

[image: image1]
Role of hazelnut skin supplementation on plasma antioxidant status and cytokine profile in growing lambs









 


	
	
ORIGINAL RESEARCH
published: 01 February 2024
doi: 10.3389/fvets.2024.1340141








[image: image2]

Role of hazelnut skin supplementation on plasma antioxidant status and cytokine profile in growing lambs

Maria Giovanna Ciliberti1, Antonella Santillo1*, Mariangela Caroprese1, Antonella della Malva1, Antonio Natalello2, Antonino Bertino2, Marzia Albenzio1 and Agostino Sevi1


1Department of Agriculture, Food, Natural Resources, and Engineering (DAFNE), University of Foggia, Foggia, Italy

2Department of Agriculture, Food and Environment (Di3A), University of Catania, Catania, Italy

Edited by
 Domenico Bergero, University of Turin, Italy

Reviewed by
 Ilias Giannenas, Aristotle University of Thessaloniki, Greece
 František Zigo, University of Veterinary Medicine and Pharmacy in Košice, Slovakia

*Correspondence
 Antonella Santillo, antonella.santillo@unifg.it 

Received 17 November 2023
 Accepted 09 January 2024
 Published 01 February 2024

Citation
 Ciliberti MG, Santillo A, Caroprese M, della Malva A, Natalello A, Bertino A, Albenzio M and Sevi A (2024) Role of hazelnut skin supplementation on plasma antioxidant status and cytokine profile in growing lambs. Front. Vet. Sci. 11:1340141. doi: 10.3389/fvets.2024.1340141
 

In this study, the effect of hazelnut skin dietary supplementation on antioxidant status and cytokine profile was evaluated in growing lambs. A total of 22 male lambs at the age of 2 months, balanced for their initial live weight (15.33 ± SD 1.79 kg), were selected and allocated into two experimental groups: the control group (CON) receiving a maize-barley-based concentrated diet, and the hazelnut group (HS) receiving supplementation with hazelnut skin (150 g/kg on the dry matter) as a maize substitute for the concentrate diet. The experiment lasted for 56 days. Peripheral blood was collected at 7, 35, and 56 days of the experiment. The free radical scavenging activity using 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging assay, the total antioxidant capacity assay (TAC), the reactive oxygen species (ROS), and reactive nitrogen species (RNS) were determined in plasma. The secretion of IL-1β, IL-6, and IL-10 cytokines was also determined by ELISA. The DPPH was affected by the interaction between feeding strategy and time of sampling (p = 0.039) with a higher level of DPPH at 7 days in the HS group than the CON group. The time of sampling affected the levels of plasma TAC (p = 0.016), while the ROS/RNS levels showed a higher value in the HS group (p < 0.001), on average. The antioxidant/oxidant index, which combines the TAC and the ROS/RNS levels, was not affected by the inclusion of hazelnut skin in the diet (p = 0.394). The cytokine profile showed a lower IL-6 secretion at both 35 and 56 days than at 7 days, on average. Furthermore, the feeding treatment affected the IL-1β level, showing a lower level in the HS group than in the CON group on average. Lambs from the HS group had higher IL-10 plasma levels than the CON group at 7 days of the experiment. The present data highlight an antioxidant effect and a modulatory role in the cytokine profile of HS supplementation in growing lambs.
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1 Introduction

Nutrition is a key factor in determining livestock production quality (1), and the recent interest in the use of by-products as valuable alternative feed sources is crucial to reach more sustainable ruminant production (2). Agro-industrial by-products, especially, which are waste from agricultural crops or vegetable processing industries, represent a precious resource of bioactive compounds for feeding animals that also contribute to the reduction of the feed-food competition (3). Many studies have proven that hazelnut and its by-products are rich in phenolic compounds and exert strong antioxidant activities; consequently, their use as food, pharmaceuticals, and feed and in cosmetic industries is largely encouraged (4). The hazelnut skin (HS) by-product contains total phenolic compounds at a level ranging from 168 to 378 times higher than raw or roasted HS. Taș and Gökmen (5) found that the total phenolic content ranged from 51.9 to 203.1 mg gallic acid equivalent (GAE) per gram of hazelnut skin based on the varieties of hazelnut, and 60% of the total phenolic content is represented by flavonoids.

In animals, during normal metabolic processes, reactive oxygen species (ROS) can be generated as part of the oxidative eustress, i.e., a minimum amount of oxidant production is essential for life processes within cellular or tissue compartments, including the mitochondria, chloroplast, endoplasmic reticulum, peroxisomes, and others (6). When a condition of oxidative stress is established, an imbalance between pro-oxidants and antioxidants occurs. This causes several pathological conditions, including sepsis, mastitis, enteritis, pneumonia, respiratory diseases, and joint diseases, which are directly connected with animal production and welfare (7). Furthermore, young animals are more susceptible to diseases and oxidative stress conditions, which are mainly associated with adapting to dietary changes and reduced physiological antioxidant defense mechanisms (8). Therefore, supplementation based on nutritional components with antioxidant properties is important to sustain the metabolic and physiological processes of growing animals.

