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This research aimed to investigate, through a multifactorial approach, the relationship among some in-vivo parameters (i.e., behavior and blood traits) in broilers exposed to chronic HS, and their implications on proximate composition, technological properties, and oxidative stability of breast meat. A total of 300 Ross 308 male chickens were exposed, from 35 to 41 days of age, to either thermoneutral conditions (TNT group: 20°C; six replicates of 25 birds/each) or elevated ambient temperature (HS group: 24 h/d at 30°C; six replicates of 25 birds/each). In order to deal with thermal stress, HS chickens firstly varied the frequency of some behaviors that are normally expressed also in physiological conditions (i.e., increasing “drinking” and decreasing “feeding”) and then exhibited a behavioral pattern finalized at dissipating heat, primarily represented by “roosting,” “panting” and “elevating wings.” Such modifications become evident when the temperature reached 25°C, while the behavioral frequencies tended to stabilize at 27°C with no further substantial changes over the 6 days of thermal challenge. The multifactorial approach highlighted that these behavioral changes were associated with oxidative and inflammatory status as indicated by lower blood γ-tocopherol and higher carbonyls level (0.38 vs. 0.18 nmol/mL, and 2.39 vs. 7.19 nmol/mg proteins, respectively for TNT and HS; p < 0.001). HS affected breast meat quality by reducing the moisture:protein ratio (3.17 vs. 3.01, respectively for TNT and HS; p < 0.05) as well as the muscular acidification (ultimate pH = 5.81 vs. 6.00, respectively; p < 0.01), resulting in meat with higher holding capacity and tenderness. HS conditions reduced thiobarbituric acid reactive substances (TBARS) concentration in the breast meat while increased protein oxidation. Overall results evidenced a dynamic response of broiler chickens to HS exposure that induced behavioral and physiological modifications strictly linked to alterations of blood parameters and meat quality characteristics.
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1 INTRODUCTION
The report of the International Panel on Climate Change (IPCC, 2022) depicted a concerning scenario in which, without a substantial reduction of greenhouse gas emissions, global warming could exceed the threshold established in the Paris Climate Agreement (i.e., maintain global warming under 2°C, preferably 1.5°C, respect to pre-industrial levels) within 2040. Albeit the negative effects of global warming on agriculture and livestock production were already evident in the past decades (FAO, 2016; Corwin, 2021), such forecasted increase of global temperature represents an additional challenge to satisfy, in an efficient and sustainable manner, the protein demand from a growing world population. Indeed, in tropical areas as well as in temperate climates during summer, the rise of environmental temperature can increase the risk for poultry and other livestock species to experience heat stress (HS), which takes place when animals are not capable of dissipating excess heat into the surrounding environment (Akbarian et al., 2016). Regardless of the duration (chronic vs. acute; Akbarian et al., 2016), HS is recognized as one of the most frequent and difficult to manage stressors that can occur during the rearing cycle (Aggarwal and Upadhyay, 2012), with negative implications on animal welfare, physiology and health as well as production sustainability, yields and product quality (Zaboli et al., 2019; Liu et al., 2020; Kumar et al., 2021; Brugaletta et al., 2022).
Broiler chickens are particularly susceptible to HS due to the presence of feathers, absence of sweat glands, high body mass-to-body surface area ratio, rapid metabolism and elevated core temperature (Syafwan et al., 2011). Decreased feed consumption as well as growth depression and physiological alterations (e.g., oxidative damage, fat deposition, protein catabolism, and histological modifications of the gastro-intestinal tract) were observed in broilers experiencing HS (Kikusato and Toyomizu, 2019; Lu et al., 2019; Mazzoni et al., 2022). Moreover, the artificial selection for high productive performance has modified energy partitioning in modern broilers favoring anabolic processes (e.g., efficient conversion of dietary energy into body growth; Zampiga et al., 2018), while negatively affecting their ability to deal with environmental stressors such as HS (Pawar et al., 2016).
In general, birds respond to high ambient temperatures by adjusting their behavior and physiological homeostasis in order to reduce body temperature (Lara and Rostagno, 2013). The identification of these changes is crucial to recognize and minimize the consequences of HS. It is important to underline that behavioral changes are the first bird response to thermal stress because of the lower energetic cost compared to other physiological adjustments (Branco et al., 2020). For instance, in HS conditions chickens spend more time resting, drinking, and panting and less time feeding, walking, and standing (Mack et al., 2013). The evaluation of the dynamic modifications of behavioral traits in response to the temperature increase can represent a valid information to rapidly identify thermal discomfort in broiler chickens, preserving animal welfare and health as well as productivity, with potential applications in the “precision livestock” context. On the other hand, the behavioral observations after a prolonged period of chronic HS can provide indications on the potential adaptive mechanisms adopted by the birds to cope with such conditions. In addition, only few studies have considered the overall relationships existing among animal behavior and oxidative balance, as well as their consequences on breast meat quality traits, in modern broilers exposed to chronic HS. Based on these considerations, the aim of this research was to investigate, through a multifactorial approach, the relationship among some in-vivo parameters (i.e., behavior and blood traits) in broilers exposed to chronic HS, and their implications on proximate composition, technological properties, and oxidative stability of breast meat.
2 MATERIAL AND METHODS
2.1 Animal housing and environmental conditions
The present research is part of the experimental trial reported in Zampiga et al. (2021), where animal housing is described in detail. Briefly, the trial was conducted in the research facility of the University of Bologna (Italy) according to EU Regulation for the protection of meat-type chickens (European Commission, 2007), the protection of animals at the time of killing (European Commission, 2009), and the protection of animals used for scientific purposes (European Commission, 2010). The Ethical Committee of the University of Bologna authorized the experimental protocol (ID: 1031/2019).
