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Abstract
[bookmark: _GoBack]Climate change driven heat stress increasingly challenges livestock and contributes to substantial production losses. Therefore, a comprehensive evaluation of the impact of seasonal stress is essential to understand these physiological disruptions and to develop strategies that can mitigate heat induced production losses. This study evaluated the impact of winter, spring and summer seasons on oxidative stress parameters, hematological and biochemical parameters in Yorkshire pigs reared under intensive production. A total of 24 healthy pigs (12 growers and 12 finishers) were monitored, and blood samples were collected during each season for analysis. Oxidative stress assessment revealed markedly elevated activity of glutathione reductase, significantly low reduced glutathione levels and further elevated malondialdehyde levels during summer season. This confirms oxidative stress with enhanced lipid peroxidation compromising the integrity of the cells. Hematological results showed significantly lower hemoglobin and packed cell volume during winter and summer, with the decline more evident in summer. Total leukocyte count decreased significantly in summer, accompanied by elevated neutrophil percentage, reduced lymphocyte percentage and an increased neutrophil-to-lymphocyte ratio, likely associated with compromised membrane integrity under seasonal stress. Metabolic enzymes, including alanine transaminase, aspartate transaminase, gamma glutamyl transferase and lactate dehydrogenase, recorded significantly higher activities during summer, suggesting heat induced metabolic strain and potential tissue leakage. These findings demonstrate that seasonal stress, particularly summer heat, leads to marked oxidative imbalance and hemato-biochemical alterations in Yorkshire pigs. Understanding these physiological responses is essential for developing management strategies to mitigate the adverse effects of thermal stress on pig health and productivity.
INTRODUCTION
Animal husbandry plays an important role in development of the country especially for the rural community. India, with the highest livestock population, possesses 11.54% of the total world livestock population (Singh, 2020). Different hereditary traits of pigs like high feed conversion efficiency, high fecundity, short generation interval and early maturation contribute to the greater potential to help farmers see a faster rate of economic return as compared to other livestock species (Legault, 1985). Different factors affecting the development of livestock includes climate, health, diseases and nutrition, among which, climate plays the most significant factor (Cheng et al., 2022). The global climate change has accelerated due to different human activities in the recent years leading to drastic changes in the atmospheric temperature and humidity. Climate change affects the livestock production with a rise in livestock diseases, environmental stress and biodiversity loss and by competition for natural resources, quantity and quality of feeds (Cheng et al., 2022). 
The Thermo-Neutral Zone (TNZ) is the ambient temperature range in which animals maintain physiological functions with minimal energy expenditure (Mount, 1968). In pigs, the TNZ is narrow (18–25°C), making them highly susceptible to heat stress due to their limited sweating ability and thick subcutaneous fat (EFSA, 2020; Mayorga, 2019). Acclimatization to the extreme weather can inflict different behavioural, physiological and metabolically adaptive responses aimed at maintaining their homeostasis; which causes stress to the animals thus leading to decrease in the health status (Bernabucci et al., 2010). Exposure to temperatures beyond the TNZ disrupts homeostasis and triggers behavioural and physiological adaptations such as wallowing, reduced gut blood flow, elevated body temperature and respiration rate that ultimately impair growth, metabolism and production (Silva et al., 2009; Ross et al., 2015; Teixeira et al., 2021). 
With the rapid progression of global warming and climate change, there is an urgent need for a comprehensive understanding of the physico-biochemical changes that occur in animals exposed to heat stress. Adaptation to heat stress results in increased production of reactive oxygen species (ROS), often exceeding the neutralizing capacity of endogenous antioxidants (Mujahid et al., 2005). This imbalance leads to ROS accumulation, which damages cell membranes and intracellular components, ultimately causing oxidative stress. Oxidative stress compromises cellular integrity by altering membrane permeability and disrupting normal physiological functions. Therefore, the aim of this study was to evaluate seasonal variations in oxidative stress markers, hematological parameters and metabolic enzymes in grower and finisher pigs during winter, spring and summer.
