[image: image1]Interactive effects of high n-3 PUFA intake and cyclic heat stress under two dietary antioxidant levels in broiler chickens

		ORIGINAL RESEARCH
published: 24 April 2025
doi: 10.3389/fphys.2025.1594095


[image: image2]
Interactive effects of high n-3 PUFA intake and cyclic heat stress under two dietary antioxidant levels in broiler chickens
Vida Rezar1*, Manca Pečjak Pal1, Alenka Levart1, Alenka Nemec Svete2, Tatjana Pirman1, Janez Salobir1 and Jakob Leskovec1,3
1Department of Animal Science, Biotechnical Faculty, University of Ljubljana, Ljubljana, Slovenia
2Clinic for Surgery and Small Animal Medicine, Veterinary Faculty, University of Ljubljana, Ljubljana, Slovenia
3Animal Nutrition, Institute for Food and Agricultural Research and Technology (IRTA), Tarragona, Spain
Edited by:
Colin Guy Scanes, University of Wisconsin–Milwaukee, United States
Reviewed by:
Krystyna Pierzchała-Koziec, University of Agriculture in Krakow, Poland
Sandra G. Velleman, The Ohio State University, United States
* Correspondence: Vida Rezar, vida.rezar@bf.uni-lj.si
Received: 15 March 2025
Accepted: 11 April 2025
Published: 24 April 2025
Citation: Rezar V, Pal MP, Levart A, Nemec Svete A, Pirman T, Salobir J and Leskovec J (2025) Interactive effects of high n-3 PUFA intake and cyclic heat stress under two dietary antioxidant levels in broiler chickens. Front. Physiol. 16:1594095. doi: 10.3389/fphys.2025.1594095

The study examined the combined effects of a diet high in n-3 PUFAs and cyclic heat stress (HS) considering two levels of dietary antioxidants. A total of 192 one-day-old male Ross 308 broilers were divided into eight groups in a 2 × 2 × 2 factorial design: thermoneutral (TN) or heat-stressed (34°C ± 1°C for 7 h/day from day 22) × fed a diet low in antioxidants (NRC group) or high in antioxidants (HAOX group; supplemented with a mixture of 200 IU/kg vitamin E, 250 mg/kg vitamin C and 0.15 mg/kg selenium) and supplemented or not with 5% linseed oil, forming the NRC N-3 and HAOX N-3 groups. High intake of n-3 PUFAs increased plasma F2-isoprostane and malondialdehyde (MDA) levels and superoxide dismutase (SOD) activity. Cyclic HS decreased final body weight (BW) and average daily feed intake (ADFI) and increased DNA damage and serum corticosterone (CORT) levels. In addition, the changes in blood biochemistry indicated that the broilers were undergoing respiratory alkalosis. Interactions between n-3 PUFAs and HS were observed in liver MDA levels, plasma γ-tocopherol levels and serum alkaline phosphatase (AP) activity. Antioxidants increased blood levels of α-tocopherol, vitamin C, lipid- and water-soluble antioxidants and glutathione peroxidase (GPx) activity, while decreasing MDA, F2-isoprostane, CORT and AP levels. High intake of n-3 PUFA in combination with cyclic HS had negative effects on the health status of the broilers, which were alleviated by additional antioxidant supplementation.
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1 INTRODUCTION
Poultry production is often associated with various external stressors that lead to an overproduction of free radicals and consequently to oxidative stress. In broiler diets, energy rich components are required to increase productivity, which is achieved by the inclusion of various fats and oils. Recently, there has been growing interest in the production of functional foods that provide additional health benefits to consumers. Supplementing broiler diets with plant oils rich in n-3 polyunsaturated fatty acids (PUFAs) is one of the widely accepted methods to improve the nutritional value of chicken meat (Long et al., 2020). However, n-3 PUFAs are highly susceptible to oxidation, leading to the formation of lipid peroxides and thus to an increased susceptibility to oxidative deterioration (Voljč et al., 2011; Konieczka et al., 2018). Previous studies have confirmed that higher intake of n-3 PUFA-rich oils increases lipid peroxidation, as evidenced by increased malondialdehyde (MDA) levels in blood and tissues, increases DNA damage in blood lymphocytes and epithelial cells, and decreases antioxidant capacity, such as α-tocopherol concentrations in plasma and liver of broilers (Voljč et al., 2011; Tomažin et al., 2014; Long et al., 2020). On the other hand, modern broiler genotypes with improved growth rate, feed efficiency, and muscle deposition are more susceptible to elevated ambient temperatures, leading to heat stress (HS), due to their greater metabolic activity and increased heat production (Nawab et al., 2018). Birds exposed to HS release excessive heat into the environment through panting, which leads to respiratory alkalosis, impaired performance, and higher mortality (Habibian et al., 2016; Calik et al., 2022b). Exposure to HS has been associated with DNA damage, as indicated by higher plasma 8-hydroxy-2′deoxyguanosine (8-OHdG), increased blood corticosterone (CORT) levels, heat shock protein 70 (Hsp70) expression, and enhanced lipid peroxidation in blood and tissues as indicated by higher MDA concentrations (Altan et al., 2003; Najafi et al., 2015; Beyzi et al., 2020; Pečjak et al., 2022). In addition, Yang et al. (2010) reported that exposure of broilers to acute HS induced higher reactive oxygen species (ROS) production, resulting in lipid peroxidation of liver and serum, reduction of mitochondrial respiratory chain, and upregulation of antioxidant enzyme activity, including glutathione peroxidase (GPx), catalase, and superoxide dismutase (SOD). In our previous studies, we have already investigated the individual effects of high n-3 PUFA intake and cyclic HS (Voljč et al., 2011; Leskovec et al., 2018; Pečjak et al., 2022) and confirmed their association with the induction of oxidative stress. However, to our knowledge, the interaction between