For this research, two different rooms were used in order to rear the chickens under thermoneutral (TNT) or HS conditions. The rooms presented the same characteristics regarding artificial lighting and ventilation systems, and were equipped with six pens/room showing identical features. Each pen was 3.3 m2 and furnished with one circular pan feeder and five nipples. A total of 300 one-day-old Ross 308 male chickens were purchased and vaccinated at the hatchery (Marek, Newcastle, Gumboro, and coccidiosis), and then randomly allocated in either the TNT or HS room (25 chickens/pen). For the whole rearing cycle (0—41 days), the ambient temperature of the TNT room was settled consistently with the recommendations of the breeding company guidelines (i.e., placement: 30°C; 3 days: 28°C; 6 days: 27°C; 9 days: 26°C; 12 days: 25°C; 15 days: 24°C; 18 days: 23°C; 21 days: 22°C; 24 days: 21°C; 27–41 days: 20 °C). In the HS room, chickens were reared in thermoneutral conditions until 35 days of age, and then exposed to a temperature of 30°C for 24 h/d up to slaughter (41 days). Overall, the temperature increase in HS room was progressive, approximately 1°C–1.5°C per h on average. Such conditions (i.e., temperature, time of exposure, etc.) were chosen in order to simulate a chronic heat wave occurring the last week before slaughtering, so when modern broilers are particularly susceptible to high temperatures. Overall, the conditions adopted in this study were effective to induce a thermal stress response in the birds without significantly impacting livability (Zampiga et al., 2021). From 35 to 41 days, the temperature of both rooms was recorded through the use of three data loggers positioned at the beginning, middle, and end of each room. During the trial, the range of relative humidity was 40%–55% in both rooms. All birds received the same commercial basal diet (based on corn, wheat and soybean meal; mash form) according to a 3-phase feeding program: starter (0—14 days), grower (15—28 days) and finisher (29—41 days). For the entire period of trial, birds had free access to fresh water and feed, which were distributed ad-libitum.
2.2 Behavioral observations
Behavioral observations were conducted in three representative pens/room (i.e., beginning, middle, and end of each room) at 35, 36 and 41 days of bird age. Twelve chickens per pen (in total 36 birds/treatment) were randomly selected and individually labelled with stick spray on their back. To avoid any interference between the observer and the birds, the behavior was assessed with the Noldus Technology (Wageningen, the Netherlands), which consists of two software: Media Recorder and Observer XT. The Media Recorder allows to record a video with a camera (Basler, Wageningen, the Netherlands), which was then analyzed with the Observer XT using the instantaneous scanning sampling method (Altmann, 1974) following a pre-defined ethogram (Table 1). At 35 days, a video of 8 h length was recorded in the three pens of the HS room to evaluate the changes in bird behavioral pattern in response to the gradual increase of environmental temperature from 18°C to 30°C. In particular, as the temperature increase was progressive, videos were analyzed at every change in temperature (1°C) for 1 min. At 1 and 6 days of HS exposure (corresponding to 36 and 41 days of bird age), two videos a day, taken from 9 a.m. to 10 a.m. and from 3 p.m. to 4 p.m., were recorded in the same three pens of the TNT and HS room. According to Cartoni Mancinelli et al. (2020) and Cartoni Mancinelli et al. (2022), each video was analyzed by a single researcher with experience in poultry behavior and trained in the use of Noldus software, using the scan sampling method for a total of 60 observations of 5 s each per hour (n = 36 birds/group). All data are presented as the frequency of each behavior in the analyzed video (n./time).
TABLE 1 | Ethogram used to analyze the behavior of broiler chickens raised in either thermoneutral (TNT) or chronic heat stress (HS) conditions (n = 36/group) from 35 to 41 days of age.
[image: Table 1]2.3 Blood parameters
As reported in Zampiga et al. (2021), 12 birds/group (2 birds/replication) were chosen at 41 days based on the average body weight of each experimental group (2,900 and 2,450 g, respectively for TNT and HS; Δ = ± 50 g for both groups). At slaughtering in a commercial plant (using electrical stunning as described below; European Commission, 2009), blood samples were obtained from the 12 selected broilers/group. Blood was collected in heparinized vacutainers and centrifuged (1,500 × g for 10 min at 4°C) to collect plasma, while serum was obtained by spontaneous separation in tubes kept 2 h at ambient temperature. Both plasma and serum samples were stored at −80°C until analyses. As reported in Mattioli et al. (2019), the plasma lipid peroxidation was determined through a spectrophotometer (Shimadzu Corporation UV-2550, Kyoto, Japan) set at 532 nm according to the absorbance of thiobarbituric acid reactive substances (TBARS) and a tetraethoxypropane calibration curve in sodium acetate buffer (pH = 3.5). Accordingly, the results were expressed as nmol of malondialdehyde (MDA)/mL of plasma. The method proposed by Dalle-Donne et al. (2003), based on the use 2,4-dinitrophenylhydrazine (DNPH) as reactive, was applied to determine the protein carbonyl groups. Furthermore, the serum carbonyl content (reported as nmol/mg of protein) was evaluated at 366 nm of absorbance using 22,000 M 1/cm as a molar absorption coefficient. Before that analysis, the serum was diluted to 1:40 with phosphate-buffered saline.
The concentrations of tocols (α-tocopherol and its isoforms γ and δ, and α-tocotrienol) and retinol were determined following the Schüep and Rettenmaier (1994) protocol. In detail, the plasma (0.2 mL) was mixed with 4 mL of an ethanol solution containing 0.06% butylated hydroxytoluene (BHT) and 1 mL of water. Water/potassium hydroxide (60%) was used to saponify the mixture at 70°C for 30 min, which was then extracted with hexane/ethyl acetate (9/1, v/v). After centrifugation, a volume of 2 mL of the supernatant was transferred into a glass tube, dried under N2, and re-suspended into 200 μL of acetonitrile. The pellet was re-extracted twice and the filtrate (50 μL) was injected into an HPLC (pump model Perkin Elmer series 200, equipped with an autosampler system, model AS 950-10, Jasco, Tokyo, Japan) on a Sinergy Hydro-RP column (4 μm, 4.6 × 100 mm; Phenomenex, Bologna, Italy) setting 2 mL/min as flow rate. The identification of the tocopherols and tocotrienols was done by means of a fluorescence detector (model Jasco, FP-1525) with excitation and emission wavelengths of 295 and 328 nm, respectively. External calibration curves, constructed with increasing quantities of pure standard solutions (Sigma-Aldrich, Bornem, Belgium) in ethanol, were used to quantify the related tocopherols. The same HPLC device, equipped with a UV-VIS spectrophotometer detector (Jasco UV2075 Plus) set at λ 325 nm, was used to assess the retinol. For the identification and quantification of retinol, the sample was compared with a pure commercial standard in chloroform (Extrasynthese, Genay, France; Sigma-Aldrich, Steinheim, Germany).