MATERIALS AND METHOD
Experimental animals: A total of 24 healthy Yorkshire pigs divided into 12 grower pigs (3 – 4 months old), 6 males and 6 females and 12 finisher pigs (6 – 7 months old), 6 males and 6 females reared under intensive system supplied with normal diets and ad libitum water were selected from a local pig farm in Ludhiana, Punjab. 
[bookmark: _Hlk214028585]Blood samples and plasma separation: 4 ml of blood were collected in heparinized and EDTA blood collection vials from all the experimental animals in the morning hours, during Winter (December to January), Spring (February to March) and Summer (April to May). Plasma separation was done by centrifuging the blood samples in Remi R-8C Laboratory Centrifuge at 3000 rpm for 15 minutes. The plasma was then collected, aliquoted and stored at -20°C until biochemical parameters were estimated. 
Oxidative stress parameters: Erythrocytic malondialdehyde (MDA) for lipid peroxidation was determined by the method described in Placer et al. (1966) which depends on formation of thiobarbituric acid reactive substances. Glutathione reductase activity was estimated following protocol previously mentioned (Krohne-Ehrich et al., 1977). Whole blood reduced GSH was determined by the method described in Ellman (1959) which depends on oxidation of reduced GSH by the sulfhydryl reagent DTNB to form yellow derivative 5’-thio-2-nitrobenzoic acid. 
Hematological parameters: Hemoglobin (Hb) level was estimated as previously mentioned (Dacie & Lewis, 1975). Packed Cell Volume (PCV) was estimated following microhematocrit method, Differential Leukocyte Count (DLC) was done using Giemsa staining technique and Total Leukocyte Count (TLC) using hemocytometer method.
Metabolic enzymes: The plasma level of alkaline phosphatase (ALP), alanine aminotransferase (ALT), aspartate aminotransferase (AST), gamma glutamyltransferase (GGT) and lactate dehydrogenase (LDH) were determined using Erba Mannheim on the semi-automatic chemistry analyser (Merck).
Statistical analysis: Statistical analyses for all the parameters were done by three-way analysis of variance (ANOVA) test in Statistical Package for Social Sciences (SPSS) software (version 26). The level of significance was set at p < 0.05 and the results were given as mean ± standard error.
RESULTS
Oxidative stress parameters
The levels of MDA and GSH, and the activity of glutathione reductase were determined to analyse the seasonal effect on the oxidative stress. The level of MDA in all groups was significantly higher (p < 0.05) in summer season as compared to winter and spring seasons and that of winter season was significantly higher (p < 0.05) than spring season (3.48 to 3.67 nmol/mg vs 2.24 to 2.51 nmol/mg vs 1.41 to 1.61 nmol/mg) (Fig. 1A, Table 1).
We observed highest level of GSH in spring season while it was lowest in summer season. In all the groups, the mean value of GSH was significantly lower (p < 0.05) in summer as compared to winter and spring seasons and winter also showed significantly lower (p < 0.05) values compared to spring season (9.182 to 9.628 μmol/L vs 6.484 to 6.777 μmol/L vs 5.235 to 5.601 μmol/L) (Fig. 1B, Table 1). 
Glutathione reductase activity was highest during summer season, followed by winter season and lowest during spring season (9.567 to 10.027 IU/min vs 6.9 to 7.259 IU/min vs 4.883 to 5.002 IU/min) (Fig. 1C, Table 1). In all the groups, glutathione reductase activity was significantly higher (p < 0.05) in summer season as compared to winter and spring seasons (Fig. 1C). Moreover, its activity during winter season was significantly higher (p < 0.05) than spring season (Fig. 1C, Table 1). 
Hematological parameters
In all the groups, the mean values of Hb and PCV were significantly lower (p < 0.05) during winter season and summer season in comparison with spring season furthermore, the decrease was more prominent in summer (Table 2). The mean values of TLC significantly declined (p < 0.05) in summer season. The mean percentage of neutrophils was significantly higher (p < 0.05) while the mean percentage of lymphocytes was significantly lower (p < 0.05) in winter and summer as compared to spring season (Table 2). Mean N:L ratio was significantly elevated (p < 0.05) in winter and summer as compared to the spring season (Table 2).
