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Abstract

:

This study aimed to assess the effect of exercise on serum electrophoretic protein pattern, C-reactive protein (CRP) and platelet aggregation in horses subjected to a jumping exercise. The possible relationship between acute-phase reactions and platelet reactivity in the context of exercise was investigated. Blood samples were collected from 10 jumper horses at rest (TREST), within 5 min from the end of exercise (TPE5), and 30 min (TPE30) and 60 min after exercise (TPE60). The serum values of total proteins; CRP; albumin; α1-, α-2, β1-, β2- and γ-globulins; and the maximum degree of aggregation and the initial velocity of aggregation (slope) were evaluated. According to one-way analysis of variance, CRP and α1-, α-2, β1- and β2-globulins increased after exercise compared with rest condition (p < 0.001), whereas albumin and platelet aggregation showed lower values after exercise than at rest (p < 0.001). CRP and α1-globulin values were negatively correlated with both platelet aggregation indices at TPE5, whereas no significant correlation among these parameters was found at TREST, TPE30 and TPE60. This study provides evidence that an acute-phase response occurred in horses after the jumping exercise and suggests a linkage between the inflammatory status and the platelet responsiveness in horses during exercise.
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1. Introduction


A number of external and internal factors negatively disturb the homeostatic equilibrium of organisms, causing the so-called state of stress. Stressful events perturb an organism’s welfare status and induce energy-consuming mechanisms to counter the onset of ill effects [1]. Several stress markers that indicate that an individual is not in physiological comfort are considered and investigated in order to study the stress response of organisms and their capability to restore homeostasis [2]. Indeed, events starting from the disturbance of homeostasis initiate a series of reaction cascades involving oxidative, inflammatory and proteomic reactions [2,3,4,5,6]. These stress-induced reactions are well orchestrated and so interlinked that the generation of one compound influences the formation of another one. One example is represented by the generation of pro-inflammatory interleukins that influence the production of anti-inflammatory counterparts [4]. Among the several effects of the inflammatory reaction to stress conditions, the onset of an acute-phase response (APR) is well known. The APR is a rapid and non-specific response to any kind of injury [7] during which acute-phase proteins (APPs) are produced in the liver following the activation of receptors on various target cells by pro-inflammatory cytokines. The serum protein pattern generated by the serum electrophoresis analysis gives a good picture of the acute-phase serum protein response. Serum proteins include four fractions, namely albumin and alpha (α)-, beta (β)- and gamma (γ)-globulin fractions [8]. The α-globulin fraction includes the C-reactive protein (CRP) known as a positive APP since its concentration increases during an inflammatory response [7]. In horses, the CRP is a moderate APP and an increase in its concentration has been reported after castration, in enteritis, arthritis, laminitis and induced inflammation [9]. A reaction analogous to the APR in inflammatory conditions has also been reported after exercise in humans [10,11] and in athletic horses [12,13]. As a matter of fact, physical exercise induces various stress responses and metabolic adaptations. Depending on the duration, intensity and type of physical exercise, as well as on the training condition of the subject, equine metabolism has to adapt to nervous, cardiovascular, hemostatic, endocrine and respiratory system requirements. The exercise-induced APR has been characterized by changes in pro-inflammatory and anti-inflammatory cytokines, CRP and other acute-phase proteins, including albumin, fibrinogen and serum amyloid A [11,12]. Similarly to APPs, the platelet parameters are markers reflecting the systemic inflammatory response besides the activity/severity of many diseases [14,15]. Though many reports have been published on the effects of physical exercise on hemostasis and acute-phase proteins in horses, few studies have included in the same experimental protocol the simultaneous evaluation of CRP, albumin, globulin fractions and platelet aggregation. Specifically, data regarding the linkage between platelet activation indices and inflammatory markers are scarce and contradictory [16,17,18]. Moreover, in horses, the change in serum CRP together with electrophoretic protein pattern, including indirect markers of activation of inflammation and immunity, and their relationship with platelet activity have not been characterized in the context of exercise.



On the basis of such considerations, the aims of this study were (i) to evaluate the dynamic change in serum CRP, total proteins, albumin, globulin fractions, the maximum degree of platelet aggregation and the initial velocity of aggregation in response to exercise in well-trained jumper horses; and (ii) to assess whether the serum concentrations of CRP, albumin and globulin fractions are correlated with the platelet activity indices in order to clarify if and how platelet aggregation is modulated by inflammation status in athletic horses following physical exercise.