The Folch et al. (1957) method was adopted for serum lipid extraction, while the esterification was carried out following the methodology proposed by Christie (1982). The heneicosanoic acid methyl esters (Sigma Chemical Co.) were used as the internal standard for the trans-methylation procedure with recovery rates of 89% ± 4%. A Varian gas chromatograph (CP-3800), equipped with a flame ionization detector and a capillary column (100 m length × 0.25 mm × 0.2 μm film; Supelco, Bellefonte, PA, United States), was utilized for the analysis of the fatty acid composition (described in detail in Mattioli et al., 2021). The flow rate was 2 mL/min with helium as carrier gas and the split ratio was equal to 1:80. The oven temperatures were as follows: 40°C for 1 min, then 163°C for 10 min (rate of 2°C/min), 180°C for 7 min (rate of 1.5°C/min), 187°C for 2 min (rate of 2°C/min), and finally 230°C for 25 min with a rate of 3°C/min. The temperatures of the injector and detector were 270°C and 300°C, respectively. For each sample, the identification of the individual fatty acid methyl esters was carried out by comparing the peak retention times with those of the standard mixture (FAME Mix Supelco). The results were expressed as percentage of each individual fatty acid methyl ester on the total fatty acids methyl esters detected. Finally, the sum of the total saturated fatty acids (SFA), total monounsaturated fatty acids (MUFA), and total polyunsaturated fatty acids (PUFA) of the n-3 and n-6 series were calculated using the average amount of each fatty acid.
2.4 Meat quality traits
At 41 days, all birds were sent to a commercial processing plant (using the same, conventional truck; transport time ∼2 h) and then slaughtered according to routine practices. Both the groups were exposed to the same processing conditions. Birds were stunned by means of an electrified water-bath (200–220 mA, 1,500 Hz; European Commission, 2009) and killed through neck vessels severing, which was performed through an automatic device. After bleeding, carcasses were scalded (approximately 50°C for 210 s), mechanically plucked, eviscerated and processed (i.e., removal of head, neck, abdominal fat, and feet), and finally air-chilled to reach a core temperature of about 4°C–5°C. After 24 h, 15 carcasses per experimental group were individually weighed and dissected to obtain the P. major muscles. Breast yield (%) was calculated accordingly and then meat used for the analytical determinations. Breast meat proximate composition was evaluated following the procedures reported by the Association of Official Analytical Chemists (AOAC, 1990). Moisture and ash evaluation was performed in duplicate, whereas the total fat and crude protein content was determined by means of the Folch et al. (1957) and the Kjeldahl copper catalyst (AOAC, 1990) methods, respectively. As concerns the technological properties of breast meat, color (L* = lightness, a* = redness, and b* = yellowness; CIE, 1978) was measured in triplicate on the muscle ventral (bone side) surface at 24 h post-mortem by means of a reflectance colorimeter (Chroma Meter CR-400; Minolta Corp., Milan, Italy). The iodoacetate method (Jeacocke, 1977) was applied to evaluate ultimate pH (pHu) of breast muscles. Briefly, 2.5 g of meat were minced and then homogenized for 30 s at 13,500 rpm by means of an Ultra-Turrax T25 basic (IKA-Werke, Germany) in solution (25 mL, pH 7.0) of 5 mM sodium iodoacetate and 150 mM potassium chloride. Finally, a Jenway 3510 pH-meter (Jenway, Cole-Parmer, Staffordshire, United Kingdom), calibrated at pH 4.0 and 7.0, was used to assess homogenate pH. For drip loss analysis, meat samples weighing approximately 80 g (8 cm × 4 cm × 2 cm) were obtained from the cranial portion of each Pectoralis major muscle, weighed, and then stored in plastic boxes over sieved plastic racks for 48 h at 4°C ± 1°C. Then, the samples were weighed back after blotting the excess surface fluids and drip loss was expressed as percentage of weight lost during refrigerated storage. Each sample utilized for drip loss analysis was then packaged under vacuum and cooked in a water bath upon reaching 80°C in the inner core. Samples were then cooled down at room temperature and weighed to calculate cook loss. Finally, cooked subsamples (4 cm × 2 cm × 1 cm) were used for shear force analysis, which was assessed through a TA. HDi Heavy Duty texture analyzer (Stable Micro Systems Ltd., Godalming, Surrey, United Kingdom) equipped with a 25 kg loading cell and an Allo-Kramer shear probe. Shear force results were expressed as kilogram per gram of meat.
2.5 Oxidation markers, antioxidants content and fatty acid proportions in the breast muscle
All oxidative parameters and the fatty acid profile of the breast muscle were assessed in triplicate. The content of α, γ and δ-tocopherol, α and γ-tocotrienol, and retinol were determined using an HPLC system following the method proposed by Hewavitharana et al. (2004). Briefly, 2 g of sample were included into a solution containing 5 mL distilled water and 4 mL ethanol, which was then vortexed for 10 s. Four mL of hexane containing BHT (200 mg/L) were included into the solution that was mixed and centrifuged (8,000 × g for 10 min). Then, 3 mL of supernatant were dried by N2 stream and dissolved into 200 μL of acetonitrile. A total of 50 μL was injected into the HPLC equipment and analyzed as indicated for the plasma. The peroxidability index was computed according to the formula defined in the work of Arakawa and Sagai (1986): (% monoenoic × 0.025) + (% dienoic × 1) + (% trienoic × 2) + (% tetraenoic × 4) + (% pentaenoic × 6) + (% hexaenoic × 8). As described before, the Folch et al. (1957) method was applied to extract the meat lipid fraction for fatty acid analysis. The gas chromatograph conditions were the same adopted for the serum fatty acids evaluation. As for the meat oxidative profile, TBARS were analyzed following the procedure proposed by Bao and Ertbjerg (2015), whereas protein carbonylation level was determined through the DNPH-based method (Soglia et al., 2016).
2.6 Statistical analyses