The potential value of HS as a source of polyphenols from waste, which is available for growing lambs’ feedstock, is highlighted in a number of studies (9–15). As indicated, dietary supplementation with HS improves the nutritional quality of lamb meat with a decrease in meat lipid oxidation (10) and an increase in health-promoting fatty acids, such as polyunsaturated fatty acids and vaccenic acid, without any detrimental effect on growing parameters (9). At the rumen level, the HS supplementation is capable of modifying the C18:1 t10/t11 ratio, suggesting a change in the biohydrogenation of linoleic acid (11). Moreover, after HS supplementation, the plasma proteome shows the involvement of different pathways, including that of the apolipoproteins (APOA1 and APOA4), which possess antioxidant activity and anti-inflammatory properties (12). Lambs’ meat proteome reveals that HS is able to modulate post-mortem processes linked with meat discoloration and tenderization rate (13, 14) In the study of Viola et al. (15), an improvement of the immune passive transfer to the suckling lambs is demonstrated after HS supplementation of ewes, which is capable of restoring the reduced immune competence connected to the growth. Hence, the inclusion of 15% of HS to replace an equal amount of maize in growing lambs can be an effective strategy to reduce the cost of disposal for industries (9).

Based on previous evidence, our hypothesis was that dietary supplementation with HS could be beneficial for the oxidative plasma homeostasis and immune status of growing lambs. Thus, the present study aims to understand the role of HS dietary intake on lambs’ oxidative status and cytokine profile.



2 Materials and methods


2.1 Animal and dietary treatments

The experiment was carried out at the University of Catania (37°24′35.3”N 15°03′34.9″E), as previously reported by Priolo et al. (9). The animal study protocol was approved by the Ethical and Animal Wellbeing Commission of the University of Catania (protocol code 15295). A total of 22 Valle del Belice male lambs were selected at the age of 2 months (15.33 ± SD 1.79 kg, average initial live weight) on a local dairy farm. The lambs were allocated into two experimental groups balanced on the initial live weight: the control group (CON; n = 11) was fed a maize–barley-based concentrated diet and the hazelnut group (HS; n = 11) was fed hazelnut skin (150 g/kg on dry matter) as a partial maize replacer (57.7%) of the concentrate diet (Dalma Mangimi S.p.a, Marene, Cuneo, Italy). After 5 days of adaptation to the experimental diets, lambs were individually fed using pelleted feed to avoid selection.

The quantity of hazelnut skin included was chosen according to its chemical composition for maintaining correct levels of protein and energy (9).

The dietary experiment lasted for 56 days, and animals were placed in individual pens (1.5 m2) with straw litter placed on the bottom and equipped with clean water and feed offered ad libitum. The ingredients and chemical composition of the experimental diets were reported in detail by Priolo et al. (9). Briefly, the CON diet was characterized by 25.3 g/kg DM of crude fat and 194 g/kg DM of crude protein, while the HS diet was characterized by 60.2 g/kg DM of crude fat and 222 g/kg DM of crude protein, respectively. The phenolic composition of hazelnut skin was mainly characterized by tannins, accounting for 78.3 g tannic acid equivalents/kg DM.



2.2 Sampling and analysis of blood

Peripheral blood samples from each lamb were collected from the jugular vein in heparinized vacuum tubes (Becton Dickinson, Plymouth, United Kingdom) at 7, 35, and 56 days of the experiment. Blood samples were centrifuged at 1500 × g for 20 min to obtain plasma and stored at −80°C until further analysis.



2.3 Determination of the total antioxidant capacity of plasma using 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging assay

Plasma-free radical scavenging activity was tested using 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging assay, as described by Janaszewska and Bartosz (16) and Giri et al. (17) with some modifications. The colorimetric reaction is based on the decolorization of DPPH methanol solution from violet/purple to yellow in the presence of antioxidants. The hydrogen atom-donating ability of the plasma was determined by the decolorization of the methanol solution of DPPH. A solution of 0.1 mM DPPH (in methanol) was prepared, and 400 μL of this solution was mixed with 400 μL of the sample solution (20 μL of plasma and 380 μL of 10 mM sodium phosphate buffer–PBS, pH 7.4). The reaction mixture was vortexed thoroughly and left for 30 min at 37°C. After incubation, the samples were centrifuged at 3000 x g for 5 min, and the supernatant was transferred to a 24-well plate for the reading at 520 nm. The absorbance of the samples at 520 nm was measured and compared with that of a reference sample containing only DPPH solution (containing methanol) and PBS as controls.

Scavenging activity was calculated with the following formula by Giri et al. (17):
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where A is the absorbance of the DPPH solution of the control (methanol or PBS) and Ax is the absorbance of the plasma mixed with the DPPH solution.



2.4 Determination of the total antioxidant capacity of plasma using total antioxidant capacity (TAC) assay

Plasma total antioxidant capacity (TAC) level was evaluated using the OxiSelect™ TAC Assay Kit (Cell Biolabs, Inc.), following the manufacturer’s instructions. In brief, TAC assay is based on a copper reduction reaction from copper (II) to copper (I) in the presence of an antioxidant such as uric acid. The absorbance values were read at 490 nm against the uric acid serial dilution standard curve (0–1 mM) and were directly proportional to the plasma TAC expressed as μM of uric acid equivalents.