these two stressors on oxidative stress and antioxidative status of broilers has not yet been studied. In addition, only a few studies have investigated the combined effect of different stressors, particularly high stocking density and HS, on broiler performance and antioxidative status. In these studies, a significant interaction between temperature and stocking density was found for CORT levels (Najafi et al., 2015), while performance parameters were negatively affected when broilers were exposed to either HS or high stocking density as an individual stressor (Goo et al., 2019). Various environmental and nutritional interventions have been proposed to mitigate the negative effects of oxidative stress caused by external stressors and to enhance the efficiency of antioxidant defense mechanisms. Among the commonly used nutritional strategies, supplementation with vitamin E, vitamin C and selenium (Se) has shown promising results in attenuating the adverse effects of HS and high intake of n-3 PUFAs (Attia et al., 2017; Leskovec et al., 2018; Calik et al., 2022a). Vitamins E, C and Se play an important role in the antioxidant defense system and act synergistically to increase antioxidant activity and decrease oxidative stress by reducing free radical production when supplemented together. This synergistic effect has been confirmed in previous studies, reporting positive interactions between vitamins E and C (Sahin et al., 2002; Attia et al., 2017) and between vitamin E and Se (Ghazi Harsini et al., 2012; Habibian et al., 2016; Kumbhar et al., 2018). The present study had two main objectives. First, we aimed to investigate the interaction between high dietary n-3 PUFA intake and cyclic HS on oxidative stress and antioxidant defense parameters in broiler chickens. We hypothesized that both stressors would have negative effects, with the combined effect being more profound. Second, under conditions of high oxidative load (n-3 PUFA and HS), we sought to determine the benefits of supranutritional supplementation with vitamins E, C and Se to attenuate oxidative stress. Conversely, under stress-free conditions, antioxidant supplementation may not be necessary as current recommendations already consider the basic antioxidant requirements.
2 MATERIALS AND METHODS
2.1 Animal ethics
All experimental procedures applied in this study were performed according to current legislation on animal experimentation in Slovenia, which comply with the EU regulations regarding research on experimental animals. The protocol was approved by the Animal Ethics Committee of the Veterinary Administration of the Republic of Slovenia (No. U34401-5/2021/4). The nutritional study was performed in the research facility of the Department of Animal Science, Biotechnical Faculty, University of Ljubljana, Slovenia. The present study was part of a larger experiment, which previous results regarding gut fermentation, mucosal morphology, meat quality and oxidative stability of broiler breast meat have already been published (Rezar et al., 2023; Pal et al., 2024).
2.2 Broiler chickens, housing, and dietary treatments
A total of 192 one-day-old male Ross 308 broiler chickens were randomly assigned to 24 deep litter pens using a 2 × 2 × 2 factorial design in the randomized complete block design. The trial induced four dietary treatments (2 × 2 diets) and two environmental conditions: thermoneutral (TN) and heat stress (HS). Birds were divided evenly between two separate experimental rooms (TN or HS; 96 birds per room) in the same experimental facility. Each experimental group consisted of three replicate pens, each measuring 0.95 m × 1.26 m (1.20 m2), with wood shavings as litter and equipped with a plastic feeder and five nipple drinkers. Feed and water were provided ad libitum throughout the study period. The broilers were reared under a standard lighting program: 23 h of light and 1 h of darkness in the first week, followed by 18 h of light and 6 h of darkness from day 8 until the end of the trial. Each bird was individually marked and body weight (BW) was recorded weekly and on the day of slaughter. Average daily feed intake (ADFI), body weight gain (BWG), and feed conversion ratio (FCR) were recorded to determine growth performance. The experimental diets were administered in three phases: a starter diet from day 1 to 10, a grower diet from day 11 to 24 and a finisher diet from day 25 to day 42. The experimental diets were formulated either based on the NRC minimal nutrient requirements (NRC, 1994) (low antioxidants) or according to Aviagen’s recommendations for Ross 308 broilers (Aviagen, 2019), supplemented with 200 IU vitamin E, 250 mg vitamin C and 0.15 mg Se/kg feed (high antioxidant content). Additionally, in both experimental diets the primary fat source (mixture of animal fats and plant oils) was replaced with 5% cold-pressed linseed oil to obtain PUFA enriched experimental diets. This design resulted in four dietary treatments: a basal diet following NRC recommendations without additional supplementation (NRC group), a basal diet following Aviagen recommendations + 200 IU/kg vitamin E + 250 mg/kg vitamin C + 0.15 mg/kg Se (HAOX group), NRC + 5% linseed oil (NRC N-3 group) and HAOX + 5% linseed oil (HAOX N-3 group). The components and the calculated energy and nutrient contents of the starter, grower and finisher diet formulations are listed in Table 1. The schematic design of the experimental procedure is shown in Figure 1. Samples of the finisher diets were collected to determine the proximate and mineral content, calculated dietary electrolyte balance (DEB), composition of α- and γ-tocopherol, the MDA content, the antioxidant capacity of water-soluble (ACW) and lipid-soluble (ACL) antioxidants, and fatty acids (FA) composition (Table 2).
