Relation between redox potential and natural antibody levels in goat kid serum
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Abstract
Redox potential and natural antibody (NAb) levels are parameters, together with others, commonly tested to verify the physiological response to stressful situations determined by farming conditions or research needs. In this paper, the redox potential, assessed by different spectrophotometric methods, has been related to NAb levels together with total immunoglobulin (tot-Ig) levels, in goat kid serum.
Reactive oxygen metabolites (ROMs) and ceruloplasmin (CP) oxidase activity were significantly associated with NAb-IgG and NAb-IgM. Nitric oxide metabolites (NOx) and total thiol levels (TTLs) were significantly related to NAb-IgM and tot-IgM, and with NAb-IgG, respectively. A tendency was shown between ROMs and tot-IgM, and between CP and tot-IgM, where, however, the significance levels were above the cut-off values. Total oxidant status (TOS), total antioxidant activity (TAA), determined by the ABTS-based method, ferric reducing ability of plasma (FRAP), and free radical scavenging activity (FRSA) were associated with neither NAb nor tot-Ig. The obtained results are discussed in light of the possible linkage between the (anti)oxidant status and the innate immune system in goats.
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1. Introduction
In physiological processes, mitochondrial respiration is the main source of reactive species (RS), derived from both oxygen (ROS) and nitrogen (RNS) (Balaban et al., 2005). Furthermore, RS play a key role not only within the regulation of cell signalling events involved in homeostasis, and in cell proliferation and differentiation, but also within the inflammatory process and immune response (Korhonen et al., 2005; Touyz, 2005). The correct functioning of the immune system is key within the defence against pathogens in living organisms. The energy spent on the activity of the immune system is withdrawn from other physiological functions, like growth and reproduction (Klasing, 2004). In vertebrates, the first activation pathway of the immune system is related to the rapid synthesis of pro-oxidants by phagocytic cells in what is referred to as respiratory burst, which might rapidly produce large amounts of ROS and RNS. In the respiratory burst, RS not only act as antimicrobial (Nathan and Cunningham-Bussel, 2013) but are also accountable for the diapedesis of the immune cells and their retention at the location of the infection (Nathan and Cunningham-Bussel, 2013). Even though RS have a central role in the host’s defence against pathogens, they represent a risk for the organism since RS can cause oxidative damages to self-molecules, such as lipids, proteins, and DNA, modifying their structures and physiological functions. Therefore, the respiratory burst must be properly balanced by an appropriate antioxidant system that forestalls any oxidative damage caused by far more oxidants. In livestock, several physiological and stressful conditions have been identified as causative agents for the overproduction of oxidant substances. These conditions ultimately result in oxidative stress (OS) based on an imbalance of redox potential and a defect in delaying, preventing and repairing the resulting oxidative damages (Lykkesfeldt and Svendsen, 2007; Soffler, 2007; Celi, 2011). 
Together with the respiratory burst, natural antibodies (NAb) are also considered primary agents in the defence against pathogens, being responsible for the neutralization of antigens and activation of the complement system (Oschenbein and Zinkernagel, 2000). NAb represent a linkage between the innate and acquired immune system because they can recognize a specific antigen without apparent prior exposure to it (Boes, 2000) and are characterized by a large repertoire of specificity with reduced binding affinity (Boes, 2000; Cecchini et al., 2016). In livestock, since NAb are involved in the first line of defence against pathogens, their assessment was introduced for the evaluation of health status and production traits of animals (van Knegsel et al., 2012; Machado et al., 2014; van der Klein et al., 2015; Cecchini et al., 2016; Haunshi et al., 2019; Reyneveld et al., 2020). 
Immunoenzymatic methods are the most commonly applied assays for assessing NAb levels. In these assays, foreign substances are usually applied as antigens to coat microtitre wells, that is, with which the animal has never come into contact, so much so as to be considered immunologically naive. In this respect, 2,4,6-trinitrophenyl (TNP), a hapten of synthetic origin, was identified as the antigen with the stronger immunoreactivity to NAb in goat serum (Cecchini et al., 2019b).
Although the linkage between redox regulation and immune system activity is described (Gostner et al., 2013), the relation between redox potential and immunological parameters, or more specifically NAb levels, is poorly understood.
In light of all this, the aim of this study was to verify the possible relation between redox potential, assessed by different methods commonly intended for both clinical and experimental purposes, and NAb levels, together with tot-Ig levels, in goat kid serum. The analyses were performed on young specimens since their oxidant levels are lower than those of adult animals (Soriano et al., 2015), thus reducing any unknown influences caused by environmental factors that cannot be controlled in field conditions.
In addition to redox potential, ceruloplasmin oxidase activity was also assessed for its well-known antioxidant activity directed against myeloperoxidase, responsible for oxidant production during inflammatory processes.