2.5 Determination of plasma reactive oxygen (ROS), nitrogen (RNS) species level, and antioxidant oxidant balance (AOB) index

The levels of reactive oxygen species (ROS) and reactive nitrogen species (RNS) were determined using an OxiSelect In Vitro ROS/RNS Assay Kit Green Fluorescence (Cell Biolabs Inc., San Diego, CA) following the manufacturer’s instructions. The ROS and RNS species of plasma were measured using their reaction with 2′,7′-dichlorodihydrofluorescin (DCFH), which is oxidized to the highly fluorescent 2′,7′-dichlorodihydrofluorescein (DCF). Fluorescence was read with a fluorescence plate reader at 480 nm excitation/530 nm emission (CLARIOstar microplate reader, BMG Labtech, Ortenberg, Germany). Fluorescence intensity was directly proportional to the total ROS/RNS concentrations in plasma. The results were read against the DCF (1:10 scalar dilution with a concentration range of 0–10,000 nM) standard curve and expressed as 2′,7′-dichlorodihydrofluorescein (DCF) in micromoles per liter.

Redox balance parameters were assembled for the total antioxidant defenses and oxidants ratio calculation in the antioxidant oxidant balance (AOB) index, as previously applied in Ciliberti et al. (18). The AOB index represents the ratio between the plasma antioxidant capacity, calculated using the TAC method, and the level of plasma oxidation expressed by the ROS/RNS concentration was measured as follows: AOB = TAC/ROS-RNS.

In sheep, the AOB demonstrated an effective index for the evaluation of the effects of diet on oxidative stress caused by heat stress. An increase in the ratio demonstrates prompt activation of the antioxidant defense against pro-oxidant production, showing a lower risk for oxidative stress conditions. Data were normalized on day 0, and the AOB calculation was carried out individually for each lamb.



2.6 Determination of IL-1β, IL-6, and IL-10 cytokines by ELISA

Plasma concentrations of IL-6 and IL-1β were determined by sandwich ELISA according to Caroprese et al. (19) with some modifications, as previously reported in Ciliberti et al. (20). Briefly, an IL-6 and IL-1β sandwich was built using specific mouse monoclonal antibodies against ovine IL-6 and ovine IL-1β as capture antibodies (Clone 4B6 for IL-6 and Clone 1D4 for IL-1β, Serotec Ltd., Killington, United Kingdom) and rabbit polyclonal anti-sheep IL-6 and IL-1β antibodies as detection reagents (Serotec Ltd., Killington, United Kingdom). All the incubations were at 37°C. Optical density was measured at 450 nm wavelength. Samples were read against a standard curve obtained using a scalar dilution of recombinant ovine IL-6 (Cusabio Biotech Co., Wuhan, P.R. China) and recombinant bovine IL-1β (Kingfisher Biotech Inc., St. Paul, MN). The intra-assay coefficients of variation (CV) were 6% for IL-6 and 8.2% for IL-1β.

The ELISA for IL-10 in plasma was determined according to Kwong et al. (21) and Hope et al. (22), with modifications reported in the study of Ciliberti et al. (20). The sandwich ELISA was built using specific antibodies against bovine IL-10 as a capture antibody (anti-bovine IL-10 monoclonal antibody, Clone CC318, Serotec Ltd., Killington, UK) and biotinylated secondary anti-bovine IL-10 monoclonal antibody as a detection reagent (Clone CC320 for IL-10, Serotec Ltd., Killington, UK). The plates were read at 450 nm using a Power Wave XS microplate spectrophotometer (Biotek Instruments, United States). IL-10 data were expressed as nanograms per milliliter. The intra-assay coefficient of variation (CV) was 7% for IL-10.



2.7 Statistical analysis

All data variables were examined for normality distribution and then analyzed using the mixed procedure ANOVA of SAS (23). The model included the fixed effects of feeding strategy (CON and HS) and time of sampling (7, 35, and 56 days) and their interactions. Animals are included in the model as a random effect. A Tukey post-hoc test adjustment for multiple comparisons was used to compare feeding strategy, time of sampling, and their interaction. Significance was declared at a value of p of <0.05. A value of p of <0.10 was considered a tendency. All data are presented as mean ± SEM.




3 Results


3.1 Plasma antioxidant and oxidative status

Plasma free radical scavenging activity (DPPH) was affected by feeding strategy (p = 0.0005), time of sampling (p = 0.0008), and the interaction between time of sampling and feeding strategy (p = 0.039). On average, the HS group showed a higher DPPH value than the CON group (p = 0.0005, Table 1), and the level of DPPH at 35 days was higher than that at 7 days of the experiment (p = 0.0008, Table 1). The CON group had a lower level of DPPH at 7 days than the HS group, and it was also lower than those found within the CON group at 35 days (Figure 1A).



TABLE 1 Level of the antioxidant and oxidative status biomarkers evaluated by plasma scavenging activity (DPPH %), total antioxidant capacity (millimolar of uric acid equivalents), ROS/RNS production (micromolar of DCF/L), and AOB index (TAC/ROS-RNS), and the cytokine profile evaluated by IL-6 (ng/mL), IL-1β (ng/mL), and IL-10 (ng/mL) expressed as the average of the fixed effects (feeding strategy and time of sampling).
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FIGURE 1
 Plasma scavenging activity measured as DPPH % (A) and ROS/RNS production measured as micromolar of DCF/L (B) in lambs fed with a control maize–barley-based concentrated diet (CON) and with 15% of hazelnut skin (HS) as a maize replacer of the concentrate diet at 15, 35, and 56 days. a,b indicate significant differences among feeding treatments and time of sampling (p < 0.05 for DPPH, and p > 0.10 for ROS/RNS, respectively).