The STATA software (StataCorp LP., United States) was used for the statistical analysis of data concerning the animal behavior, in which the bird was considered as the experimental unit. For these traits, two different aspects were evaluated: i) the bird behavioral changes in response to the increase of environmental temperature at 35 days (from 18°C to 30°C), and ii) the effect of the prolonged exposure to HS (1 and 6 days) on behavior. The first dataset was analyzed by means of a mixed model considering the effect of HS accounting for the repeated measures performed on the same broiler chicken at different times. In the second dataset, the effect of HS on behavior was tested by one-way ANOVA with the fixed effect of the ambient condition (TNT vs. HS) and the repeated effect of the bird. As no significant differences ascribable to the time of recording (AM or PM) and HS exposure (1 and 6 days) were found, these effects were not included in the statistical model and thus the environmental condition was the only experimental factor. Significance was designated at p < 0.05 and the Bonferroni post hoc test was used. Moreover, a multivariate analysis was performed (Principal Component Analysis; PCA) to simultaneously assess the global trend of behavior (roosting, resting, sleeping, feeding, drinking, panting and elevating wings) and blood parameters (carbonyls and γ-tocopherol concentration). Panting and elevating wings were considered as a unique variable in the PCA being typical behaviors associated to HS in chickens. To reduce the number of Principal Components (PC), only those with eigenvalues > 1 were retained. The one-way ANOVA option of the GLM procedure of SAS software (SAS Institute Inc., United States) was applied for the analysis of data concerning meat quality traits and oxidative profile. The main effect of temperature was tested (TN vs. HS) and the single breast and bird were considered as the experimental unit, respectively. The Tukey’s HSD test with a significant level of p <0.05 was selected for means separation.
3 RESULTS
3.1 Behavioral observations
Behavioral changes, both in terms of activity and frequency, were observed when the environmental temperature increased (Figure 1). In particular, when the temperature reached 25°C chickens exhibited the highest frequency of “drinking” (4.8 n./time). At this temperature, “panting” and “elevating wings” behaviors were observed for the first time. At the temperature of 26°C, the prevalent behaviors were “roosting” (16.1 n./time) followed by “elevating wings” and “panting” (8.3 and 7.8 n./time, respectively), while “feeding” was the only behavior not expressed by the chickens. Over 26°C, birds seemed to stabilize their behavior showing high frequency of “roosting”, “elevating wings” and “panting” followed by “drinking” and “feeding.”
[image: Figure 1]FIGURE 1 | Frequency of the main behaviors expressed (n./time, time = minute) by broiler chickens during the 8 h of temperature increase from 18°C to 30°C (n = 36/group). Results are expressed as mean and standard error of the mean. a-c: For each behavior, different letters indicate significant changes (p < 0.05) in its occurrence according to temperature variation.
The behavioral pattern of TNT and HS broilers exposed to chronic HS (1 and 6 days of exposure) are reported in Figure 2. Specifically, when compared to HS birds, TNT ones exhibited greater variability in the static behaviors with a higher frequency of “resting” and “sleeping” (6.64 vs. 1.32 and 2.48 vs. 0.16 n./time, respectively; p < 0.001). On the contrary, birds belonging to the HS group spent more time in “roosting” when compared to TNT (49.4 vs. 18.9 n./time, respectively; p <0.001). Concerning the eating behaviors, the HS group showed a higher frequency of “drinking” compared to the TNT one. On the contrary, TNT birds exhibited the highest frequency of “feeding.” The HS chickens also showed behaviors like “panting” and “elevating wings” that were not observed in the TNT ones.
[image: Figure 2]FIGURE 2 | Behavioral frequencies (n./time, time = 2 h of length video/d) of broiler chickens raised in either thermoneutral or chronic heat stress conditions from 35 to 41 days of age (n = 36/group). Results are expressed as mean and standard error of the mean and represent the average of independent measurements carried out after 1 and 6 days of HS exposure. *** = p < 0.001.
3.2 Blood parameters
The blood oxidative parameters and the fatty acid profile of TNT and HS broilers were reported in Tables 2 and 3, respectively. The HS significantly affected the carbonyls content, which was 3-fold higher in HS birds than in TNT ones (7.19 vs. 2.39 nmol/mg proteins, respectively; p < 0.01). A different trend was observed for the tocopherol isoforms, with a higher δ-tocopherol concentration found in HS chickens (p < 0.01). On the contrary, the γ-tocopherol was higher in TNT than in HS group (p < 0.01), whereas no substantial difference was detected for α-tocopherol. As for the blood fatty acid profile, significant differences were only found on the Σ MUFA content, which was lower in HS birds (12.75% vs. 15.57%, respectively for TNT and HS, p < 0.001). This is mainly due to the lower concentration of oleic acid (C18:1 n-9) in HS birds (13.92% vs. 10.90%, respectively for TNT and HS; p < 0.001).
TABLE 2 | Blood oxidative parameters of 41 days-old broiler chickens raised in either thermoneutral (TNT) or chronic heat stress (HS) conditions (n = 12/group) from 35 to 41 days of age.
[image: Table 2]TABLE 3 | Blood fatty acids proportion (% of total fatty acids) in 41 days-old broiler chickens raised in either thermoneutral (TNT) or chronic heat stress (HS) conditions (n = 12/group) from 35 to 41 days of age.
[image: Table 3]3.3 Association among behavioral measures and blood parameters
The plot of multivariate analysis (Table 4; Figure 3) showed the interaction of behavioral and blood parameters in TNT and HS chickens. The first two extracted PC with eigenvalues greater than 1.00 explained 77.8% of the total variance (Table 4). A positive value in the PC1 was observed for “roosting,” “drinking,” blood carbonyls, “panting and elevating wings.” Conversely, negative loadings were found for “feeding,” “resting,” “sleeping” and blood γ-tocopherol. In PC2, “roosting,” “feeding,” “resting”, “drinking”, “panting and elevating wings” showed positive value whereas “sleeping, blood carbonyls and blood γ-tocopherol exhibited a negative one. In Figure 3, the scores revealed a clear separation of the two experimental groups (TNT and HS). In particular, the HS birds were mostly discriminated by blood carbonyls, “drinking”, “roosting”, “panting and elevating wings”, whereas the TNT chickens were mainly characterized by “feeding”, “sleeping”, “resting” and blood γ-tocopherol.
TABLE 4 | Eigenvalue, explained variance and loadings of the first two Principal Components (PC) of the multivariate analysis regarding the interaction between behavioral and blood parameters in TNT (thermoneutral) and HS (heat stress) chickens at 41 days of age.