2. Materials and Methods


Ten Italian saddle horses (geldings; 7–10 years; mean body weight 465 ± 60 kg) from the same horse training center were enrolled in this study with the owner’s informed consent. All animals enrolled in the study were healthy as assessed by the clinical examination, routine hematology and biochemistry analyses performed at rest conditions. All horses were kept in individual boxes (3.50 × 3.50 m2) and fed as described previously [12]. Horses were subjected to a standardized obstacle course preceded by a warm-up consisting of walking, trotting and galloping, including six jumps (5 verticals, 4 long jumps) of 0.80–1.20 m height and 1.15 m width. The exercise consisted of a 350 m long trail with eleven 1.25 high jumps (five vertical jumps, five long jumps and one double vertical and long jump). From each horse, blood samples were collected at rest (TREST), within 5 min from the end of exercise (TPE5), and 30 min and 60 min after exercise (TPE30 and TPE60, respectively) by jugular vein puncture into vacutainer tubes with a clot activator (Terumo Corporation Japan, Tokyo, Japan) for the assessment of serum concentrations of C-reactive protein (CRP), total proteins and globulin fractions, and into 3.6 mL tubes containing 3.8% sodium citrate (1 part citrate/9 parts blood) for platelet aggregation measurements. Blood samples collected into vacuum tubes containing clot activator were allowed to clot for 20 min at room temperature prior to centrifugation at 3000 rpm for 10 min and the obtained sera were stored at −20 °C until analysis. Through an ELISA kit specific for equine species (ab190527—CRP Horse ELISA kit, abcam, Boston, MA, USA; sensitivity 1.198 ng/mL, intra-assay coefficient of variation <10%, inter-assay coefficient of variation <10%), the serum concentration of C-reactive protein (CRP) was determined by a micro-well plate reader (Sirio, SEAC, Florence, Italy). The serum values of total protein were investigated by the Biuret method through an automated UV spectrophotometer (Slim, SEAC, Florence, Italy; commercially available kit, Biosystems S.A., Barcelona, Spain). The electrophoresis of serum protein fractions was performed through an automated system (Selvet 24, Seleo Engineering, Naples, Italy) following the procedures defined by the manufacturer as previously described [19]. Albumin and α1-, α-2, β1-, β2- and γ-globulins were the major protein fractions obtained. The determination of platelet aggregation was performed by obtaining platelet-rich plasma (PRP) and platelet-poor plasma (PPP) by centrifugation of blood samples collected into tubes containing 3.8% sodium citrate. The detailed description of the complete methodology was previously described [20,21]. Platelet aggregation response was evaluated by an analysis of the maximum degree of aggregation and the initial velocity of aggregation (slope, expressed in percentage/min) [20].



Statistical Analyses


Data were normally distributed (Shapiro–Wilk test, p > 0.05) and one-way analysis of variance for repeated measures was applied to assess significant effects of exercise on the serum concentrations of CRP, total proteins, albumin and globulins (α1-, α-2, β1-, β2-, γ-globulins) and on platelet aggregation. Pearson’s correlation coefficients were applied to assess the relationship between the investigated serum parameters (i.e., CRP and proteins fractions) and the values of platelet aggregation indices obtained in horses at each sampling time. A linear regression model (y = a + bx) was applied as well. Values of p less than 0.05 were considered statistically significant. p values <0.05 were considered statistically significant. The statistical analysis was performed using the software Prism v. 9.00 (Graphpad Software Ltd., San Diego, CA, USA, 2020).





3. Results


A significant effect of exercise (p < 0.001) on the serum concentration of CRP, albumin and α1-, α-2, β1- and β2-globulins, and on platelet aggregation, was found, while no statistical significance was observed for the serum concentration of total proteins, A/G ratio or slope (p > 0.05). Specifically, the serum values of CRP and α1-, α-2, β1- and β2-globulins increased after exercise with respect to the rest condition (p < 0.001, Figure 1); decreased values of albumin were observed after exercise compared to at rest (p < 0.001, Figure 1). Platelet aggregation exhibited lower levels after exercise than at rest (p < 0.001, Figure 2). The serum CRP and α1-globulins values showed a significant negative correlation with both platelet aggregation indices (i.e., the maximum degree of aggregation and the initial velocity of aggregation, slope) immediately after the end of exercise (TPE5), while these relationships lost statistical significance at the rest condition and after 30 and 60 min from the end of exercise. Moreover, no significant correlation among the platelet activation indices and albumin and α-2, β1- and β2-globulins was found at each time point of the experimental period. The linear regression model applied on the obtained data confirmed these results (Figure 3, Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8).