The level of plasma TAC was affected by the time of sampling (p = 0.016), showing, on average, a higher TAC level at both 35 and 56 days than at 7 days (Table 1). The plasma ROS/RNS level showed a higher value in the HS group on average as an outcome of the feeding strategy (p < 0.001, Table 1). In particular, the tendency of the interaction effect between time of sampling and feeding strategy (p < 0.10) showed lower levels of this parameter in CON at 35 days than in the HS group at 7, 35, and 56 days of the experimental diet (Figure 1B). When TAC and ROS/RNS levels were included in the AOB index, no significant differences emerged (p = 0.394 for feeding strategy, and p = 0.259 for the time of sampling; respectively, Table 1).



3.2 Cytokine secretion

Plasma IL-6 secretion was significantly affected by time of sampling (p = 0.015), showing a significant decrease from 7 and 35 days to 56 days (Table 1).

The secretion of IL-1β was significantly influenced by time of sampling (p < 0.001), exhibiting a lower level at 35 days and 56 days than that at 7 days, respectively (Table 1). Moreover, feeding strategy significantly influenced the IL-1β level (p = 0.015) with a higher value registered in the CON group than the HS group (Table 1). A tendency of the interaction effect between time of sampling and feeding strategy was registered (p < 0.10), showing a higher value of IL-1β in both experimental groups and at 7 days of the experiment than in the HS group as the lambs aged (Figure 2A).
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FIGURE 2
 Plasma IL-1β (A) and IL-10 (B) secretion in lambs fed with a control maize–barley-based concentrated diet (CON) and with 15% of hazelnut skin (HS) as a maize substitute for the concentrate diet at 15, 35, and 56 days. a,b indicate significant differences among feeding treatments and time of sampling (p < 0.10 IL-1β, and for p < 0.05 for IL-10, respectively).


Plasma IL-10 secretion was significantly affected by time of sampling (p < 0.001), feeding strategy (p = 0.002), and the interaction between time of sampling and feeding strategy (p < 0.001). The level of IL-10 was lower at 7 days of the experiment than at both 35 and 56 days (Table 1). Lambs from the HS group had a higher IL-10 plasma level than the CON group, on average (Table 1). The CON group had a lower level of IL-10 at 7 days than the HS group and than the level found in both experimental groups at 35 and 56 days (Figure 2B).




4 Discussion

To the best of our knowledge, no previous studies have investigated the role of hazelnut skin supplementation on the plasma antioxidant status and cytokine profiles of growing lambs.

In a recent comprehensive review by Zhao et al. (4), the authors underlined the multiple biological functions of hazelnut and its by-products that are linked to many health benefits due to the nutrients and phytochemicals. The HS by-product is rich in vitamin E and tannins, mainly condensed, with strong antioxidant properties that can be measured as scavenging free radicals using different methods, including DPPH (4). In the present study, an increase in plasma free radical scavenging activity, evaluated by DPPH assay, is registered in the HS group. This result is consistent with that of a previous study (12), in which the lamb’s plasma proteome profile is characterized by proteins involved in the antioxidant pathway. In line with this finding, it was found that grape pomace by-product supplementation, which is rich in polyphenols, causes a boosting effect on antioxidant mechanisms, especially glutathione, with overall protection against lipid peroxidation and protein oxidation, suggesting the enhancement of welfare in growing lambs (24). Moreover, in lambs infected with Haemonchus contortus, selenium supplementation, which is a component of the glutathione peroxidase (GSH-Px) enzyme (25), contributes to the antioxidant protection against oxidative stress, causing lower lipid peroxidation and higher blood GSH-Px activity (26). Therefore, it could be hypothesized that the higher radical scavenging activity of HS in plasma may be linked to the endogenous antioxidant system (27) mediated by the GSH-Px activity. When the antioxidant status of plasma was measured with the TAC assay, no significant differences were detected between the experimental groups. This result could be explained by the different structure–activity relationships for each antioxidant assay due to the dominant reaction, which depends on the pH and solvent used (28). Specifically, the DPPH radical reacts via the sequential proton loss electron transfer-SPLET mechanism in solvents such as ethanol and methanol (29, 30), while the TAC assay quantifies the capability of an antioxidant to transfer one electron to reduce any compound via the single electron transfer (SET) mechanism.

At an early age, lambs are exposed to several stressful conditions, such as weaning and adapting to a new feeding pattern, which occur in a gradual metabolic status stabilization and cause an immune and antioxidant system decline, thereby exposing animals to oxidative stress (31). In the present study, the increased level of ROS found in the HS group after 35 days of the experiment could be justified by the gradual adaptation to the tannin supplementation; however, the same group registers a high level of DPPH after 7 days of the experiment, supporting a gradual oxidative stabilization throughout the experiment. This statement is corroborated by the AOB (TAC/ROS-RNS) value as a measure of redox homeostasis, which does not result in any differences between the CON and HS groups, thus demonstrating the importance of monitoring both the antioxidant and oxidant status to evaluate oxidative stress exposure in growing lambs. The AOB index has been proposed as a reliable index of redox homeostasis in the plasma of heat-stressed sheep (18) and in human studies to evaluate the effects of diet on the serum antioxidant status (32–34), which underlines the need for a gold standard measure of the antioxidant status of sheep plasma (18).

