


Evaluation of Ameliorative Potential of Zinc Nanoparticles and L-ascorbic Acid on Blood Metabolites in Birds Subjected to Transport Induced Stress


ABSTRACT
The study was conducted during June, 2024–September, 2024 at College of Veterinary Science & A.H., Durg, Chhattisgarh, India aimed to research the effects of L-ascorbic acid and Zinc oxide nanoparticles supplementation to reduce transport induced stress in birds of Sonali breed.  A total of 120, 6–7 weeks birds of sonali breed were divided into four different groups. Birds of group I were loaded in vehicle but not transported whereas Group II, III and IV were transported for a distance of 200km at 35–40kmh-1. Group III and IV birds received treatment of Zinc oxide nanoparticles (ZnONPs)in drinking water at 100µgml-1 and L-ascorbic acid (AA) at 82µgml-1, two days before the transportation. Blood samples were investigated for serum lipid profile and oxidative stress markers. A significant increase (p<0.05) in cortisol level, heterophil to lymphocyte ratio, total serum protein values were reported in birds of following transportation stress. Significant altered (p<0.01) serum lipid profile was recorded in birds of T2 group. The content of MDA in thigh muscle homogenate was significantly decreased (P=0.001) whereas increased antioxidant enzymes were recorded  with the treatment of ZnONP and Ascorbic acid. Our results implied that supplementation of antioxidants before transportation of birds could be helpful to reduce stress in birds with improved meat quality attributes. 
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1. INTRODUCTION
[bookmark: _GoBack]“Poultry meat fulfills the nutritional requirements of a contemporary healthy diet, characterized by being low in calories, high in protein, low in cholesterol, and having a high digestive absorption rate” (Goluch et al., 2023). “Transportation in poultry is necessary to move birds from farms to processing plants or markets. Numerous earlier studies have estimated the impact of transport stress on rapidly growing broilers, but little efforts were made to investigate such effects on animal welfare and meat lipid quality, which cause major economic losses in poultry enterprises and deteriorate consumer health” (Guo et al., 2021). “The stressors of transport are categorized into mental, physical, and mixed factors; the physical stressors include holding, catching, crating, and the environment temperature and other conditions” (ROY et al., 2024). 
“Free radicals form continually in a living system but their excess production during stress results in increase of reactive oxygen species (ROS)such as superoxide radicals (O2​.-), hydroxyl radicals (OH-), and hydrogen peroxide (H2​O2), impairs cellular communication, enzyme activity, and gene expression, contributing to oxidative stress-related pathologies” (Estevez, 2015). Oxidative damage result in metabolic disorders of nucleic acids, lipids, and proteins, (Wen et al., 2019).“During transportation of birds from farm to slaughterhouse, oxidative damage may cause physical injuries promoting exhaustion of the natural antioxidant capacity of the bird and exposing the cells to harmful reactive oxygen species which could eventually lead to the death of cells” (Arikan et al., 2017). 
[bookmark: bbib0065][bookmark: bbib0228][bookmark: bbib0036]“Lipid oxidation is an intricate process that possesses significant impact on poultry meat quality, flavor and nutritive value due to the degradation of essential fatty acids” (Domínguez et al., 2019; Wastisworth, 2024).  “Additionally, stressful conditions are primarily linked to decreased feed intake, increased water intake, stunted growth, elevated mortality, and altered meat quality in chicken production” (Wasti et al., 2021). “Antioxidants are crucial for life and are required for good health due to their significant impact on the control of oxidative stress by maintaining the equilibrium between the antioxidant capacity and the activity of free radicals” (Hu et al.,2024). “Meat quality can primarily be shielded from oxidative stress-induced degradation by combining antioxidant micronutrients like zinc, magnesium, and selenium with vitamins” (Guo and Dalrymple, 2017). “Zinc is the catalyzer of enzymes involved in carbohydrate, protein and lipid metabolism and also protect biological structures from injury during inflammatory processes. Zinc have important role in protecting the cells against oxidative damage as it acts as coenzyme for the enzymes that contribute to the proper functioning of the antioxidant defense system. In addition, this mineral induces the synthesis of metallothionein involved in the reduction of free radicals produced under stress conditions” (Silva et al., 2022). “The antioxidant activity of vitamin C is beneficial to quenching free radicals and controlling lipid peroxidation scavenges reactive oxygen species (ROS), protecting cells from oxidative stress. Additionally, it regenerates other antioxidants, such as vitamin E, enhancing the cellular antioxidant defense system” (Calik et al., 2022). “Nano minerals and organic minerals are used as poultry feed supplement not only improve health status but also promote growth performance and reduce the effect of environmental stress on chicken. Zinc oxide nanoparticles along with its antioxidant potential exhibit may reduced blood triglyceride, LDL-cholesterol, effective immuno-modulatory, growth-promoting, and antimicrobial properties and growth performance of broilers” (Fatima et al., 2024).The objective of this study was to evaluate oxidative stress the metabolic alterations and ameliorative potential of L-ascorbic acid and zinc oxide nanoparticles CF-ZnONPs in broiler birds exposed to transport stress.
2. MATERIALS AND METHODS
The study was conducted for the duration of three months during June, 2024-September, 2024 at Poultry unit, College of Veterinary Science & A.H., Durg, Chhattisgarh, India.
A total of one hundred and twenty (120), 7–8 weeks birds (either sex) of Sonali breed (Rhode island Red cocks×Fayoumi hens) with BW (980–1100g) raised in a deep litter system fed with standard feed (Table1) and water (ad libitum), were served as experimental birds, randomly allocated to 4 experimental treatments with 3 replicates of 10 birds each. Each replicate was housed in separate floor pens under controlled temperature and light conditions (1m2 10 birds-1) 30 birds treatment-1).  Birds in the first treatment (T1) were loaded in vehicles but not transported and were considered as negative control. Birds of T2, T3,and T4 groups were marked and transported in cages having dimensions 74×55×27cm3 (length×width×height), 4 birds cage-1 in one vehicle, for a distance of 200km at 35-40 kmh-1.  All shipments occurred at 0600h in August, under 25–30°C temperatures and 50–70% relative humidity. 
Birds of Group II (T2) did not received any treatment whereas T3 and T4 groups were treated orally with ZnONPs (size 10–40nm, Adnano Technologies Private Limited, Bhadravati, Karnataka) at 100µgml-1 and L-ascorbic acid (AA) at 82µgml-1 in double sterile drinking water supplemented two days before transportation.