2. Materials and methods
2.1 Animals and blood sampling
Twenty-five kids of the Camosciata delle Alpi breed, aged three months and an average weight of 15.0 ± 1.0 kg, were randomly chosen from a population housed indoors in a commercial farm. Following the farm procedures, the kids were naturally suckled and further fed with pasture hay ad libitum and with 300 g die−1 of a commercial concentrate. Health status was assessed by clinical examination, in particular by ensuring that they were free from internal and external parasites. Blood samples were collected from the external jugular vein in tubes without anticoagulants. After clotting, blood samples were centrifuged (3000 rpm for 10 min at 4 °C) and the resulting sera were stored at -80 °C until analyses. This study was conducted following the guidelines of the European legislation regarding the protection of animals used for scientific purposes (European Directive 2010/63), as transposed into the Italian law (DL 2014/26). 
2.2 Evaluation of the (anti)oxidant parameters 
The evaluation of the (anti)oxidant parameters has been described in detail by Cecchini and Fazio (2021), following the original methods with slight modifications.
Reactive oxygen metabolites (ROMs) and total oxidant status (TOS), as measures of hydroperoxide content (Alberti et al., 2000; Erel, 2005), are presented in terms of tert-butyl hydroperoxide (t-BHP) equivalents. Nitric oxide radical (NO•) metabolites (NOx), namely nitrite and nitrate (NOx), measured with the acidic Griess reaction-based assay, are reported as sodium nitrate (NaNO3, μM) equivalents (Miranda et al., 2001). Ferric reducing ability of plasma (FRAP) is expressed as iron(II) sulfate heptahydrate (FeSO4•7H2O, μM) equivalents (Benzie and Strain, 1996). Total antioxidant activity (TAA), determined applying the ABTS-based assay, is expressed in terms of Trolox (mM) equivalents (Re et al. 1999). Free radical scavenging activity (FRSA) was assessed by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) reduction assay and reported in terms of percentage of DPPH absorbance decrease (Blois, 1958). Total thiol levels (TTLs), assessed by the 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) method, are expressed in µM (Hu, 1994). Ceruloplasmin (CP) oxidase activity was estimated by the use of o-dianisidine dihydrochloride (ODD) and expressed in units per mL (U mL-1) in terms of consumed substrate (Schosinsky et al., 1974).
2.3 Evaluation of natural antibody (NAb) and total immunoglobulin (tot Ig) levels
A detailed description of the immunoenzymatic assays applied for the evaluation of the NAb and tot Ig levels, both IgG- and IgM-isotypes, has been provided by Cecchini et al. (2019b). In these assays, the microtitre plates were coated with 2,4,6-trinitrophenyl bovine serum albumin (TNP-BSA) and with an optimized dilution of sera for NAb and tot Ig assessment, respectively. To discriminate IgG- and IgM-isotypes, both for NAb and total Ig levels, two polyclonal Ab anti-goat IgG- anti-goat IgM-HRP were applied before enzymatic reaction.
2.4 Statistical analysis
Normal distribution and variance homogeneity were evaluated using the Shapiro-Wilk and Leven’s tests, respectively. Any possible correlations between assessed (anti)oxidant parameters and NAb and tot Ig levels were evidenced by linear regression procedure (SigmaPlot Version 11.0), with a probability level of p < 0:05 considered significant. 

3. Results
The (anti)oxidant parameters and the NAb and tot-IG levels in goat kid serum are presented in Figures 1 and 2, respectively. Each graph plots the median, 10th, 25th,75th, and 90th percentiles as vertical boxes with error bars. As shown, the values of each parameter were strongly scattered around the mean, indicating a high inter-individual variation.
Table 1 shows the correlation coefficients between the (anti)oxidant parameters, together with CP oxidase activity, vs. NAb and tot-Ig levels, both IgG- and IgM-isotypes. Among the (anti)oxidant parameters, TOS, FRAP, TAA and FRSA were not correlated with any of the assessed immune parameters. ROMs were significantly associated with NAb-IgG and NAb-IgM (p < 0.05 and < 0.01, respectively), similarly to CP, where significance levels were higher (p < 0.001 and < 0.01, respectively). NOx and TTLs were associated with NAb-IgM (p < 0.05) and tot-IgM (p < 0.01), and with NAb-IgG (p < 0.05), respectively. Moreover, a tendency was shown between ROMs and tot-IgM, and between CP and tot-IgM, where the significance levels were above the cut-off values (p = 0.059 and p = 0.097, respectively).

4. Discussion
The present study focused on the relation between the redox potential, assessed by different spectrophotometric methods, and CP oxidase activity with IgG- and IgM-isotypes of NAb and tot-Ig levels in goat kid serum.
As for the methods applied for redox potential assessment, these assays, borrowed from human medicine, are now commonly used also in veterinary medicine for clinical or scientific purposes. These methods return a single analytical data representing the cumulative activity of all the molecules having oxidant/antioxidant actions in the biological samples (Cecchini and Fazio, 2021). In these assays, while the oxidant potential of the sample is the result of the cumulative activity of all the compounds capable of oxidizing a chemical substance contained in the assay solution, the antioxidant potential of the sample represents the overall ability in reducing an oxidized chemical compound or its capacity to scavenge free radicals (Alberti et al., 2000; Erel, 2005; Ghiselli et al., 2000).