Dietary antioxidants can influence inflammatory responses indirectly by controlling the antioxidant defense or interfering with oxidative stress signaling or directly by exerting a suppressive action on pro-inflammatory signaling transduction (35). The phenolic compounds that possess antioxidant activity are able to modulate the inflammatory response with suppressive action on pro-inflammatory signaling transduction (35) and on the Th1-type immune response (36). In accordance with this finding, the HS supplementation decreased the level of IL-1β, confirming the suppressive action of phenolic compounds on the pro-inflammatory status of plasma. Murine macrophage cell lines treated with resveratrol, a polyphenolic compound naturally produced by several plants, inhibit NLRP3 (NACHT, LRR, and PYD domains containing protein 3) inflammasome-derived IL-1β secretion, reducing mitochondrial damage and increasing autophagy (37). Sheep peripheral blood mononuclear cells treated with wine lees from white grape vinification reduce the secretion of IL-1β without affecting the level of IL-6 (38). Accordingly, the HS supplementation does not modify the secretion of IL-6; however, its level decreased along with the experimental trial. Interleukin-6 is defined as a cytokine with different biological functions that depend on the function and structure of its receptor (39). IL-6 production is triggered in response to bacterial and viral infections and other cytokines such as IL-1β, TNF, and IFN-γ (40). Therefore, the high level of IL-1 β and the absence of inflammatory challenge can help justify the absence of differences in IL-6 secretion among experimental groups. In addition, the modulatory role of HS could be due to its composition in terms of fatty acids, as demonstrated by the increased stearic (C18:0), oleic (C18:1 c9), palmitic (C16:0), and linoleic acid (C18:2 c9, c12) fatty acids ingested by HS lambs (9). Therefore, the presence of these fatty acids could modulate the inflammatory responses of growing lambs, as previously demonstrated in growing calves (41).

Interleukin-10 is defined as a regulatory cytokine (42), which can act in innate as well as adaptive immunity, both in terms of immunosuppressive and immunostimulatory effects in many cell types (43), especially during the resolution phase of inflammation (44). In this context, IL-10 is able to inhibit the production of several inflammatory cytokines, such as TNF-α, IL-1β, and IL-6, and it is described as the key antagonist of the Th1 response (45–47). In the present study, lambs supplemented with HS show a regulatory profile on cytokine secretion, which results in an increase of IL-10 and a decrease of IL-1β, indicating an anti-inflammatory effect of hazelnut skin’s phenolic compounds. In line with our results, the tannic acid is able to modulate the immune responses of whole blood cells in sheep stimulated by Haemonchus contortus crude larval antigen by shifting the Th1 cytokines versus Th2 cytokine expression levels in cells (48). Consistently, in grazing dairy cows receiving supplementation with tannins (49), a suppressive action of tannins on IL-1β Th1 cytokines coupled with the increased level of IL-10 is found. Taking into account data on the cytokines’ profile of growing lambs, a role for HS in modulating cytokine secretion in favor of the regulatory/anti-inflammatory IL-10 could be assumed. Present evidence supports the use of HS as a feed supplement in lambs’ diets and underlines the need to further investigate the role of by-products in immune responses as a part of the more complex system connected to animal welfare in sustainable livestock production. Moreover, a possible role of condensed tannins in the improvement of the endogenous antioxidant system could be hypothesized with the implication of GSH-Px activity, which needs to be further elucidated in growing lambs.



5 Conclusion

The present experiment demonstrated the antioxidant and anti-inflammatory role of HS as a 15% maize substitute in the lambs’ concentrate diet. In particular, the lambs’ plasma free radical scavenging activity resulted in an increase in the HS group, with a concomitant increase in ROS production in comparison with the CON group. The redox homeostasis measured with the AOB index confirmed the balance between the total antioxidant capacity of plasma and ROS/RNS production in both experimental groups. The cytokines measured in plasma exhibited an anti-inflammatory/regulatory profile with high levels of IL-10 and low levels of IL-1β in lambs supplemented with HS, which can be useful to counteract an inflammatory condition linked to the lambs’ growing phase.



Data availability statement

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



Ethics statement

The animal study was approved by the Ethical and Animal Wellbeing Commission of the University of Catania (protocol code 15295). The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

MGC: Data curation, Methodology, Writing – original draft. AnS: Conceptualization, Data curation, Investigation, Supervision, Validation, Writing – original draft. MC: Data curation, Validation, Writing – review & editing. AdM: Methodology, Writing – review & editing. AN: Methodology, Writing – review & editing. AB: Methodology, Writing – review & editing. MA: Conceptualization, Data curation, Supervision, Validation, Writing – original draft. AgS: Conceptualization, Investigation, Project administration, Supervision, Validation, Visualization, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. AN benefits from PON “Ricerca E Innovazione” 2014–2020 research contract (Azione IV.6—CUP E61B21004280005) supported by Ministero dell’Università e della Ricerca, Rome, Italy.