	Table 1:  Feeding specified for experimental birds (Kg)

	Ingredient
	Starter
(0–35 days)
	 Grower
(36–60 days)

	Metabolic Energy, KcalKg-1
	2800
	2700

	Crude protein, %
	20
	18

	Maize (9,300)
	45
	45

	Soybean Meal (45, 2400)
	31
	24

	Broken rice (8,300)
	3
	10

	De-oiled rice bran (148,2000)
	10
	10

	Riced polish (12,2900)
	5
	7

	Limestone powder
	1.6
	1.6

	Shell grit
	0
	0

	Di-Calcium phosphate
	0.7
	0.8

	Dl-methionine
	0.46
	0.40

	Lysine
	1.1
	0.90

	Salt
	0.14
	0.30

	Total
	100
	100



The individual body weight was recorded before and after transport and samples were collected 30 min after the completion of transport.
Sample collection and analysis
Two birds with the greatest weight loss ratio (the ratio of weight loss during transportation to the initial weight before transportation) from each replicate were selected for sampling (06 birds in one treatment). Exactly 5 ml of blood was drawn from the jugular vein and serum was extracted for determination of physiological stress markers, serum lipid profile and serum cortisol concentration. EDTA (Ehtelenediaminetetraacetic acid) tubes were used to collect 2 ml aliquot of blood sample for complete blood count, heterophil to lymphocyte ratio (HL-1) and blood glucose estimation and. Another 2ml aliquot blood was centrifuged at 1000x g for 10 min, supernatant was discarded, and the erythrocytes was used for the preparation of hemolysate and determination of lipid peroxidation, glutathione, and catalase and superoxide dismutase enzyme activity.
Physiological stress markers
Serum cortisol concentration was measured by with the use of a commercially available ELISA assay (T3 Microwell EIA; IDS). 
HL-1 ratio was determined in blood smear by using a 100x/1.25 oil immersion objective, and 100 cells per slide were counted using the straight edge method (Gross and Siegel, 1983).
The estimation of blood glucose was done by Glucose oxidase-peroxidase method using commercially available kit ((Bio Lab Diagnostic PVT.LTD (J-245 MIDC Tarapur, Boisar 401501, Maharashtra).
Total serum protein was assayed by Biuret method, according to the manufacturer’s recommendations using a commercial kit supplied by (Bio Lab Diagnostic PVT.LTD (J-245 MIDC Tarapur, Boisar, Maharashtra). 
Evaluation of Oxidative Stress and Antioxidant Status
About 2 ml of blood was immediately placed in a tube containing sodium citrate as an anticoagulant which was kept on ice to provide the hemolysate. Blood was centrifuged at 3000 g for 10 minutes. Plasma was separated, buffy coat was carefully removed and separated erythrocytes thrice with 0.01 M saline phosphate buffer pH 7.4, then diluted 1:2 with the same buffer and stored at 4–50C. The haemoglobin content of the erythrocytes was determined by the cyanmethemoglobin method.
Erythrocytic lipid peroxides (LPO) were estimated as described by Placer et al. (1966). The concentration of malonaldehyde (MDA) in nanomoles per millilitre of Erythrocytic hemolysate was derived using 1.56×105 L molcm-1 as the extinction coefficient. The Hb in the hemolysate was estimated by the cyanmethemoglobin method and the LPO concentration in the erythrocytes was expressed in nmol MDA mg-1 Hb. Each sample was measured in triplicate.
Reduced glutathione (GSH) assay will be performed according to the method described by Prinsand Loos (1969). The absorbance will be recorded at 412 nm as µmol GSH mg-1 of Hb. Each sample was measured in triplicate.
The activity of catalase (CAT) was assessed from RBC hemolysate as described by Cohen et al. (1970). Decomposition of H2O2 was followed directly by the reduced absorbance and it was taken as a measure of the CAT activity. Each sample was measured in triplicate.
The inhibition of pyrogallol autooxidation brought by superoxide dismutase (SOD)was determined by the method of Marklund and Marklund, (1974) and absorbance was measured at 420nm. 
Serum lipid profile 