TABLE 1 | Composition and calculated nutrient content of the experimental diets fed to broiler chickens during the starter (1–10 days), grower (11–24 days) and finisher (25–42 days) period.
[image: Table 1][image: Figure 1]FIGURE 1 | Schematic view of the experimental design.
TABLE 2 | Proximate composition, concentration of minerals, calculated dietary electrolyte balance (DEB), content of α-, and γ-tocopherol, antioxidant capacity of water- (ACW) and lipid- (ACL) soluble compounds, MDA and the FA composition of the finisher experimental diets.
[image: Table 2]2.3 Temperature treatments
The chickens in the TN groups were reared at controlled ambient temperature and humidity throughout the trial, according to the recommendations for Ross 308 broilers (Aviagen, 2018). The same environmental conditions were maintained in the HS room as in the TN room until day 22. To trigger the cyclic HS, a modified temperature regime was introduced from day 22 until the end of the trial. During this period, the chickens underwent a daily cycle consisting of 12 h at 24°C ± 0.5°C, a 2-h warm-up phase in which the temperature gradually increased from 24°C ± 0.5°C to 34°C ± 1°C, 7 h at 34°C ± 1°C (HS phase) and a 3-h cool-down phase in which the temperature decreased from 34°C ± 1°C to 24°C ± 0.5°C. The relative humidity was monitored daily and allowed to fluctuate, but never to fall below 45%. To determine the effects of the thermal environment on the thermoregulatory status of broilers and thus determine the thermal comfort of the chickens, especially during HS, the temperature-humidity index (THI) was calculated daily for the THI for broilers (Figure 2).
[image: Figure 2]FIGURE 2 | Daily temperature humidity index (THI) in the TN room and HS room when exposed to HS (7 h/day), and as a rest of the day (17 h/day).
2.4 Experimental procedure and sample collection
A 2 days before the end of the experiment, 9 birds per group (3 birds per pen) and per room were randomly selected for blood sampling. Two milliliters of blood were collected from the wing vein in plastic tubes containing the anticoagulant K2 EDTA (No. 454086, Vacuette, Greiner Bio-One, Cassina de Pecchi, Italy) to determine DNA fragmentation in the blood lymphocytes. Samples were stored in a dark and cool place immediately after collection and cell isolation was performed within 1 h of collection. On day 42, 4 birds per pen (12 birds per group and room) were randomly selected and weighed. Blood gas analysis was performed to determine blood chemistry, hematology and acid-base balance. For this purpose, 1 mL of blood was collected from the wing vein of each broiler before slaughter in plastic tubes containing lithium heparin (Vacuette, Greiner Bio-One, Cassina de Pecchi, Italy). Immediately after collection, the samples were analyzed on a CG8+ cartridge with a portable blood gas analyzer (i-STAT Alinity, Abbott Point of Care Inc., Illinois, United States). Immediately after the blood analysis, the broilers were sacrificed by cervical dislocation and exsanguination. Blood samples were collected for further analysis. The blood samples for the determination of F2-isoprostanes, MDA, Hsp70, α- and γ-tocopherol and vitamin C in plasma were collected in plastic tubes containing K2 EDTA (Vacuette, Greiner Bio-One, Cassina de Pecchi, Italy) and separated by centrifugation (1,000 × g at 4°C for 10 min). Vitamin C in plasma was stabilized by adding 250 μL of 10% m-phosphoric acid to 250 μL of plasma before storage. For the analysis of 8-OHdG, CORT, the biochemical profiles (aspartate aminotransferase (AST), alanine aminotransferase (ALT), gamma-glutamyl transferase (GGT), alkaline phosphatase (AP), sodium, potassium and chloride), ACL and ACW in serum, blood samples were collected in plastic serum separator tubes without anticoagulant (Vacuette, Greiner Bio-One, Cassina de Pecchi, Italy) and left at room temperature to allow the blood to clot. To obtain the serum, the tubes were centrifugated at 2,000 × g at 4°C for 10 min. For the determination of GPx and SOD activities, whole blood samples were collected in tubes containing lithium heparin. Liver samples were collected and stored in polypropylene plastic bags for the determination of MDA and tocopherols. All collected samples were stored at −80°C until further analysis.