Conflict of interest

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

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Publisher’s note

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



References

 1. Mahesh,M
. Crop residues for sustainable livestock production. Adv Dairy Res. (2014) 2:1–2. doi: 10.4172/2329-888X.1000e108


 2. Jalal,H
, Giammarco,M
, Lanzoni,L
, Akram,MZ
, Mammi,LM
, Vignola,G , et al. Potential of fruits and vegetable by-products as an alternative feed source for sustainable ruminant nutrition and production: a review. Agriculture. (2023) 13:286. doi: 10.3390/agriculture13020286


 3. Halmemies-Beauchet-Filleau,A
, Rinne,M
, Lamminen,M
, Mapato,C
, Ampapon,T
, Wanapat,M , et al. Alternative and novel feeds for ruminants: nutritive value, product quality and environmental aspects. Animal. (2018) 12:s295–309. doi: 10.1017/S1751731118002252 

 4. Zhao,J
, Wang,X
, Lin,H
, and Lin,Z
. Hazelnut and its by-products: a comprehensive review of nutrition, phytochemical profile, extraction, bioactivities and applications. Food Chem. (2023) 413:135576. doi: 10.1016/j.foodchem.2023.135576


 5. Taş,NG
, and Gökmen,V
. Bioactive compounds in different hazelnut varieties and their skins. J Food Compost Anal. (2015) 43:203–8. doi: 10.1016/j.jfca.2015.07.003


 6. Sies,H
, and Jones,DP
. Reactive oxygen species (ROS) as pleiotropic physiological signalling agents. Nat Rev Mol Cell Biol. (2020) 21:363–83. doi: 10.1038/s41580-020-0230-3 

 7. Lykkesfeldt,J
, and Svendsen,O
. Oxidants and antioxidants in disease: oxidative stress in farm animals. Vet J. (2007) 173:502–11. doi: 10.1016/j.tvjl.2006.06.005


 8. Mutinati,M
, Piccinno,M
, Roncetti,M
, Campanile,D
, Rizzo,A
, and Sciorsci,RL
. Oxidative stress during pregnancy in the sheep. Reprod Domest Anim. (2013) 48:353–7. doi: 10.1111/rda.12141


 9. Priolo,A
, Valenti,B
, Natalello,A
, Bella,M
, Luciano,G
, and Pauselli,M
. Fatty acid metabolism in lambs fed hazelnut skin as a partial replacer of maize. Anim Feed Sci Technol. (2021) 272:114794. doi: 10.1016/j.anifeedsci.2020.114794


 10. Menci,R
, Biondi,L
, Natalello,A
, Lanza,M
, Priolo,A
, Valenti,B , et al. (2023). Feeding hazelnut skin to lambs delays lipid oxidation in meat. Meat Science. 202:109218. doi: 10.1016/j.meatsci.2023.109218


 11. Daghio,M
, Viti,C
, Mannelli,F
, Pauselli,M
, Natalello,A
, Luciano,G , et al. A diet supplemented with hazelnut skin changes the microbial community composition and the biohydrogenation pattern of linoleic acid in the rumen of growing lambs. Ital J Anim Sci. (2021) 20:1256–63. doi: 10.1080/1828051X.2021.1955020


 12. della Malva,A
, Santillo,A
, Priolo,A
, Marino,R
, Ciliberti,MG
, Sevi,A , et al. Effect of hazelnut skin by-product supplementation in lambs' diets: implications on plasma and muscle proteomes and first insights on the underlying mechanisms. J Proteome. (2023) 271:104757. doi: 10.1016/j.jprot.2022.104757 

 13. della Malva,A
, Gagaoua,M
, Santillo,A
, di Corcia,M
, Natalello,A
, Sevi,A , et al. In-depth characterization of the sarcoplasmic muscle proteome changes in lambs fed with hazelnut skin by-products: relationships with meat color. J Proteome. (2023) 287:104997. doi: 10.1016/j.jprot.2023.104997 

 14. della Malva,A
, Gagaoua,M
, Santillo,A
, di Corcia,M
, Marino,R
, Natalello,A , et al. In-depth characterization of myofibrillar muscle proteome changes in lambs fed hazelnut skin by-products. Food Biosci. (2023) 53:102836. doi: 10.1016/j.fbio.2023.102836


 15. Viola,I
, Tizzani,P
, Perona,G
, Lussiana,C
, Mimosi,A
, Ponzio,P , et al. Hazelnut skin in ewes’ diet: effects on colostrum immunoglobulin g and passive transfer of immunity to the lambs. Animals. (2022) 12:3220. doi: 10.3390/ani12223220 

 16. Janaszewska,A
, and Bartosz,G
. Assay of total antioxidant capacity: comparison of four methods as applied to human blood plasma. Scand J Clin Lab Invest. (2002) 62:231–6. doi: 10.1080/003655102317475498 

 17. Giri,A
, Bharti,VK
, Kalia,S
, Raj,T
, and Chaurasia,O
. Evaluation of antioxidant status in serum and milk of Jersey cross-bred in different seasons reared under high-altitude stress condition. Biol Rhythm Res. (2019) 50:726–38. doi: 10.1080/09291016.2018.1497769