Metabolic enzymes
Mean values for metabolic enzymes during different seasons showed significant variation (Table 3). Summer season showed highest values for ALT, GGT and LDH and lowest in spring season. Significantly increased (p < 0.05) values were observed in ALT and GGT in summer and winter in comparison to spring (Table 3). Moreover, ALP and GGT showed significantly higher (p < 0.05) values during summer compared to winter season. While the mean values of LDH and AST of all the groups were significantly higher (p < 0.05) in summer as compared to winter and spring seasons but no significant variation between winter and spring seasons. Season, age or gender had no effect on the plasma concentration of ALP (Table 3).  
DISCUSSION
Rising global temperatures demand a clearer understanding of how heat stress alters physiological and biochemical functions in livestock. This study evaluates seasonal changes in oxidative stress indicators, hematological profiles and metabolic enzymes in grower and finisher pigs. Cells generally maintain a reduced intracellular environment, and GSH levels serve as a key indicator of oxidative stress in animal tissues (Sies et al., 2024). In our study, the average ambient temperatures during winter, spring, and summer were 8.8°C, 20°C, and 32°C, respectively. The summer temperature exceeded the TNZ of pigs, indicating that the animals were likely experiencing heat stress. Conversely, winter temperatures were below the TNZ, suggesting potential cold discomfort; however, pigs possess substantial physiological insulation, which provides some protection against cold stress.
Heat stress has been reported to trigger oxidative stress in animals (Emami et al., 2021). During oxidative stress, GSH is oxidized to glutathione disulfide (GSSG) by the augmented ROS in the cell. This GSSG is further reduced by the activity of glutathione reductase enzyme using NADPH. This is a continuous cycle that helps in maintaining the reduced environment of the cell. In this study, we observed significant increase in the activity of glutathione reductase during summer season as compared to the winter and spring seasons (Fig 1C). Additionally, glutathione reductase showed significantly higher levels in winter as compared to spring season (Fig 1C). Moreover, significant decreased levels of reduced GSH were observed during summer season as compared to winter and spring seasons (Fig. 1B). Increase in the activity of glutathione reductase during winter and summer seasons was also reported in cows (Bernabucci et al., 2002; Zachut et al., 2017); in broilers (Altan et al., 2003); in goats (Kataria et al., 2010; Sahoo et al., 2020); in sheep (Maan 2010; Rathwa et al., 2017; Karthik et al.,2021), in quails (Sahin et al., 2011), in buffaloes (Chaudhary et al., 2015; Lakhani et al., 2018) and in pigs (Yadav 2016). Similar augmented values of GSH in summer and winter seasons had been reported in sheep (Maan, 2010), in pigs (Yadav, 2016) and in goats (Sahoo et al., 2020). Increase in the activity of glutathione reductase along with decreased values of GSH indicate that the animals are undergoing a significant oxidative stress during summer and winter seasons.
The oxidative stress can further lead to lipid peroxidation especially of the components of the cell membrane. Lipid peroxidation can disturb the integrity of the cell membrane. MDA is the end product of cell membrane (Gaschler & Stockwell, 2017). We observed increase in the values of erythrocytic MDA during winter and summer seasons (Fig 1A) which indicated that the animals were under oxidative stress and more prominent during extreme summer season than winter season. Similar findings had been reported by Bernabucci et al. (2002) and Zachut et al. (2017) in cows, Altan et al. (2003) in broilers, Sahin et al. (2011) in Quails, Chaudhary et al. (2015) and Lakhani et al. (2018) in buffaloes, Rathwa et al. (2017) and Karthik et al. (2021) in sheep, Cui et al. (2019) in pigs and Sahoo et al. (2020) in goats. Environmental stress caused increase production of ROS which further leads to direct damage of lipids especially the polyunsaturated fatty acids (PUFAs). With the increased ROS, there can be increased peroxidation of polyunsaturated fatty acids, accelerated oxidative stress and stimulation of apoptosis or necrosis which could bring about pathological conditions. 