Current results showed a significant association between some of the (anti)oxidant parameters and NAb and tot-Ig levels. Among these, ROMs, NOx, TTLs and CP oxidase activity appear to be valid tools to study the linkage between redox potential and the assessed immunological parameters in healthy goat kids. It should also be noted that, even if the ROM test is extensively applied for the assessment of the total oxidant status, its usefulness is hotly debated due to an ascertained analytical interference with CP and other serum components that may responsible for unrealistic results (Kilk et al., 2014). This possible interference has recently been suspected also in goat serum, in which a strong correlation (p < 0.001) between ROMs and CP oxidase activity was evidenced (Cecchini and Fazio, 2021).
Some studies have shown a possible relationship between NAb levels and the emergence of infectious diseases and metabolic disorders, as well as production traits in livestock (van Knegsel et al., 2012; Thompson-Crispi et al., 2013; Machado et al., 2014; van der Klein et al., 2015; Van Altena et al., 2016; Reyneveld et al., 2020) and between acquired antibody responsiveness and NAb levels (Parmentier et al., 2004; Siwek et al., 2006; de Jong et al., 2013).
Furthermore, the acquired immune response was related to redox potential. In this regard, a linkage between the circulating levels of antioxidants and the specific immunological performance was demonstrated in dogs, in which the total antioxidant status, assessed by FRAP assay, and vaccine-specific virus-neutralizing antibody levels increase in antioxidant-supplemented animals (Heaton et al., 2002).
As a result of stress, OS indices and immune parameters can lead to different findings. In humans, the exercise-induced OS is accompanied by suppression of cellular immunity immediately after the end of the exercise and in the early recovery period, in which both lipid peroxidation levels and total antioxidant status increase (Vider et al., 2001). Likewise, Cecchini et al. (2019a) showed that respiratory burst, total antioxidant status, and albumin content increased as a consequence of transient dexamethasone-induced stress in laying hens, while NAb-IgM levels and the specific antibody response against not-self proteins decreased. In the same paper, the importance of dietary intake of antioxidants is highlighted; the negative effects of the induced stress can be counteracted by the use of dietary nutraceutical compounds whose high content of antioxidants is demonstrated (Cecchini et al., 2014), with ameliorative effects on both immunological and redox balance parameters (Cecchini et al., 2019a). Since antioxidants preserve immune cells against homeostatic disorders caused by OS, the adoption of tests showing the total antioxidant status versus immune system assessment should be considered essential for the evaluation of the health status of animals. Furthermore, as regards our findings, NOx levels, the end products of NO oxidation, and CP oxidase activity, a multifunctional protein with relevant inhibition activity of myeloperoxidase, seem the more appropriate biomarkers to evidence an association with both NAb and tot-IgM, but little information can be deduced from the literature. As regards the observed association between CP oxidase activity and NAb levels, our results are consistent with those shown by Mayasari et al. (2016 and 2017), who observed higher levels of NAb and higher CP oxidase activity in dairy cows bred without the usual dry period.
Although elevated NO levels have deleterious effects on the survival and activity of immune cells with subsequent loss of antibody production, its physiological role in infection control before the development of adaptive immunity and in the acquired immune response is critical (Darling et al., 2019). In the present paper, NOx levels were positively related to both NAb-IgM and tot-IgM, and this seems to demonstrate that RNS are also fundamental in regulating the activity of different B-cell lines, including the self-renewing B1 subset, that are the secreting NAb cells in mammals (Boes, 2000).
[bookmark: _GoBack]The present results showed as TTLs and NAb-IgG are negatively correlated (p < 0.05), whereas no relation between TTLs and the other assessed immune parameters was observed. According to the present results, it is difficult to justify the reason for the significant negative correlation observed between TTLs and NAb-IgG, as it is known that the containing sulfhydryl-molecules are involved in the normal activity of the immune system. Indeed, both humoral and cell-mediated responses depend on the redox potential of the microenvironment so that, for their proper activation, they require a reducing milieu, as observed in immunization generally associated with a marked increase in thiol groups in lymphoid tissue (Gostner et al., 2013). However, it should be remembered that NAb are synthesized by cells belonging to the subset-B1, whose activity, unlike that of B2 cell lines, is not dependent on previous antigenic stimulations.

5. Conclusions
These findings suggest a linkage between the redox potential, assessed by different analytical assays, and NAb levels in goat kid serum. The simultaneous evaluation of the (anti)oxidant status, assessed by multiple assays based on different analytical procedures, and NAb levels may play a central role in assessing the activity of the innate immune system and, more generally, animal welfare. Clarifying the physiological meaning of the association between NAb and redox potential in the goat immune system could lead to new management strategies in animal breeding.
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