 18. Ciliberti,MG
, Soccio,M
, Pastore,D
, Albenzio,M
, Sevi,A
, and Caroprese,M
. Antioxidant/oxidant balance: application as a biomarker of the antioxidant status in plasma of ewes fed seaweed Ascophyllum nodosum and flaxseed under high ambient temperature. Small Rumin Res. (2019) 170:102–8. doi: 10.1016/j.smallrumres.2018.11.005


 19. Caroprese,M
, Albenzio,M
, Annicchiarico,G
, and Sevi,A
. Changes occurring in immune responsiveness of single-and twin-bearing Comisana ewes during the transition period. J Dairy Sci. (2006) 89:562–8. doi: 10.3168/jds.S0022-0302(06)72119-1 

 20. Ciliberti,MG
, Albenzio,M
, Inghese,C
, Santillo,A
, Marino,R
, Sevi,A , et al. Peripheral blood mononuclear cells proliferation and cytokine production in sheep as affected by cortisol level and duration of stress. J Dairy Sci. (2017) 100:750–6. doi: 10.3168/jds.2016-11688 

 21. Kwong,LS
, Hope,JC
, Thom,ML
, Sopp,P
, Duggan,S
, Bembridge,GP , et al. Development of an ELISA for bovine IL-10. Vet Immunol Immunopathol. (2002) 85:213–23. doi: 10.1016/S0165-2427(02)00007-7


 22. Hope,JC
, Kwong,LS
, Entrican,G
, Wattegedera,S
, Vordermeier,HM
, Sopp,P , et al. Development of detection methods for ruminant interleukin (IL)-12. J Immunol Methods. (2002) 266:117–26. doi: 10.1016/S0022-1759(02)00113-8 

 23. SAS Institute
. SAS Enterprise guide: statistics. Cary, NC: SAS Inst Inc (2013).


 24. Kafantaris,I
, Kotsampasi,B
, Christodoulou,V
, Kokka,E
, Kouka,P
, Terzopoulou,Z , et al. Grape pomace improves antioxidant capacity and faecal microflora of lambs. J Anim Physiol Anim Nutr. (2017) 101:e108–21. doi: 10.1111/jpn.12569 

 25. Rotruck,JT
, Pope,AL
, Ganther,HE
, Swanson,AB
, Hafeman,DG
, and Hoekstra,W
. Selenium: biochemical role as a component of glutathione peroxidase. Science. (1973) 179:588–90. doi: 10.1126/science.179.4073.588 

 26. Do Reo Leal,ML
, de Camargo,EV
, Henrique Ross,D
, Molento,MB
, dos Anjos Lopes,ST
, and da Rocha,JBT
. Effect of selenium and vitamin E on oxidative stress in lambs experimentally infected with Haemonchus contortus. Vet Res Commun. (2010) 34:549–55. doi: 10.1007/s11259-010-9426-x 

 27. Soldado,D
, Bessa,RJ
, and Jerónimo,E
. Condensed tannins as antioxidants in ruminants—effectiveness and action mechanisms to improve animal antioxidant status and oxidative stability of products. Animals. (2021) 11:3243. doi: 10.3390/ani11113243 

 28. Lemańska,K
, Szymusiak,H
, Tyrakowska,B
, Zieliński,R
, Soffers,AE
, and Rietjens,IM
. The influence of pH on antioxidant properties and the mechanism of antioxidant action of hydroxyflavones. Free Radic Biol Med. (2001) 31:869–81. doi: 10.1016/S0891-5849(01)00638-4 

 29. Foti,MC
, Daquino,C
, and Geraci,C
. Electron-transfer reaction of cinnamic acids and their methyl esters with the DPPH• radical in alcoholic solutions. J Org Chem. (2004) 69:2309–14. doi: 10.1021/jo035758q 

 30. Xiao,Z
, Wang,Y
, Wang,J
, Li,P
, and Ma,F
. Structure-antioxidant capacity relationship of dihydrochalcone compounds in Malus. Food Chem. (2019) 275:354–60. doi: 10.1016/j.foodchem.2018.09.135


 31. Ognik,K
, Patkowski,K
, Gruszecki,T
, and Kostro,K
. Redox status in the blood of ewes in the perinatal period and during lactation. J Vet Res. (2015) 59:557–62. doi: 10.1515/bvip-2015-0083


 32. Laus,MN
, Soccio,M
, Alfarano,M
, Pasqualone,A
, Lenucci,MS
, Di Miceli,G , et al. Different effectiveness of two pastas supplemented with either lipophilic or hydrophilic/phenolic antioxidants in affecting serum as evaluated by the novel antioxidant/oxidant balance approach. Food Chem. (2017) 221:278–88. doi: 10.1016/j.foodchem.2016.10.050 

 33. Laus,MN
, Soccio,M
, Alfarano,M
, Pasqualone,A
, Lenucci,MS
, Di Miceli,G , et al. Serum antioxidant capacity and peroxide level of seven healthy subjects after consumption of different foods. Data Brief. (2016) 9:818–22. doi: 10.1016/j.dib.2016.10.028 

 34. Soccio,M
, Laus,MN
, Alfarano,M
, Dalfino,G
, Panunzio,MF
, and Pastore,D
. Antioxidant/oxidant balance as a novel approach to evaluate the effect on serum of long-term intake of plant antioxidant-rich foods. J Funct Foods. (2018) 40:778–84. doi: 10.1016/j.jff.2017.12.012