2.5 Chemical analyses
The fatty acids in the experimental diets were analyzed by gas chromatography after the in situ transmethylation, as described by Leskovec et al. (2018). Serum electrolyte concentrations (sodium, potassium and chloride) were determined using an electrolyte analyzer (ILyte, Instrumentation Laboratory, Lexington, Massachusetts, United States). The Comet assay was performed to determine the percentage of head and tail DNA and olive tail moment (OTM), calculated as the product of the total DNA fraction in the tail and its length, according to the method of Voljč et al. (2011), except different software (Komet, version 7.0.1 08, Andor Technology Ltd., Belfast, United Kingdom) and a fluorescent nucleic acid dye (GelRed, Biotium, CA, United States) were used. Commercial ELISA kits were used to analyze serum 8-OHdG (No. ADI-EKS-350, Enzo Life Science, Farmingdale, NY, United States), serum CORT (No. 501320, Cayman Chemical, Ann Arbor, MI, United States) and plasma F2-isoprostanes (iPF2α- III) (No. 516351, Cayman Chemical, Ann Arbor, MI, United States) and Hsp70 (Wuhan Fine Biotech Co. (No. ECH00723)). The MDA content in feed, liver and plasma was measured by HPLC (Agilent, Santa Clara, United States) according to the method of Wong et al. (1987) with some modifications described by Voljč et al. (2011). Liver enzymes (AST, ALT, GGT, and AP) in broiler serum were determined using an automated biochemical analyzer (RX Daytona, Randox, Crumlin, United Kingdom). Concentrations of tocopherols in feed, liver and plasma samples as well as plasma vitamin C were determined by HPLC (Agilent, Santa Clara, United States) according to the protocol described by Leskovec et al. (2018). The ACW and ACL in feed and serum samples were analyzed using commercial PhotoChem kits (Analytik Jena, Jena, Germany). The activities of SOD and GPx in whole blood were determined spectrophotometrically with an automated biochemical analyzer RX Daytona (Randox Laboratories, Crumlin, United Kingdom) using commercially available Ransod and Ransel kits (Randox Laboratories, Crumlin, United Kingdom), as the procedure is described in detail in the studies by Leskovec et al. (2018) and Pirman et al. (2021).
2.6 Statistical analysis
The statistical analysis of the data was performed using the MIXED procedure of the SAS software (version 9.4, SAS Institute Inc. Cary, NC, United States). In the statistical model, environmental conditions (E), dietary fat treatments (F), antioxidant supplementation (A) and their interactions (E × F, E × A, F × A and E × F × A) were determined as fixed effects and replication pen as a random effect. For FI and FCR, a three-way ANOVA was performed using E, F, A and their interactions as fixed effects. If the interactions between the fixed effects were significant, comparisons were made within each experimental variable. Furthermore, for the results of the Comet assay, the measured values of the cells for each bird within an experimental unit were considered as a random effect. Least square means (LSMs) were estimated by applying the LSMEANS statement in the model. Differences between LSMs were determined by a Tukey-Kramer multiple comparison test. Dispersion was expressed as the standard error of the mean (SEM). Statistical significance of the results was considered at p < 0.05.
3 RESULTS
3.1 Growth performance
Performance was generally affected by all parameters included. At day 21, the inclusion of PUFA in the diet lowered BW, while high antioxidant supplementation in the HAOX groups increased it. At day 40, HS, PUFAs and low levels of antioxidants (NRC N-3 group) lowered BW and ADFI compared to TN conditions without PUFA and high antioxidants levels (HAOX group) (Figure 3). A significant interaction between dietary fat and antioxidant supplementation was observed for BW at day 40 (p = 0.010), with the lowest BW recorded when low antioxidants and high PUFAs were administered (Supplementary Table S1). FCR was negatively affected by high PUFA levels and low levels of antioxidants, with the addition of PUFAs and the NRC groups caused worse FCR than group without PUFA and HAOX groups (Figure 3).
[image: Figure 3]FIGURE 3 | Performance parameters in broilers during the experimental period. (A) Body weight (BW) at day 21; (B) Body weight (BW) at day 40; (C) Average daily feed intake (ADFI) during the period from 21 to 40 days; (D) Feed conversion ratio (FCR) during the period from 21 to 40 days. Mean values are based on 8 birds per replicate and three replicates per dietary treatment, n = 12. ADFI and FCR are expressed as an average amount per experimental group, since broilers were housed in pens (3 pens per group). Different letters above the bars indicate significant differences between the experimental groups (p < 0.05).