Our findings indicate that seasonal fluctuations exert significant oxidative stress on the animals. Oxidative stress is known to damage cellular components, including erythrocytes, which can result in altered hematological profiles and ultimately disrupt physiological homeostasis. To assess the impact of seasonal stress on hematological parameters, we evaluated a range of erythrocytic and leukocytic indices. Hb and PCV values were lowest during the summer season, followed by winter, while the highest levels were recorded in spring (Table 2). TLC were also significantly reduced in summer compared to winter and spring (Table 2). Furthermore, the mean percentage of neutrophils was significantly elevated, whereas that of lymphocytes was markedly reduced in both winter and summer as compared to the spring season (Table 2). Consequently, the neutrophil-to-lymphocyte (N:L) ratio was significantly higher during winter and summer (Table 2). Similar seasonal trends in hematological responses have been reported in Zovawk pigs (Mayengbam and Tolenkhomba, 2015), goats (Banerjee et al., 2015), exotic pig breeds (Cui et al., 2019; Palova et al., 2019), and dairy cows (Koubková et al., 2002; Morar et al., 2018). 
Pigs exhibit several physiological and behavioral adjustments to cope with heat stress, including wallowing behavior, redistribution of blood flow away from the gut, and increases in both body temperature and respiratory rate (Silva et al., 2009). The hematological changes may be attributed to increased oxygen demand and enhanced respiratory effort under environmental stress, which elevates the partial pressure of oxygen in the blood and may suppress erythropoiesis, thereby reducing circulating erythrocytes. Additionally, oxidative damage to the lipid-rich erythrocyte membranes can lead to hemolysis and a subsequent decline in RBC count. Nutritional factors may further exacerbate these effects, as heat stress is known to reduce voluntary feed intake, potentially limiting the availability of nutrients necessary for hemoglobin synthesis.
To determine the effect of seasonal change on the cellular homeostasis of different metabolic enzymes, we analysed the ALP, AST, GGT and LDH activities. AST, GGT and LDH showed significant increase during summer season as compared to winter and spring seasons (Table 3). However, the activity of ALP was lower (not significant) in summer season (Table 3). Decrease level of ALP in summer might be caused by heat stress while higher level of ALP in winter than summer may be a compensatory process for vitamin D requirements (Mayengbam and Tolenkhomba, 2015). Similar reports on ALP were given in crossbred cattle (Rusoff et al., 1954) and in pigs (Palova et al., 2019; Pearce et al., 2013) while results contrast to our findings were reported in cattle (Singh and Singh, 2005), broilers (Huang et al., 2018) and pigs (Borah et al., 2020).
Increased levels of ALT and AST was observed previously in cattle (Shaffer et al., 1981), in buffaloes (Ashmawy, 2020), in goats (Banerjee et al., 2015), in sheeps (Karthik et al., 2021) in pigs (Mayengbam and Tolenkhomba 2015; Borah et al., 2020), and in broilers (Huang et al., 2018). There were reports that the levels of LDH increased significantly during summer in comparison to other seasons in fattener pigs (Chu & Song, 2013). Increased level of LDH throughout heat stress was reported in cattle (Chetia et al., 2017) and in pigs (Borah et al., 2020; Vashi et al., 2018). Increased value of GGT in winter and summer compared to spring was observed in goats (Ribeiro et al., 2016) and in pigs (Chmielowiec-Korzeniowska et al., 2012). Elevated levels of metabolic enzymes may be due to change in metabolism to gluconeogenesis during environmental stress. A reduction in feed intake under heat stress is well documented, especially in pigs (Mayorga et al., 2019). Reduced feed intake in heat stress reduces the heat produced from metabolism (Teixeira et al., 2021).  Decreased intake of food leads to increased gluconeogenesis implicating negative impact on hepatic cells, muscle cells and heart releasing different marker enzymes into circulation. These findings might also be attributable to the impairment of the hepatocellular membranes due to oxidative stress and changing the permeability causing the expulsion of the liver enzymes into the blood.
Overall, the present study demonstrates that seasonal stress especially heat stress induces a marked oxidative burden in Yorkshire pigs, characterized by elevated glutathione reductase activity, depleted GSH levels, and increased erythrocytic lipid peroxidation. These oxidative disruptions appear to compromise cellular and membrane integrity, contributing to altered hematological profiles, including reduced Hb, PCV and TLC, alongside shifts in neutrophil and lymphocyte proportions. Concurrent elevations in metabolic enzymes such as AST, GGT and LDH further indicate seasonal stress related alterations in hepatic and muscular cellular function, likely driven by oxidative damage and metabolic shifts such as increased gluconeogenesis during reduced feed intake. Collectively, these findings highlight the profound physiological strain imposed by extreme seasonal temperatures, underscoring the need for targeted management strategies to mitigate heat induced oxidative and metabolic disturbances in pigs.