[image: Table 4][image: Figure 3]FIGURE 3 | Plot of multivariate analysis related to the interaction between behavioral and blood parameters of broiler chickens raised in either thermoneutral (TNT; blu dots) or heat stress (HS; orange dots) conditions at 41 days of age (n = 36/group).
3.4 Meat proximate composition and quality traits
Broilers exposed to chronic HS conditions exhibited lower carcass weight (p <0.01) and breast yield (p <0.05) than those raised in the TNT environment (Table 5). Regarding the chemical composition of breast meat (Table 5), no remarkable difference was detected for the percentage of total lipid and ash between the TNT and HS groups. However, HS samples exhibited lower moisture and higher protein content when compared to the TNT ones (75.0% vs. 76.0%; p < 0.05, and 23.7% vs. 22.4%; p < 0.01, respectively). Consequently, a lower moisture:protein ratio was detected in breast meat from HS birds (3.01 vs. 3.17, respectively from HS and TNT; p < 0.05). HS substantially affected the main quality traits and technological properties of chicken breast meat (Table 5). Meat color was not affected by the environmental conditions, albeit lightness tended (p = 0.06) to be lower in HS samples which, on the other hand, exhibited higher pHu compared to the TNT ones (6.00 vs. 5.81, p < 0.01). Water holding capacity was found to be enhanced in HS fillets, as suggested by their lower drip and cooking losses (p < 0.05 and p < 0.001, respectively) when compared to TNT group that, in turn, exhibited higher shear force (p < 0.05).
TABLE 5 | Chemical composition and meat quality traits of breast meat from broiler chickens (41 days-old) raised in either thermoneutral (TNT) or chronic heat stress (HS) conditions (n = 15/group) from 35 to 41 days of age.
[image: Table 5]3.5 Oxidation markers, antioxidants content and fatty acid proportions in the breast muscle
The results regarding the effects of HS on meat oxidative profile and antioxidant content are reported in Table 6. If compared to TNT, meat samples belonging to HS group exhibited significantly lower TBARS level and higher carbonyls content (5.23 vs. 4.70 mg MDA/kg of meat; p < 0.01, and 1.52 vs. 1.77 nmol/mg protein; p < 0.05, respectively). However, no significant difference in breast antioxidants content (Table 6) and fatty acid proportion (Table 7) was found between the TNT and HS birds.
TABLE 6 | Meat oxidative profile and antioxidants content in 41-d-old broiler chickens raised in either thermoneutral (TNT) or chronic heat stress (HS) conditions (n = 12/group) from 35 to 41 days of age.
[image: Table 6]TABLE 7 | Fatty acid proportion (% of total fatty acids) in the breast muscle of 41 days-old broiler chickens raised in either thermoneutral (TNT) or chronic heat stress (HS) conditions (N = 12/group) from 35 to 41 days of age.
[image: Table 7]4 DISCUSSION
Raising broiler chickens in chronic HS conditions led to several changes in behavioral, oxidative and meat quality traits. Behavioral parameters could be considered useful tools for assessing the welfare state of an animal. It is well known that, when exposed to a stressful stimulus, animals tend to modify their behavior to adapt themselves to the new condition (Mack et al., 2013). In this study, we found that these behavioral changes could be divided into two different types: 1) frequency modification of normally expressed behaviors, and 2) activation of behaviors not previously expressed. As expected, during the 8 h in which the environmental temperature was increased from 18°C to 30°C (35 days of bird age), a higher frequency of “drinking” behavior was exhibited by the chickens once a temperature of 25°C was reached. However, such activity was not enough to counteract the progressive increase of temperature, so that new distinctive behaviors (“panting” and “elevating wings”) were expressed by the birds. Indeed, an increased frequency of “panting and elevating wings” was revealed starting from a temperature of 25°C. It should be noted that this behavioral pattern was observed only in HS broilers, indicating that chickens raised under heat stress tend to increase their body surface while exposing featherless areas in order to dissipate heat with the “elevating wings” and by increasing the evaporation through “panting” (Elshafaei et al., 2021). Moreover, a drastic decrease of “feeding” behavior was observed when the environmental temperature approached 26°C. The behavior pattern seems to stabilize at 27°C and it is characterized by a high frequency of “roosting.” The 8-h monitoring confirmed that behavioral changes are closely related to the rising of temperatures. In particular, two temperature thresholds were identified: the first at 25°C, where the animals activate new behaviors to dissipate heat, and the second one at 27°C when animals tend to stabilize their behavior pattern, exhibiting an increased frequency of static behaviors that are typical of heat-stressed chickens. This aspect was also confirmed by the evaluation of behavior pattern of birds undergoing a prolonged exposure to HS. Indeed, in our study no significant differences were observed in the behavior of chickens after 1 or 6 days of thermal stress, indicating that the animals tend to adapt their behavior to the new condition without substantial changes over time. In fact, although the “roosting” behavior is peculiar of broiler chickens (Bizeray et al., 2002), the HS condition drastically increased its frequency. It is reported that “roosting” facilitates heat exchange with the litter that generally presents a lower temperature than the bird (Branco et al., 2020). The higher frequency of “roosting” in HS chickens was associated with a reduced expression of “feeding” behavior. This outcome corroborates the results shown in our companion paper (Zampiga et al., 2021), in which a 33% reduction of feed intake was reported for HS birds compared to TNT ones. Similarly, Talebi et al. (2022) showed that both broilers and laying hens spend less time eating when exposed to high environmental temperatures. Moreover, in the study of Attia et al. (2018), HS negatively affected feed intake and, in turn, weight gain and feed efficiency. In line with our results, Branco et al. (2020) showed that, through the use of a Generalized Sequential Patterns (GSP) algorithm, chickens exposed to HS remained inactive thus evidencing that the environmental conditions were not favorable. Moreover, the ambient temperature was reported to be positively correlated with the “drinking” and negatively with the “running” (Bell and Weaver, 2002). Active behaviors such as “walking” or “eating” are known to cause an increase in body temperature (Marìa et al., 2004). Hence, the decreased activity of HS broilers can be considered as an adaptive response to reduce heat generation. It is important to underline that the longer is the time of thermal discomfort, the greater are the changes in the physiological status, productive performance and meat quality characteristics (Xing et al., 2019).