“The commercially available serum triglyceride assay Kit (Coral Clinical Systems, GOA) was used to measure the concentration of serum triglycerides using the methodology” outlined by Tietz (1970). 
The serum phospholipid was measured using the Bartlett (1959) method. Three milliliters of distilled water were added to 0.2 ml of blood serum. After adding 1.5 ml of trichloroacetic acid (TCA) mixed thoroughly at 3000 rpm for 10 min, the supernatant was disposed of. The precipitate obtained was treated with 60% perchloric acid and allowed to dissolve in a sand bath until the liquid inside the tube turned colorless. Once the tube had cooled, distilled water was added to bring the volume up to 7 ml. 1-amino-2-hydroxynapthalene-4-sulfonic acid (ANSA) solution and 4% ammonium molybdate were added. At 660 nm, the absorbance in comparison to the blank was measured.
[bookmark: _Hlk159078203]Total serum cholesterol, High-Density Lipoprotein -Cholesterol (HDL-c) and Low-Density Lipoprotein-Cholesterol (LDL-c) was assayed according to the manufacturer’s recommendations using a commercial kit supplied by (Bio Lab Diagnostic PVT.LTD (J-245 MIDC Tarapur, Boisar, Maharashtra). Absorbances were recorded at 540 nm with a spectrophotometer. 
Statistical analysis
The data are presented as the mean ± SEM (standard error of the mean) with each replication constituting an experimental unit. Comparisons of group means were analyzed by one-way ANOVA (SPSS 26.0), and Duncan multiple t-tests was applied with P < 0.05 for significance.
3. RESULTS AND DISCUSSION
3.1 Physiological stress markers
Table 2 represens the effect of transport stress on physiological stress parameters and efficacy of antioxidants in birds in transportation stress. Significant increase (p=0.042) in serum cortisol levels in broiler chicken of the T2 group as compared to birds of the negative control group (T1). Supplementation of CF-ZnOPs and L-ascorbic acid in the T3 and T4 group recorded a nonsignificant decreased cortisol. Study revealed a significant increase (p<0.05) in cortisol levels in birds following transportation stress. Notably, supplementation with L-ascorbic acid and ZnONPs resulted in reduced cortisol levels, which suggested a mitigating effect on the elevated cortisol levels in birds. Jain and Shakkarpude, (2024) reported similar findings consistent with the present research trial. Similarly, Yuet al. (2023) also observed elevated cortisol levels in similar circumstances, supporting a recurring trend in response to transportation stress among avian populations.
“Zinc oxide nanoparticles by modulating inflammatory signaling pathways reduce oxidative stress, and limit the stress-induced increase in cortisol levels in birds” (Olgun et al.,2021). “L-Ascorbic acid acts, inhibiting the release of corticotropin-releasing hormone (CRH) from the hypothalamus, thereby down-regulating cortisol production” (Moritz et al.2020)
HL-1 ratio in the present experiment and was found to increase significantly (p=0.031) in the birds of the positive control group (T2) after transportation as compared to the negative control group (T1).  Birds of the T3 and T4 groups exhibited significantly (p<0.05) lower HL-1 ratio as compared to the birds of the positive control group (T2).
“Heterophil numbers increased during a stressful event, lymphocyte numbers decrease, and previous evidence suggested that an increase in corticosteroids could drive the changes in heterophils and lymphocyte numbers” (Davis et al., 2008). “Supplementations of ZnONPs and L-ascorbic acid boosted the humoral immune response which might be either due to lower cortisol concentration in the T3 and T4 group, as indicated in the present study, ZnONPs and L-ascorbic acid significantly improved immunity by enhancing the differentiation and proliferation of T and B cells” (Carrand Maggini, 2017).
In the present study, blood glucose levels were found to be significantly lower (p<0.01) in transported broilers.
	Table 2: Effect of transport stress and alleviation potential of ZnONPs and L-ascorbic acid supplementation in birds of Sonali breed.

