs. heat-stressed late-lactation cows.






Table 5. Relative mRNA expression in AT of cooled vs. heat-stressed late-lactation cows.





	
RQ

	
Cooled

	
Heat Stressed

	
SEM

	
p






	
ECS genes




	
CNR1

	
0.033

	
0.030

	
0.007

	
0.80




	
CNR2

	
0.303

	
0.283

	
0.038

	
0.71




	
MGLL

	
0.286

	
0.149

	
0.091

	
0.31




	
FAAH

	
0.007

	
0.007

	
0.002

	
0.94




	
NAPEPLD

	
0.028

	
0.017

	
0.007

	
0.30




	
PPARA

	
0.096

	
0.059

	
0.027

	
0.38




	
Inflammatory genes




	
TRPV1

	
0.091

	
0.080

	
0.015

	
0.63




	
TNFA

	
0.004

	
0.005

	
0.001

	
0.73




	
NFKB

	
0.045

	
0.038

	
0.012

	
0.68




	
Oxidative stress genes




	
STIP1

	
0.670

	
0.691

	
0.064

	
0.81




	
MAP2K

	
1.116

	
0.746

	
0.204

	
0.23
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Table 6. Average concentrations of eCBs in AT (n = 6 per group), plasma (n = 6 per group) and milk (n = 10 per group) from cooled vs. heat-stressed late-lactation cows.
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Cooled

	
Heat Stressed

	
SEM

	
p






	
Adipose tissue




	
AEA, fmol/mg

	
0.3

	
0.2

	
0.06

	
0.27




	
2-AG, nmol/mg

	
164.2

	
159.6

	
35.6

	
0.93




	
OEA, pmol/mg

	
32.3

	
25.6

	
6.5

	
0.48




	
PEA, pmol/mg

	
5.2

	
6.8

	
1.9

	
0.57




	
AA, nmol/mg

	
0.5

	
0.5

	
0.1

	
1.00




	
Plasma




	
AEA, fmol/mL

	
95.2

	
99.8

	
12.4

	
0.80




	
2-AG, nmol/mL

	
4.7

	
5.1

	
0.5

	
0.57




	
OEA, pmol/mL

	
25.4

	
28.8

	
6.4

	
0.71




	
PEA, pmol/mL

	
1.3

	
3.1

	
1.2

	
0.31




	
AA, nmol/mL

	
178.8

	
186.0

	
21.1

	
0.81




	
Milk




	
AEA, fmol/mL

	
13.4

	
18.3

	
5.6

	
0.55




	
2-AG, nmol/mL

	
29.2

	
50.3

	
7.5

	
0.06




	
OEA, pmol/mL

	
5.3

	
5.6

	
0.8

	
0.80




	
PEA, pmol/mL

	
14.4

	
11.0

	
1.8

	
0.20




	
AA, nmol/mL

	
61.6

	
58.7

	
8.4

	
0.81








AEA = Anandamide; 2-AG = 2-Arachidonoylglycerol; OEA = Oleoylethanolamide; PEA = Palmitoylethanolamide; AA = Arachidonic acid.
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