3.2 Blood chemistry parameters and serum electrolytes
In the present trial, the inclusion of n-3 PUFAs to the experimental broiler diet caused an increase in partial pressure of oxygen (pO2) and glucose and a decrease in hematocrit (Hct), hemoglobin (HGB) and ionized calcium (iCa) compared to groups fed conventional fat. HS generally affected all blood chemistry parameters in a manner indicative of respiratory alkalosis. In addition, HS caused an increase in Na+ and Cl- levels and a decrease in iCa levels compared to birds reared under TN conditions. High antioxidant levels resulted in lower pO2, higher pH, Na+ and iCa compared to NRC groups (Table 3). A significant interaction between environment and antioxidant supplementation was observed for base excess of the extracellular fluid (BEecf) (p = 0.049) and Na+ (p < 0.0001). The combination of HS and low antioxidants levels reduced BEecf, while high antioxidants levels increased Na+ levels under HS. In addition, an interaction between dietary fat and antioxidant supplementation showed that a diet high in n-3 PUFA and low in antioxidants increased blood glucose levels (p = 0.021) (Supplementary Table S2).
TABLE 3 | Blood chemistry parameters in venous blood and serum electrolyte (Na+, K+, and Cl-) levels of broilers fed different experimental diets and reared under different environmental conditions at the end of the trial.
[image: Table 3]3.3 Markers of oxidative stress in blood
Inclusion of n-3 PUFAs in the diet caused in a decrease in serum 8-OHdG and AST and an increase in plasma F2-isoprostanes, plasma and liver MDA, and serum GGT and AP compared to groups without n-3 PUFAs. Cyclic HS caused markers of DNA damage to elevate as measured by tail DNA, OTM, serum 8-OHdG, corticosterone and GGT compared to TN conditions. Inclusion of high levels of antioxidants reduced plasma and liver MDA, serum corticosterone and AP, while AST levels increased compared to the NRC groups with low antioxidant levels (Table 4). A significant interaction between dietary fat and antioxidant supplementation was observed in plasma MDA levels (p = <0.0001), with high PUFA levels without antioxidant supplementation showing increased lipid peroxidation (Supplementary Table S3).
TABLE 4 | Parameters of oxidative stress, corticosterone (CORT) and heat shock protein 70 (Hsp70) levels, and activities of liver enzymes measured in broiler plasma, liver and serum.
[image: Table 4]3.4 Antioxidants and antioxidative enzymes levels
High n-3 PUFA inclusion decreased antioxidant levels, as measured by plasmatic α-tocopherol, liver vitamin E, plasmatic vitamin C, serum ACW and ACL, while SOD activity increased. In contrast, lower levels of antioxidants were measured under HS conditions compared to TN conditions, namely plasmatic α- and γ-tocopherol, liver vitamin E, plasmatic vitamin C, and serum ACW and ACL. Supplementation with additional antioxidants caused elevation in all measured parameters, with the exception of plasmatic γ-tocopherol and GPx activity in whole blood (Table 5). Significant interactions were observed between environment and antioxidant supplementation and dietary fat and antioxidant supplementation for plasma α-tocopherol (p = 0.0002 and p < 0.0001, respectively) and liver vitamin E (p = 0.010 and p = 0.001, respectively). The highest α-tocopherol and liver vitamin E levels were found when high antioxidants levels were paired with conventional fat inclusion under TN conditions, compared to low antioxidants and high n-3 PUFA levels under HS. In addition, a significant interaction was found between environment and antioxidant supplementation for ACL (p = 0.028) and between dietary fat and antioxidant supplementation for SOD (p = 0.027), with higher SOD activity measured when low antioxidants levels were administered with high PUFAs (Supplementary Table S4).
TABLE 5 | Antioxidants and antioxidative enzymes levels measured in broiler plasma, serum and whole blood.
[image: Table 5]4 DISCUSSION
In the present trial, we evaluated the individual and combined effects of cyclic HS and the addition of dietary n-3 PUFAs on oxidative stress markers and antioxidative defense mechanisms. In addition, we aimed to investigate the effects of high levels of antioxidants under these conditions.
4.1 Growth performance
In this study, all three studied factors affected the performance parameters of the broilers. Cyclic HS lowered final BW and ADFI compared to TN conditions, n-3 PUFA inclusion worsened all three observed parameters compared to diets without n-3 PUFA, while high levels of antioxidants (HAOX groups) improved performance compared to NRC groups. Our results are in line with previously published research where exposure of broilers to HS has been reported to affect their growth performance, as evidenced by a decrease in final BW, BWG, FI and higher FCR (Sohail et al., 2012; Goo et al., 2019). However, no negative effects of high intake of n-3 PUFAs on broiler performance were found in similar trials (Leskovec et al., 2018; Pirman et al., 2021). Similar to our results, several studies showed a protective effect of the combination of vitamins E and C (Attia et al., 2017), and vitamin E and Se (Habibian et al., 2016) on the growth parameters of broilers under HS conditions. We confirmed that in case of high n-3 PUFA intake or cyclic HS, additional supplementation of antioxidants should be considered to maintain optimal broiler performance.