4. Discussion


The innate immune system elicits certain key and prompt responses to defend the body against infection, inflammation, tissue injury and stress from exercise [13]. These systemically activated and complex early defensive responses, termed acute-phase responses, are promoted by APPs, which are serum components, produced primarily by hepatocytes [22,23]. The serum concentration of positive APPs, mainly included in the α-globulin fraction, markedly increases following inflammation [22], whereas the serum values of negative APPs, such as albumin, decrease in response to inflammation as well as stress [23]. Many researchers revealed the influence of these proteins on human and animal physiology, resulting in them being termed “molecular thermometers” [22,23,24,25]. Recent studies carried out on animals pointed out the sensitivity of different APPs, suggesting them as strong markers of herd health in large animals and proposing them as optimum markers of stress conditions [25,26,27]. The results gathered in the current study showed a significant effect of exercise on all investigated parameters with the exception of serum total proteins, γ-globulins, A/G ratio and slope values. The concentrations of all the investigated parameters fall within the physiological range proposed for the equine species and are in agreement with the findings reported in a previous investigation carried out on athletic horses [19]. The analysis of protein electrophoretograms obtained from serum samples of horses after exercise showed a remodeling of the different factions within the protein pool. As a matter of fact, though the concentration of total proteins did not undergo a significant variation during the experimental period, albumin and α1-, α2-, β1- and β2-globulin fractions increased after exercise while albumin showed an opposite trend. Albumin is known as a negative APP, whereas the α- and β-globulin fractions are known to include both positive and negative APPs including haptoglobin, C-reactive protein, serum amyloid A, ceruloplasmin, fibrinogen, alpha 1-acid glycoprotein, complement proteins and transferrin. According to the results gathered in the current study, the CRP also showed increased serum values after exercise. In the context of exercise, increases in CRP concentrations have been shown in sled dogs [28,29] and in humans after exhausting exercise, but not in typical training [30,31], whereas any change in CRP values has been found after limited- and long-distance endurance rides in horse [32]. In agreement with previous findings [12], the results gathered in the present study suggest that jumping exercise induces an inflammation-like state, reinforcing the supposition that this kind of exercise reflects a classical APR in athletic horse. It is well known that the APR, in addition to its important functions to fight bacterial and viral infections, also stimulates clearance of injured tissue, setting the stage for tissue restoration and growth [33]. These latter activities might theologically explain why an APR is initiated by exercise. Regarding the mechanism orchestrating the activation of APR following exercise, it is widely accepted that intense physical activity is able to induce this response through the induction of interleukin-6 [3,34]. Together with the increase in pro-inflammatory interleukins, exercise also leads to an augmentation of several anti-inflammatory mediators, such as Il-1 receptor antagonist [13,35]. Thus, during physical exercise, it seems like a parallel “protective” anti-inflammatory counter-regulation occurs within the APR. It has been proposed that exercise-induced muscle injury was the primary stimulus for the release of IL-6 and the cascade reactions that this interleukin entails. It has been assumed that the signals generated by muscles during exercise lead to IL-6 release regardless of the presence of muscle damage [36]. Subsequently, muscle damage per se elicits a repair response, including macrophage entry into the muscle, causing further IL-6 production [36]. The exercise-activated muscle has been also suggested to modulate platelets’ reactivity. According to the results obtained herein, decreased platelet aggregation values were found after exercise compared with the rest condition, whereas no significant changes in slope were observed. These results complied with the findings obtained in previous studies carried out on athletic horses [21,30].



The blood hemoconcentration occurring during physical exercise leads to an increased concentration of sodium citrate, resulting in a lowered ionized calcium level and, consequently, decreased platelet aggregation [37]. Moreover, the catecholamine increase known to occur during exercise could contribute to the decrease in platelet aggregation after physical activity [38,39,40]. As a matter of fact, increased adrenaline levels result in decreased platelet aggregation, probably due to adrenergic receptor downregulation [38]. Noradrenaline is capable of exciting endothelial cells to release two strong potent inhibitors of platelet aggregation (i.e., nitric oxide and prostacyclin) [39]. Effectively, the increased prostacyclin production and plasma nitric oxide metabolites may suppress platelet reactivity [40]. It is likely that the changes observed in platelet reactivity represent a protective endothelial mechanism of the organism through the production of nitric oxide in response to physical exercise. Noteworthy in this survey is that platelet aggregation and slope showed a strong negative correlation with the serum values of CRP and α1-globulins after exercise, suggesting a link between inflammatory status and platelet responsiveness during exercise. These relationships immediately after exercise (within 5 min from the end of exercise) could be due to the high adaptation response of the body systems of horses, including the inflammatory and hemostatic systems, because of the recent stressful event (i.e., physical activity). As a matter of fact, the significant relationship among the investigated parameters was lost in the other conditions (at rest) and after 30 and 60 min from the end of the exercise, when the horse’s homeostasis is recovering. It must be taken into account that the horses enrolled in the present study were regularly trained with a standard training program; thus, the biochemical adaptation to the stress induced by physical exercise may have been optimized by training.