 35. Zhang,H
, and Tsao,R
. Dietary polyphenols, oxidative stress and antioxidant and anti-inflammatory effects. Curr Opin Food Sci. (2016) 8:33–42. doi: 10.1016/j.cofs.2016.02.002


 36. Schroecksnadel,K
, Fischer,B
, Schennach,H
, Weiss,G
, and Fuchs,D
. Antioxidants suppress Th1-type immune response in vitro. Drug Metab Lett. (2007) 1:166–71. doi: 10.2174/187231207781369816 

 37. Chang,YP
, Ka,SM
, Hsu,WH
, Chen,A
, Chao,LK
, Lin,CC , et al. Resveratrol inhibits NLRP3 inflammasome activation by preserving mitochondrial integrity and augmenting autophagy. J Cell Physiol. (2015) 230:1567–79. doi: 10.1002/jcp.24903 

 38. Ciliberti,MG
, Francavilla,M
, Albenzio,M
, Inghese,C
, Santillo,A
, Sevi,A , et al. Green extraction of bioactive compounds from wine lees and their bio-responses on immune modulation using in vitro sheep model. J Dairy Sci. (2022) 105:4335–53. doi: 10.3168/jds.2021-21098 

 39. Zhao,XA
, Cang,M
, Yuan,JL
, Wang,ZG
, Yang,ML
, Gao,XY , et al. Interleukin-6 and its receptor in the development of in vitro fertilized ovine embryos. Small Rumin Res. (2012) 102:43–50. doi: 10.1016/j.smallrumres.2011.09.011


 40. Erić,
Ž
, and Konjević,S
. Proinflammatory cytokines in a newborn: a literature. Signa Vitae. (2017) 13:10–3.


 41. Hill,TM
, VandeHaar,MJ
, Sordillo,LM
, Catherman,DR
, Bateman Ii,HG
, and Schlotterbeck,RL
. Fatty acid intake alters growth and immunity in milk-fed calves. J Dairy Sci. (2011) 94:3936–48. doi: 10.3168/jds.2010-3935 

 42. Bijjiga,E
, and Martino,AT
. Interleukin 10 (IL-10) regulatory cytokine and its clinical consequences. J Clin Cell Immunol S. (2013) 1:2. doi: 10.4172/2155-9899.S1-007


 43. Roncarolo,MG
, Gregori,S
, Battaglia,M
, Bacchetta,R
, Fleischhauer,K
, and Levings,MK
. Interleukin-10-secreting type 1 regulatory T cells in rodents and humans. Immunol Rev. (2006) 212:28–50. doi: 10.1111/j.0105-2896.2006.00420.x 

 44. Koya,T
, Matsuda,H
, Takeda,K
, Matsubara,S
, Miyahara,N
, Balhorn,A , et al. IL-10-treated dendritic cells decrease airway hyperresponsiveness and airway inflammation in mice. J Allergy Clin Immunol. (2007) 119:1241–50. doi: 10.1016/j.jaci.2007.01.039 

 45. Hawrylowicz,CM
, and O'Garra,A
. Potential role of interleukin-10-secreting regulatory T cells in allergy and asthma. Nature Rev Immunol. (2005) 5:271–83. doi: 10.1038/nri1589 

 46. Moore,KW
, de Waal Malefyt,R
, Coffman,RL
, and O'Garra,A
. Interleukin-10 and the interleukin-10 receptor. Annu Rev Immunol. (2001) 19:683–765. doi: 10.1146/annurev.immunol.19.1.683


 47. O'Garra,A
, Barrat,FJ
, Castro,AG
, Vicari,A
, and Hawrylowicz,C
. Strategies for use of IL-10 or its antagonists in human disease. Immunol Rev. (2008) 223:114–31. doi: 10.1111/j.1600-065X.2008.00635.x


 48. Zhong,RZ
, Sun,HX
, Liu,HW
, and Zhou,DW
. Effects of tannic acid on Haemonchus contortus larvae viability and immune responses of sheep white blood cells in vitro. Parasite Immunol. (2014) 36:100–6. doi: 10.1111/pim.12092 

 49. Santillo,A
, Ciliberti,MG
, Ciampi,F
, Luciano,G
, Natalello,A
, Menci,R , et al. Feeding tannins to dairy cows in different seasons improves the oxidative status of blood plasma and the antioxidant capacity of cheese. J Dairy Sci. (2022) 105:8609–20. doi: 10.3168/jds.2022-22256 


Copyright
 © 2024 Ciliberti, Santillo, Caroprese, della Malva, Natalello, Bertino, Albenzio and Sevi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fvets-11-1340141-g002.jpg
HS

I CON

oh
<
8
©
ok o
0
E
@ a
ok
~
o
& ¥ & e
TwBu ‘oL
ok
@
8
9
®
aH o
0
E3
a a
8
©hH
~

6 o b o b o
& & ° 2

w/Bu ‘g
<





OPS/images/fvets-11-1340141-t001.jpg
Fixed effects

Feeding strategy Time of sampling

Value of Value of
CON HS SEM P 7 days 35days 56 days
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Cytokine profile
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