4.2 Blood chemistry parameters and serum electrolytes
In the present study, exposure of broilers to HS showed decreased levels of TCO2, HCO3-, BEecf and Na+ and increased levels of s O2, Glu and Cl- compared to birds reared under TN conditions. As for blood pH and pCO2, the parameters indicated that birds reared under HS conditions suffered from respiratory alkalosis compared to birds reared under TN conditions. On the other hand, no differences were found between groups in blood levels of sO2, Hct and HGB in relation to environmental conditions. Our results are consistent with previous studies in which exposure of broilers to acute HS increased blood pH and Glu levels and decreased blood pCO2, TCO2, HCO3-, iCa and Na+ (Shakeri et al., 2019; Beckford et al., 2020). Moreover, blood iCa decreased in the NRC N-3 group under HS, exerting negative synergistic effects. In contrast, supplementation with supranutritional antioxidants increased blood iCa concentrations. We can conclude that HS caused typical physiological response, while the additional dietary stress with high n-3 PUFAs and supranutritional antioxidants had only minor effects on the measured physiological parameters.
4.3 Markers of oxidative stress in blood
Oxidative damage to DNA and lipids is a good indicator of oxidative stress in vivo. Although oxidation products of n-3 PUFAs are involved in oxidative DNA damage, a high intake of linseed oil in this study did not lead to increased DNA damage in blood lymphocytes of broiler chickens measured with the comet assay. In contrast, previous studies reported that the inclusion of high levels of linseed oil in the diet of broilers (Voljč et al., 2013) and pigs (Frankič and Salobir, 2011; Leskovec et al., 2019) was associated with increased DNA damage, which was mitigated by vitamin E supplementation that reduced DNA fragmentation of lymphocytes. Contrary, our results indicated that HS increased DNA damage in broiler lymphocytes, as measured by the comet assay. Serum levels of 8-OHdG, an important biomarker of oxidative DNA damage, were also higher in the HAOX groups than in the NRC groups and in the broilers exposed to HS Although higher DNA damage was expected under HS, the increased 8-OHdG levels in birds receiving antioxidant supplementation should be interpreted with caution. Higher antioxidant levels could either reflect increased oxidative DNA damage or contribute to a higher rate of DNA repair, which in some cases increases the levels of oxidative markers (Ferguson et al., 2006). It appears that the DNA damage was mostly affected by HS, while the additional antioxidant supplementation may have contributed to higher 8-OHdG levels, probably indicating an accelerated DNA repair rate rather than increased damage. F2-isoprostanes and MDA are commonly used markers for the quantification of lipid peroxidation. In the present study, plasma F2-isoprostane levels were lower in both groups supplemented with linseed oil, probably due to lower arachidonic acid content in tissues after long-term linseed oil supplementation (data not shown). This result is in contrast to previous studies in pigs (Frankič and Salobir, 2011) and broilers (Pirman et al., 2021), in which no changes in F2-isoprostane levels were observed with a diet high in n-3 PUFAs. In addition, plasma F2-isoprostane levels were lowest in the HAOX-N-3 group, suggesting a protective antioxidant effect and consistent with the results in pigs in which vitamin E lowered F2-isoprostane levels (Leskovec et al., 2019). No differences were found in plasma or liver MDA concentrations between TN and HS environments. However, previous studies have shown increased lipid peroxidation under HS, with elevated MDA levels in skeletal muscle (Ghazi Harsini et al., 2012), breast meat (Habibian et al., 2016), liver and serum (Yang et al., 2010) of broilers. In addition, our results showed higher MDA concentrations in plasma and liver in the NRC N-3 group than in the other experimental groups, which is consistent with previous findings of increased MDA concentrations in broilers fed n-3 PUFA-enriched diets (Voljč et al., 2011; Voljč et al., 2013). These results emphasize the importance of additional antioxidant supplementation to counteract oxidative damage caused by high n-3 PUFA levels and HS. The observed significant negative interaction between cyclic HS and high n-3 PUFA intake, as reflected in liver MDA levels, emphasizes the combined deleterious effect of both stressors on lipid oxidation. Notably, antioxidants such as vitamin E (Khan et al., 2011; Voljč et al., 2011), vitamin C (Sahin et al., 2002; Jena et al., 2013) and selenium (Kumbhar et al., 2018) have been shown to reduce MDA levels and prevent lipid peroxidation under both dietary and HS conditions. The results of this study suggest that high intake of n-3 PUFAs and cyclic HS independently cause oxidative damage to DNA and lipids, with a notable interaction affecting lipid oxidation in the liver. These results emphasize the importance of additional antioxidant supplementation to counteract oxidative damage caused by n-3 PUFA and heat stress. CORT serves as a stress indicator and can reflect increased inflammatory processes in broilers. In this study, exposure to HS significantly increased serum CORT levels in broilers, which is consistent with previous findings (Najafi et al., 2015; Ramiah et al., 2019). While no interaction was observed between the dietary treatments and environmental conditions, the combination of HS and high n-3 PUFA intake further increased CORT levels. In contrast to the findings of Tari et al. (2019), enrichment with n-3 PUFAs under HS did not decrease CORT levels. Although it has been suggested that antioxidants such as vitamin C reduce CORT secretion (Saiz del Barrio et al., 2020), this effect could not be confirmed in our results. Plasma concentrations of heat shock protein 70 (Hsp70) did not increase after HS exposure. This could be due to acclimation, where birds