A possible inflammatory–thrombotic link has been proposed in a study on human blood ex vivo and in murine blood in vivo in which a monocyte–platelet aggregation promotion by CRP has been demonstrated [17]. An in vitro study investigating the role of CRP in thrombus formation on different vascular substrates under flow conditions suggested that the CRP has contrasting effects on thrombus formation according to its conformation. Whereas native CRP had no effect, the monomeric forms of CRP strengthened the activation and adhesion of platelet as well as thrombus growth under arterial flow conditions [41]. It has been demonstrated that circulating blood native CRP could be transformed into prothrombotic monomeric CRP under flow conditions on the surface of platelets attached to collagen [42]. In addition to collagen, other substrates that trigger platelet adhesion and aggregation also support CRP dissociation [18]. It has been suggested that a vascular injury with mural platelet adhesion can induce a dissociation of native CRP into monomeric CRP, highlighting that this dissociation is dependent on deposited activated platelets [18]. Contrariwise, dated investigations showed that the effect of CRP on platelet aggregation is not consistent with enhanced thrombosis as, when applied to platelets, CRP suppresses aggregation [43,44]. The results gathered in another in vitro study indicated that CRP inhibits platelet-activating factor-induced platelet aggregation and lysophosphatidylcholine-induced platelet lysis [16]. It has been hypothesized that this APP contrasts the tissue damage by binding to membrane phospholipids, thus stabilizing cellular membranes against the detergent-like effect of lysolipids.



Though further investigations enrolling a larger study population are advocated to better highlight the associations found herein, the results gathered in the current study seem to denote a normal response with no pathological significance in the athletic horses.




5. Conclusions


The present study provides evidence that APR occurred in horses after jumping exercise. This exercise-induced APR should be taken into consideration to maintain the welfare state of the horse, especially in light of the significant negative correlation found between the platelet aggregation indices and the serum concentration of CRP and α1-globulin after exercise. These correlation results suggest a linkage between the inflammatory status and the platelet responsiveness during exercise in horses. As the α1-globulin fraction includes many other APPs in addition to CRP, the negative correlation found between this globulin fraction and platelet activity advocates further studies in order to assess if and which other APPs could interact with hemostatic activity during exercise. Moreover, considering that the nature and the extent of the modifications in APR and platelet aggregation depend on the exercise type and intensity, further investigations are needed to better delineate the mechanisms by which physical activity affects the inflammatory process and to yield a full understanding of the correlation between APR and platelet reactivity in athletic horses subjected to different workloads.
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Figure 1. Mean values serum total proteins, C-reactive protein, albumin, globulin fractions and albumin/globulin ratio (A/G) (±SEM) obtained from horses at rest condition (TREST), within 5 min from the end of exercise (TPE5) and 30 min (TPE30) and 60 min after exercise (TPE60). Significant effect of exercise (p < 0.001): a vs. TREST; b vs. TPE5; c vs. TPE30. 
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Figure 2. Mean values ± standard error of the mean (±SEM) of platelet aggregation and slope values obtained from horses at rest condition (TREST), within 5 min from the end of exercise (TPE5) and 30 min (TPE30) and 60 min after exercise (TPE60). Significant effect of exercise (p < 0.001): a vs. TREST; b vs. TPE5; c vs. TPE30. 
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Figure 3. Linear regression results found between the serum concentration of C-reactive protein and the values of platelet aggregation and slope obtained from horses at rest condition (TREST), within 5 min from the end of exercise (TPE5) and 30 min (TPE30) and 60 min after exercise (TPE60). 
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Figure 4. Linear regression results found between the serum concentration of albumin and the values of platelet aggregation and slope obtained from horses at rest condition (TREST), within 5 min from the end of exercise (TPE5) and 30 min (TPE30) and 60 min after exercise (TPE60). 
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Figure 5. Linear regression results found between the serum concentration of α1-globulin fraction and the values of platelet aggregation and slope obtained from horses at rest condition (TREST), within 5 min from the end of exercise (TPE5) and 30 min (TPE30) and 60 min after exercise (TPE60). 
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Figure 6. Linear regression results found between the serum concentration of α2-globulin fraction and the values of platelet aggregation and slope obtained from horses at rest condition (TREST), within 5 min from the end of exercise (TPE5) and 30 min (TPE30) and 60 min after exercise (TPE60). 
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Figure 7. Linear regression results found between the serum concentration of β1-globulin fraction and the values of platelet aggregation and slope obtained from horses at rest condition (TREST), within 5 min from the end of exercise (TPE5) and 30 min (TPE30) and 60 min after exercise (TPE60). 
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Figure 8. Linear regression results found between the serum concentration of β2-globulin fraction and the values of platelet aggregation and slope obtained from horses at rest condition (TREST), within 5 min from the end of exercise (TPE5) and 30 min (TPE30) and 60 min after exercise (TPE60). 
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