	Parameter
	T1
	T2
	T3
	T4

	
	
	
	
	

	Cortisol(ngml-1)
	2.28±0.11b
	2.86±0.26a
	2.65±0.13a
	2.41±0.20ab

	HL-1 ratio
	0.48±0.02c
	0.59±0.03a
	0.52±0.04b
	0.50±0.017bc

	Blood glucose (mgdl-1)
	219±3.60a
	184±4.18c
	196±3.73b
	200±2.55a

	Total protein (gdl-1)
	4.56±0.22c
	5.44±0.62a
	5.26±0.41a
	5.03±0.13b


Each mean represented nine observations. Results were presented as Standard error of the mean. abc Average values within a row and column bearing different superscripts differ significantly. 
Transportation stress in broiler birds induced a cascade of physiological responses, including alterations in blood glucose levels, reflective of the metabolic perturbations associated with stress. In our study, we observed a significant decrease (p<0.01) in blood glucose levels following transportation without any treatment in broilers. However, intriguingly, supplementation with ZnONPs and L-ascorbic acid mitigated the effect. The broilers treated with ascorbic acid exhibited a more pronounced effect compared to the ZnONPs group. Consistent with our findings, Wuet al. (2024) also reported similar results regarding the impact of transportation on glucose levels.
“The observed decrease in blood glucose levels in the non-treated groups might be due to the heightened metabolic demand during stress, coupled with the increased utilization of glucose by peripheral tissues, which results in a depletion of circulating glucose levels” (Al-Shammari, 2023). Hussnain et al. (2020) reported an initial rise followed by a significant decrease in blood glucose after prolonged transportation.
“Supplementation with zinc nanoparticles and ascorbic acid appeared to counteract the stress-induced decrease in blood glucose levels through distinct mechanisms. Zinc acts as cofactor for enzymes involved in glucose metabolism, including glucokinase, which catalyzes the phosphorylation of glucose to glucose-6-phosphate in the liver during glycogen synthesis” (Shoaib et al., 2024). Similarly, Tawfeek et al. (2014) reported findings consistent with ours, demonstrating “an increase in blood glucose levels after administering zinc and subjecting the animals to stress, further supporting the notion that stressors could modulate glucose metabolism”.
“Furthermore, L-ascorbic acid enhanced the activity of glucokinase, the enzyme responsible for phosphorylating glucose during glycolysis, thereby promoting glucose utilization” (Teixeira et al., 2021)
Total protein concentration was significantly (p<0.05) higher in transported group than that of T1 but did not differ significantly from T3 and T4 treatment groups. “During dehydration, water exits the blood, leaving behind blood constituents, including protein molecules, thus leading to increased total plasma protein concentrations” (Coppola et al., 2023)
3.2 Serum lipid profile
[bookmark: _Hlk158240282][bookmark: _Hlk158217554][bookmark: _Hlk158217856][bookmark: _Hlk158218005]Quantitative analysis of serum lipid profile is presented in Fig 1. The serum triglyceride level of the positive control group was significantly (p< 0.01) higher compared to the negative control group. Birds supplemented with L-ascorbic acid (T4) in drinking water exhibited significantly (p<0.01) lower values as compared to birds transported without prior exposure of any treatments (T2). 