The multifactorial approach adopted in the present study allowed to point out the complex relationship existing among the in-vivo aspects considered (i.e., behavior and blood oxidative status), yet demonstrating a clear distinction between the TNT and HS group. Specifically, HS chickens were characterized by “drinking,” “roosting,” “panting” and “elevating wings” behaviors associated with carbonyls blood concentration. On the contrary, TNT birds were identified by “feeding,” “resting” and “sleeping” behaviors associated with γ-tocopherol blood level. The physiological and behavioral response of broilers chickens is a complex and dynamic outcome aimed at achieving homeostasis and adapting them to the new environmental conditions. The results of this study highlighted such dynamic trend. In fact, the multifactorial approach could be defined as an “image capture” of the in-vivo mechanisms adopted by the animals to overcome the HS and thus to return to their physiological homeostasis status. In this study, HS broilers showed higher blood carbonyls and lower γ-tocopherol concentration compared to thermoneutral birds. Many authors (Sykes and Fataftah, 1986; Ali et al., 2010) indicated that the blood carbonyls level can be considered as a biomarker of oxidative stress and protein peroxidation, whereas the γ-tocopherol exerts many beneficial functions especially as anti-inflammatory agent. So that, through such approach it is possible to speculate that the behaviors mostly characterizing the HS chickens (namely, “panting and elevating wings”) are strictly related to an inflammatory and oxidative status induced by the thermal challenge. The presence of inflammatory processes in HS birds is also confirmed by the higher heterophil-to-lymphocyte ratio detected in birds belonging to this experimental group (Zampiga et al., 2021). During the inflammatory process, the two isoforms of the cyclooxygenase enzymes (COX-1 and COX-2) convert the arachidonic acid into various prostanoids such as prostaglandins (PGs) (Verma et al., 2021), whose biosynthesis plays a key role in both the development and the propagation of the inflammatory signals (Ricciotti and FitzGerald, 2011). The γ-tocopherol is able to limit the synthesis of the inflammation mediator Prostaglandin E2 (PGE2) by inhibiting the enzyme COX-2 (Jiang et al., 2000). The prolonged exposure to chronic HS condition induces several metabolic alterations in broiler chickens. In fact, in normal physiological conditions, an energy unbalanced status can be restored through the mobilization of body fat (Lu et al., 2017). On the contrary, fat mobilization is suppressed under HS and the energy deficit, induced by the reduction of feed intake, enhances glucose metabolism (Akşit et al., 2006; Lu et al., 2017). Accordingly, a significantly lower MUFA content was detected in the blood of HS birds compared to TNT, which could be ascribed to a decreased synthesis of these compounds as a consequence of reduced feed intake. Moreover, TNT and HS birds exhibited the same fatty acid profile in both blood and meat, likely suggesting that no substantial variations occurred in terms of lipid mobilization between control and stressed birds.
Regarding the meat oxidative status, HS broilers showed higher carbonyls coupled with lower TBARS content. The latter outcome was rather unexpected considering that fatty acids profile and antioxidants concentration did not exhibit significant variations in response to the environmental conditions. HS has been associated with increased muscle protein degradation and catabolism (Lu et al., 2018) with consequent changes in amino acids metabolism (Tabiri et al., 2002; Ma et al., 2018). Thus, it has been hypothesized that HS may promote protein degradation in the muscle, thereby increasing the concentration of some amino acids in the blood (Rhoads et al., 2011; Zampiga et al., 2021). Some amino acids containing nucleophilic groups (e.g., histidine, cysteine, and lysine) can be indirectly carbonylated by binding with non-protein reactive carbonyl species, such as MDA, thus resulting in an MDA concentration-dependent increase of the protein carbonyl content (Wu et al., 2009). Considering that such modifications occur on the N-terminal of the peptides (Butterfield and Stadtman, 1997; Zhao et al., 2012), it could be supposed that the higher mobilization of proteins in response to the thermal challenge, which is supported by our previous investigation (Zampiga et al., 2021), might have increased the number of N-terminal groups available for the reaction with MDA. This phenomenon may ultimately result in a greater carbonylation level and reduced amount of MDA detectable through TBA-spectrophotometric assay (Figure 4). However, further insights are necessary to confirm such hypothesis.
[image: Figure 4]FIGURE 4 | Hypothetical oxidative mechanism occurring in meat of broiler chickens raised in thermoneutral (TNT) or chronic heat stress (HS) conditions from 35 to 41 days of age. Antioxidants and lipids content as well as fatty acids profile are similar in the two groups. In both TNT and HS conditions, lipid oxidation occurs to the same extent, with the production of MDA (malondialdehyde). In TNT, MDA reacts with the TBA (thiobarbituric acid) to detect the TBARS level (thiobarbituric acid reactive substances). In HS, MDA reacts with the N-terminal group of free amino acids and polypeptides derived from protein mobilization. Carbonyls level increase while the reaction between MDA and TBA occurs to a lesser extent, thus resulting in a reduced TBARS detection.
It is widely recognized that HS is one of the most critical environmental factors affecting broiler growth performance due to the reduction in both feed intake and efficiency (Shakeri et al., 2020; Shakeri and Le, 2022). Within this context, broilers exposed to chronic HS exhibited a remarkable depression of both carcass weight and breast yield (−14% and −10%, respectively), which is consistent with the reduced “eating” behavior observed in the HS group and also with the lower final body weight and feed intake previously reported in Zampiga et al. (2021). Concerning meat proximate composition, breast muscles belonging to HS group were characterized by lower moisture and higher protein content. The lower amount of water found in HS group might be associated with an increased evapotranspiration that could result in dehydration and altered body water homeostasis, which can occur in heat-stressed birds especially when relative humidity is low (Yahav et al., 1995). On the other hand, the higher crude protein level detected in the breast muscles of HS group is rather counterintuitive considering the reduced feed intake and the increased catabolic processes associated with the thermal challenge. Possibly, such increase could indirectly result from a “concentration effect” determined by the lower water content rather than a greater in-vivo protein synthesis. Moreover, the reduced moisture:protein ratio found in the HS group suggests that a significantly lower quantity of water per amount of protein is present in the meat of HS birds, further supporting the hypothesis of a potential dehydration effect. In the EU legislation, the acceptable moisture:protein ratio for broiler breast meat is 3.19 ± 0.12 (range: 3.07–3.31) (Dias et al., 2020). Therefore, the average value detected in HS birds is out of range with possible relevant commercial issues for both internal EU market and exporters Countries.