adapt to the heat over time, resulting in no further increase in Hsp70 concentrations after the initial increase in Hsp70 expression (Mahmoud and Edens, 2005). Previous studies (Seifi et al., 2018; Tari et al., 2019) reported increased Hsp70 gene expression in broilers fed diets high in n-3 PUFAs under HS, but this response was not observed in the current study. However, antioxidant supplementation as demonstrated by Kurashova et al. (2020), may have alleviated oxidative stress and reduced Hsp70 expression during prolonged HS exposure. Although dietary antioxidants had no direct effect on plasma Hsp70 concentrations in this study, supplementation with vitamins E, C and organic selenium appeared to reduce Hsp70 expression, highlighting their potential role in alleviating oxidative damage caused by HS (Mahmoud and Edens, 2005; Jang et al., 2014; Calik et al., 2022a). In conclusion, exposure to HS increased serum CORT levels, and the combined effects of external stressors such as high n-3 PUFAs and HS should be further investigated to confirm their negative joint effects. Liver enzymes in serum are commonly used as diagnostic markers to assess liver damage. In this study, no differences in ALT activity were found between dietary treatments or environmental conditions, which is noteworthy since ALT is more specific for liver injury than AST. However, AST levels were higher in the HAOX group than in the NRC group. In addition, the combination of HS and high n-3 PUFA intake, especially in the NRC-N-3 group, resulted in increased GGT and AP activities, suggesting a synergistic negative effect on liver function. Antioxidant supplementation showed a protective effect by reducing AP activity compared to the non-supplemented groups. This is consistent with previous studies showing that linseed oil increased plasma ALT and GGT levels in pigs, but these effects were attenuated by antioxidants (Frankič and Salobir, 2011; Leskovec et al., 2019). Similarly, previous studies have reported increased AST activity under HS conditions, which was attenuated by supplementation with vitamins E and C, while ALT activity remained unaffected (Attia et al., 2017; Tang et al., 2022).
4.4 Antioxidants and antioxidative enzymes levels
Consistent with previous studies, α-tocopherol supplementation (HAOX groups) significantly increased plasma α-tocopherol levels in all supplemented groups (Konieczka et al., 2015; Leskovec et al., 2018). These levels were higher under TN conditions than under HS conditions, suggesting increased utilization of vitamin E during HS. The observed negative correlation between α-tocopherol and γ-tocopherol levels is likely due to competitive binding, which is consistent with the results of our previous studies (Voljč et al., 2011; Leskovec et al., 2018). In addition, liver vitamin E levels were lower in the HAOX N-3 group under HS, suggesting a faster depletion of vitamin E under combined stressors, which in turn suggests a higher dietary vitamin E requirement under stressful conditions. Dietary antioxidants also increased plasma vitamin C levels, with higher concentrations in the HAOX groups than in the HAOX N-3 groups, possibly reflecting increased utilization of vitamin C under dietary stress. This observation is supported by Ghazi et al. (2015), who reported increased serum vitamin C levels in broilers supplemented with ascorbic acid under HS. The present results suggest that endogenous vitamin C synthesis may not be sufficient to counteract lipid oxidation, thus requiring external supplementation. Interestingly, in the present study, plasma vitamin C concentrations were higher under HS than under TN, which may reflect increased in vivo synthesis of vitamin C in response to HS. High linseed oil intake (NRC N-3 group) decreased serum ACW levels compared to the antioxidant-supplemented groups, suggesting that dietary vitamin C plays a role in maintaining homeostasis and physiological function of birds during oxidative stress associated with high n-3 PUFA intake. Increased plasma vitamin C levels in the antioxidant-supplemented groups suggest that other endogenous water-soluble antioxidants may be preserved or replaced by increased vitamin C activity. Similarly, linseed oil supplementation reduced ACL levels in the NRC N-3 group. However, serum ACL levels increased under HS, likely due to increased endogenous antioxidant synthesis. The observed increase in ACL levels in the HAOX groups is consistent with the effects of vitamin E supplementation and its restoration by vitamin C (Sahin et al., 2002; Leskovec et al., 2018). A significant interaction between the dietary treatments and the rearing environment showed higher serum ACL levels in the NRC group under HS than under TN, indicating a stress-induced response through increased synthesis of endogenous antioxidants. SOD activity was increased in the both NRC N-3 groups compared to all other groups, probably in response to the oxidative stress induced by the high intake of n-3 PUFAs. Antioxidant supplementation reduced SOD activity compared to the NRC N-3 groups, suggesting a regulatory balance between endogenous and dietary antioxidants. This finding aligns with those of Kostadinović et al. (2016), who reported increased SOD activity in broilers fed extruded flaxseed. Conversely, Delles et al. (2014) reported that antioxidants restored SOD activity suppressed by highly oxidized diets. Similarly, previous studies have shown that supplementation with vitamin E, vitamin C or folic acid, either alone or in combination, improved antioxidant status and increased SOD activity in broilers under HS (Jena et al., 2013; Gouda et al., 2020). Moreover, GPx activity was increased in all HAOX groups, suggesting that dietary selenium supplementation was effective in increasing GPx activity, which is consistent with previous studies (Kumbhar et al., 2018; Woods et al., 2021). Furthermore, HS had no effect on GPx activity, confirming the findings of Woods et al. (2021).