Figure 1. Effect of transport stress and alleviation potential of ZnONPs and L-ascorbic acid supplementation on serum lipid profile in broilers of Sonali breed.
3.3 Serum lipid profile
Analysis of data (Fig.1) revealed that the broilers transported had an elevated level of serum triglyceride, phospholipid, total cholesterol and LDL-c as compared to negative control (T1) subjects. Supplementation of ZnONPs showed non-significant reduction of lipid profile where as L-ascorbic acid treatment revealed a significant reduction (p<0.01) 
Serum total cholesterol levels significantly increased (p<0.01) in broilers transported without any treatment (T2) as compared to non-transported birds (T1). Birds that received treatment of ZnONPs and L-ascorbic acid before transport recorded non-significant changes compared to positive control birds (T2).  
The serum LDL-c in negative control group (T1), was significantly (p<0.01) increased in the broilers of the T2 group. Although there was no significant difference between the values recorded in the positive control group and birds supplemented with ZnONPs. Significant (p<0.01) reduced LDL-c levels were reported in birds supplemented with L-ascorbic acid. 
Statistical analysis showed no significant changes in HDL-c (P<0.01) in Positive control (T2) broilers as compared to birds transported (T1). The treatment of L-Ascorbic acid significantly raised HDL-c level whereas no significant increase was recorded with ZnONPs treatment as compared to the positive control group. 
Our study revealed significant alterations in serum lipid profiles following transportation stress in birds, characterized by increases in cholesterol, triglyceride, and LDL levels, accompanied by a decrease in HDL levels. Notably, supplementation with ZnONPs and L-ascorbic acid attenuated these changes, leading to less pronounced increases in cholesterol, triglyceride, and LDL levels, and mitigating the decreased HDL levels. This observation slightly underscored the potential benefits of ZnONPs as compared to L-ascorbic acid in preserving lipid homeostasis and mitigating the adverse effects of transportation stress in birds.
Consistent with our findings Arif et al. (2022) also found similar results, observing an increase in serum LDL and a decrease in HDL levels following stress induction in broilers.
“Zinc played a crucial role in the activity of enzymes involved in cholesterol metabolism, such as HMG-CoA reductase, the rate-limiting enzyme in cholesterol biosynthesis. By enhancing the activity of HMG-CoA reductase and promoting cholesterol conversion to bile acids, zinc nanoparticles reduce circulating cholesterol levels and inhibit LDL particle formation” (Junaidin et al., 2022). “Zinc as a cofactor for lipoprotein lipase (LPL), an enzyme that hydrolyzed triglycerides in circulating lipoproteins, facilitating their uptake by peripheral tissues. By enhancing LPL activity, zinc nanoparticles promote triglyceride clearance from the bloodstream and inhibited triglyceride-rich lipoprotein accumulation, thereby reducing circulating triglyceride levels” (Hatab et al., 2022)
“Furthermore, zinc nanoparticles have been shown to increase HDL cholesterol levels by upregulating the expression of ATP-binding cassette transporter A1 (ABCA1), a key regulator of HDL biogenesis. ABCA1 facilitates the efflux of cholesterol from peripheral tissues to apolipoprotein A-I (apoA-I), the major protein component of HDL particles, promoting HDL assembly and maturation” (Lu et al.,2021). “By enhancing ABCA1-mediated cholesterol efflux, zinc nanoparticles stimulate HDL particle formation and elevate circulating HDL levels, thereby exerting cardioprotective effects” (Abou–Ashour et al.,2023)
“Ascorbic acid exerts hypocholesterolemia effects by inhibiting cholesterol synthesis and promoting cholesterol conversion to bile acids. Ascorbic acid acts as a cofactor for the enzyme cholesterol 7α-hydroxylase, which catalyze the rate-limiting step in bile acid synthesis from cholesterol. By enhancing cholesterol catabolism and bile acid secretion, ascorbic acid reduces cholesterol levels in the liver and circulation, leading to decreased LDL cholesterol levels” (Biswas et al., 2024)
“Additionally, ascorbic acid regulated triglyceride metabolism by modulating lipoprotein lipase (LPL) activity and adipose tissue lipolysis. Ascorbic acid enhances LPL-mediated triglyceride hydrolysis, promoting the clearance of triglyceride-rich lipoproteins from the bloodstream. Moreover, ascorbic acid inhibited adipose tissue lipolysis by reducing the release of free fatty acids into circulation, thereby attenuating triglyceride synthesis and accumulation” (Zhu et al., 2020).
“L-ascorbic acid might also influence HDL metabolism by enhancing HDL particle stability and function. Ascorbic acid acts as a potent antioxidant, protecting HDL particles from oxidation and preserving their anti-inflammatory and anti-atherogenic properties. By preventing HDL oxidation, ascorbic acid maintain HDL cholesterol levels and promote reverse cholesterol transport, the process by which excess cholesterol is transported from peripheral tissues to the liver for excretion, thereby maintaining HDL functionality and cardiovascular health” (Hosseintabar-Ghasemabad et al., 2024).
Al-Sanjary et al. (2023) found that “vitamin C supplementation resulted in decreased levels of cholesterol, triglycerides, and LDL, coupled with an increase in HDL levels. Significant increased (p<0.01) values of serum phospholipid were observed in ZnONPs treatment compared to the group. No literature was available reporting the changes in serum phospholipids in transport stress”.
a. Oxidative stress and antioxidant status
Table 3 presents the results of oxidative stress and antioxidant status in birds of studied groups. Our results showed that significantly increased (p<0.01) malondialdehyde (MDA) levels in the birds of positive control group (T2) after transportation as compared with the negative control group (T1). The concentration of MDA was significantly decreased (p<0.01) with the treatment of ZnOPs and L-ascorbic acid in experimental birds.
	Table 3: Effect of transport stress and alleviation potential of ZnONPs and L-ascorbic acid supplementation on oxidative stress marker in broilers of Sonali breed.