HS can also alter muscular metabolism in-vivo, inducing several well-known final meat quality alterations whose extent eventually depends on both the duration and the magnitude of the stress (Wang et al., 2017; Gonzalez-Rivas et al., 2020). As for meat technological properties, it is widely accepted that exposing animals to acute HS immediately before slaughter accelerates muscle glycogenolysis and produces a rapid drop of muscular pH resulting in pale, soft and exudative meat, a condition responsible for impaired meat technological quality that can be frequently observed in poultry (Van Laack et al., 2000; Zampiga et al., 2020), pigs (Bowker et al., 2000), and cattle (Kim et al., 2014). By contrast, studies carried out on ruminants (Kadim et al., 2008) and pigs (D’Souza et al., 1998) disclosed that the exposure to chronic HS causes a reduction of muscular glycogen reserves and a feeble lactic acid production, thus resulting in higher pHu, darker color and greater water holding capacity of meat, i.e., common traits of dark, firm, and dry (DFD) meat. In poultry, the development of a DFD-like meat condition is more frequent in chickens kept in cold rather than heat stress conditions during pre-slaughter operations (Leishman et al., 2021), even though a prolonged exposure to high environmental temperatures can generate breast meat with high ultimate pH likely because of the stress-induced reduction of muscle glycogen reserves (Dai et al., 2012; Imik et al., 2012; Zeferino et al., 2016). Gregory (2010) indicated that extreme heat can provoke an adrenergic stress response with consequent increase of peripheral vasodilatation and muscle glycogenolysis, potentially resulting in meat with high pHu and darker color in case of protracted stress. In our study, muscles belonging to HS group exhibited a reduced extent of acidification as suggested by the higher pHu. Lower glucose levels in-vivo were found in the breast muscle of HS broilers by Zampiga et al. (2021), who hypothesized a boost of carbohydrate utilization in the glycolytic pathway of heat-stressed animals. On the other hand, the significant reduction of feed intake induced by the thermal challenge in HS broilers (−33% compared to TNT; Zampiga et al., 2021) could have also played a role on muscle glycolytic potential and thus on its acidification capacity. The higher pHu (6.00) found in HS samples, being far from the isoelectric point of myofibrillar proteins, likely enhanced their ability to retain constitutional water by increasing their net negative charge (Schreurs, 2000; Warriss, 2000). Accordingly, HS fillets exhibited an improved water holding capacity, as suggested by the remarkably lower drip and cooking losses (−26.1% and −33.0%, respectively) if compared to TNT ones. Moreover, shear force assessed on cooked meat was found to be lower in HS group, thus corroborating the inter-relationship between water holding capacity and meat tenderness, which establishes that a higher moisture content retained within the muscle results in a greater tenderness of meat (Hughes et al., 2014). Overall, it might be hypothesized that exposing birds to chronic HS during the last week before slaughtering could have affected muscle glycolytic potential and its acidification pattern, with consequences on color, water holding capacity and tenderness of breast meat. Although further insights are necessary to elucidate these dynamics, the depletion of muscle glycogen reserves in-vivo could be the result of the prolonged stress and its effects on metabolic traits and feed consumption. As mentioned above, the reported data were obtained in chronic HS performed to simulate the environmental conditions that could be experienced by the birds during an extreme heat wave in tropical regions or in temperate climates during summer. It is important to underline that the discordant results available in the literature could be related to the different heat stress conditions, including type (e.g., constant vs. cyclic), duration (e.g., days to weeks), and intensity (e.g., 28°C–34°C), which could remarkably affect the variables studied herein (Azad et al., 2010; Lu et al., 2019; Zaboli et al., 2019).
In conclusion, the present study highlights the changes in behavior, blood parameters, oxidative status and meat quality in broiler chickens subjected to chronic HS conditions. It was possible to identify a dynamic behavioral response of the animals to the rise of the environmental temperature, initially consisting in modifications of the frequency of some behaviors also expressed in thermoneutral conditions (i.e., increase of “drinking” and decrease of “feeding”), and then in the manifestation of behaviors aimed at dissipating heat, such as “panting” and “elevating wings.” Such modifications become evident when the temperature reached 25°C, while the behavioral frequencies tended to stabilize at 27°C with no further substantial changes over the 6 days of HS. The new behavioral patterns exhibited by HS chickens were linked to alteration of the blood parameters suggesting the presence of an oxidative (protein-induced) and inflammatory state. Chronic HS also affected the final meat quality by reducing muscular acidification, which led to abnormal meat water holding capacity and tenderness. Surprisingly, muscle TBARS concentration was lower in HS birds although protein oxidation occurred to a greater extent possibly due to an increased protein mobilization in response to the thermal challenge. However, further research is needed to better investigate this aspect.
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Category Behavior Description
Roosting Lying position, the ventral body region is in contact with the floor
STATIC Resting ‘The body is in line with the ground, the head is erected and eyes opened. Only the feet are in contact with the floor
Sleeping The head is in a low posture (under the wing or on the bedding) and eyes closed
ACTIVE Walking Moving more than three steps
Feeding Pecking inside the feeder
EAT
Drinking Pecking the drinker
Panting Showing fast, laboured breathing with an opened beak
HEAT