5 CONCLUSION
The results of the present study indicate that the oxidative status and antioxidative defense mechanisms of broilers were negatively affected by high n-3 PUFA intake and cyclic HS, with evidence of their combined detrimental effects. High n-3 PUFA intake induced lipid oxidation, reflected by increased F2-isoprostane and MDA levels in plasma and liver, and disrupted antioxidative defense by decreasing antioxidant levels while increasing SOD activity, contributing to oxidative stress. Cyclic HS triggered typical physiological responses, including respiratory alkalosis characterized by changes in serum electrolytes, enhanced oxidative damage by increasing DNA fragmentation and serum CORT, and disrupting antioxidative defense mechanisms. Combined exposure to both stressors further exacerbated oxidative stress as measured by higher liver MDA levels, lower plasma γ-tocopherol levels and higher serum AP levels, suggesting further detrimental effects on antioxidative defense compared to separate exposure to the stressors. According to our results, the first hypothesis was partially confirmed, as only a few parameters related to oxidative stress and antioxidative defense were negatively affected by the combined stressors.
Additional supplementation with vitamins E, C and selenium improved growth performance, reduced lipid peroxidation and serum CORT levels and improved antioxidant protection as elevated plasma α-tocopherol and vitamin C concentrations, serum ACL levels, whole blood GPx activity and reduced AP levels. While antioxidant supplementation should be considered to mitigate the negative effects of dietary- and heat-induced oxidative stress, it may not be necessary under stress-free conditions. Thus, our second hypothesis was confirmed, demonstrating clear benefit of antioxidant supplementation under high oxidative load but not under stress-free conditions. However, their role in boosting antioxidative reserves and reducing potential oxidative damage cannot be dismissed. In conclusion, high n-3 PUFA intake and HS, both individually and in combination, induce oxidative stress in broilers, which could be partially mitigated by additional supplementation with vitamins E, C and selenium. Further studies are needed to determine the appropriate levels of antioxidants under different stress conditions to maximize their protective effect.
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Composition of Experimental Diets?

Maize, g/kg 3098 379.9 5268
Wheat, g/kg 140.0 “ 130.0 400
Wheat flour, g/kg 300 15.0 00
Soya meal, g/kg 3322 280.0 2400
Corn gluten meal, glkg 860 93.0 941
Mixture of animal fats and plant oils or linseed oil, g/kg 540 57.2 572
Salt, g/kg 491 ‘ 495 505
Monocalcium phosphate, g/kg 17.10 15.80 1450
Limestone, g/kg 1450 13.40 1220
Lelysine-HCI, g/kg 350 340 330
DL-methionine, g/kg 220 1.80 150
L-threonine, g/kg 0.80 | 0s0 030
Mineral-vitamin mix, g/kg™* 5.00 5.00 5.00
Calculated Energy and Nutrient Contents

Metabolizable energy, MJ/kg 12.42 12.82 1320
Crude protein, g/kg 246.0 2280 2080
Lysine, g/kg 1284 1148 1028
Methionine, g/kg 597 542 495
Calcium, g/kg 9.56 | 875 791
Available phosphorus, g/kg 480 442 403

Composition and nutrient content of the experimental diets as in Rezar etal. (2023) and Pal etal. (2024).
“All diets contain coccidiostat Maxiban® G160 (Elanco Products Co. hook, Hampshire, United Kingdom).

*Calculated to meet the mineral and vitamin requirements for NRC, finisher diets and Aviagen finisher diets for Ross 308 broilers and provided per kilogram of the diet. Due to the sufficient
amount of 1-a-tocopherol acetate in the mixture of animal fats and plant oils and linseed oil, no additional vitamin E was added to the NRC, finisher diets.

‘In the HAOX, and HAOX N-3 experimental diets, the following antioxidants were used for supplementation: as a source of vitamin E (dl-a-tocopheryl acetate), Rovimix ES0 (DSM, heerlen,
Netherlands); as a source of vitamin C, Rovimix Stay-C35 (DSM, heerlen, Netherlands); and as an organic Se source (mainly L (+)-selenomethionine), SelSaf 3000 (Lesaffre, Marcq en
Baroeul, France).
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