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Fig. 1: Oxidative stress parameters. All groups exhibited oxidative stress during both summer and winter, with the highest stress observed in summer. MDA levels were measured following the method of Placer et al. (1966), which quantifies thiobarbituric acid reactive substances. Whole-blood GSH was estimated using the Ellman (1959) method based on the reaction of GSH with DTNB to form 5-thio-2-nitrobenzoic acid. Glutathione reductase activity was determined according to the protocol of Krohne-Ehrich et al. (1977). Data are presented as Mean ± SEM (n = 6). The values with different lower-case letters (a, b, c) superscripts indicate significant difference at p < 0.05 between seasons.
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Table 1: Oxidative stress parameters.
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Table 2. Seasonal variations in hematological parameters. Hb, PCV, and TLC decreased, while neutrophils and the N:L ratio increased and lymphocytes decreased in winter and summer compared with spring (p < 0.05). Hb was measured following Dacie & Lewis (1975), PCV by the microhematocrit method, DLC using Giemsa-stained smears, and TLC using a hemocytometer. Data are presented as Mean ± SEM (n = 6). Different lowercase superscripts (a, b, c) denote significant differences among seasons (p < 0.05), while symbols (*, #, $) indicate significant differences among age groups (p < 0.05).
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Table 3: Seasonal variations in metabolic enzyme activities. Activities of ALT, AST, GGT, and LDH were significantly elevated during both summer and winter, with the highest values recorded in summer. No significant seasonal variation was observed in ALP activity. Plasma levels of ALP, ALT, AST, GGT, and LDH were measured using Erba Mannheim kits on a semi-automatic chemistry analyser (Merck). Data are presented as Mean ± SEM (n = 6). The values with different lower-case letters (a, b, c) superscripts indicate significant difference at p < 0.05 between seasons.
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Erythrocytic Malondialdehyde (nmol/mg)
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Whole blood reduced Glutathione (μmol/L)	0.186	0.20800000000000002	0.20300000000000001	0.21100000000000002	0.21500000000000002	0.22500000000000003	0.20400000000000001	0.21900000000000003	0.30399999999999999	0.247	0.23699999999999999	0.27399999999999997	0.186	0.20800000000000002	0.20300000000000001	0.21100000000000002	0.21500000000000002	0.22500000000000003	0.20400000000000001	0.21900000000000003	0.30399999999999999	0.247	0.23699999999999999	0.27399999999999997	Male	Female	Male	Female	Male	Female	Male	Female	Male	Female	Male	Female	Grower	Finisher	Grower	Finisher	Grower	Finisher	Winter	Spring	Summer	6.5709999999999997	6.484	6.7770000000000001	6.7830000000000004	9.3450000000000006	9.1820000000000004	9.6280000000000001	9.4619999999999997	5.2649999999999997	5.2350000000000003	5.585	5.601	


Glutathione reductase (IU/min)
Glutathione reductase ± IU/min	0.21299999999999999	0.14299999999999999	0.22600000000000001	0.19600000000000001	0.20499999999999999	0.188	0.154	0.158	0.27900000000000003	0.253	0.29299999999999998	0.28599999999999998	0.21299999999999999	0.14299999999999999	0.22600000000000001	0.19600000000000001	0.20499999999999999	0.188	0.154	0.158	0.27900000000000003	0.253	0.29299999999999998	0.28599999999999998	Male	Female	Male	Female	Male	Female	Male	Female	Male	Female	Male	Female	Grower	Finisher	Grower	Finisher	Grower	Finisher	Winter	Spring	Summer	7.085	6.9	7.2590000000000003	7.1310000000000002	4.9359999999999999	4.883	5.0019999999999998	4.9039999999999999	9.6829999999999998	9.5670000000000002	10.026999999999999	9.75	
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