Elevating wings

Wings are spaced from the body
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Oxidative markers

TBARS (nmol MDA/mL) 3621
Carbonyls (nmol/mg proteins) 239

Antioxidant content

Retinol (nmol/mL) 632
*atocotrenol (nmol/m) 0,005
8-tocopherol (nmol/mL) 015
y-tocopherol (mol/mL) 038
a-tocopherol (nmol/mL) 1878

“**= p < 0.001; ns = not significant.

TBARS, thiobarbituric acid reactive substances.
MDA, malondialdehyde.
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TNT HS SEM

Carcass weight (g) 2,031 1,753 508 L
Breast yield (%) 39.0 353 082 *
Moisture (%) 76.0 75.0 025 *
Crude protein (%) 24 237 029 -
Total lipid (%) 138 155 011 ns
Ash (%) 140 149 0.06 ns
Moisture:protein ratio 317 301 0.04 *
Lightness (L*) 56.9 548 0s6 | o006
Redness (a*) 112 114 0.11 ns
Yellowness (b*) 605 594 021 ns
PH, 581 600 0.03 A5
Drip loss (%) 161 ™ =
| Cooking loss (%) s 153 090 |
Shear force (kg/g) 311 271 0.10 %

“=p <005 ** = p <0.01; *** = p <0.001. ns = not significant.
SEM. standard error of the mean.
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Cl60 122 131 0.10 ns
o 016 014 027 ns
C180 125 135 0.03 ns
C240 190 254 0.67 ns
SSFA 272 297 025 ns
Cla1 0.08 006 090 ns
Clel 0.99 102 0.02 ns
c1z1 0.05 0.10 0.04 ns
Cl8:1 n-9 139 109 0.02
caa1 047 064 092 ns
SMUFA 156 128 019
7C18:2 n-6 [LA] 412 397 0.84 ns
C18:3 n-6 [GLA] 005 001 091 ns
C20:4 n-6 [AA] 6.77 727 0.01 ns
C2221n6 024 012 034 ns
6 480 470 0.04 ns
C18:3 n-3 [ALA] 134 155 090 ns
Cl:4 n-3 0.08 003 0.10 ns
€203 n-3 007 002 0.03 ns
C20:5 n-3 [EPA] 105 083 0.02 ns
C22:6 n-3 [DHA] 110 082 095 ns
-3 365 326 0.08 ns
SPUFA 520 504 019 ns
n-6/n-3 133 153 0.89 ns
Others 530 690 102 ns

“*'= p < 0.001; ns = not significant.

SEM, standard error of the mean.

LA, linoleic acid; GLA, gamma-linolenic acid; AA, arachidonic acid; ALA, alpha-linolenic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid.
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Cumulative 778

Roosting 0.391 0057
| Feeding -0.358 0480

Resting -0381 0435

Drinking 0333 0130

Sleeping -0338 0256
» Panting and elevating wings 0.405 0.146
 Blood carbonyls 0347 -0.119

Blood y-tocopherol -0247 ~0.676
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Cl140 033 031 016 ns
€160 186 178 051 ns
c170 025 027 002 ns
C180 849 862 045 ns
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ISFA 278 272 062 ns
Cla1 006 006 001 ns
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C18:1 n-9 266 260 084 ns
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C20:3 03 013 0.10 002 ns
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ns = not significant.
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