	Parameters
	T1
	T2
	T3
	T4

	
	
	
	
	

	LPO (nmolMDAmg-1 of Hb)
	2.15±0.022b
	3.60±0.0258a
	2.50±0.0258b
	2.41±0.0307b

	Glutathione (mmolGSHmg-1ofHb)
	22.01±0.060a
	20.50±0.57c
	21.3±0.73b
	21.46±0.66b

	CAT (Umg-1of Hb)
	2.16±0.031c
	2.87±0.062a
	2.40±0.033b
	2.34±0.038b

	SOD (Umg-1of Hb)
	3.78±0.017c
	5.26±0.25a
	4.36±0.057b
	4.07±0.044b


Each mean represented nine observations. abc Average values within a row and column bearing different superscripts differ significantly 
“The essential requirement for the cell is to maintain reactive oxygen species (ROS) levels at normal concentrations. An increment in the ROS causes oxidative damage. Enzymatic and nonenzymatic molecules are the two main components of the body's defense mechanism against oxidative stress, which is designed to neutralize or lessen the harmful effects of reactive species and/or their byproducts. Malondialdehyde (MDA), a byproduct of lipid peroxidation, is commonly used as a biomarker to assess oxidative damage in biological systems” (Sies and Jones, 2020).
The transportation of broiler birds is known to induce stress, resulting in physiological changes that could impact various biochemical pathways. In this study, the increased MDA levels following transportation, indicating heightened oxidative stress in the birds. In support of this contention Hassan et al. (2019) reported a similar outcome, noting an increase in MDA levels three hours post-transportation.
Conversely, Wicakasano et al. (2020) observed contrasting results to our study, “with a decrease in MDA levels following transportation. This variance could potentially be attributed to environmental factors, particularly temperature variations as they conducted their study under controlled conditions with temperatures ranging from 20–25℃, minimizing discomfort to the birds. In contrast, our study's mean temperature ranged from 30–32℃, which might have influenced the observed differences”.
“Interestingly, our study revealed that the supplementation with ZnONPs and L-ascorbic acid demonstrated protective effects against the lipid peroxidation induced by transportation stress. Zinc nanoparticles are known for their antioxidant properties, which included scavenging free radicals and reducing oxidative damage in biological tissues. By neutralizing reactive oxygen species (ROS) and inhibiting lipid peroxidation, zinc nanoparticles helped to mitigate oxidative stress and prevent the formation of MDA” (Gegotek et al.,2024). “L-ascorbic acid, the active form of vitamin C, acted as a free radical scavenger reduced the accumulation of MDA, and attenuated oxidative damage in broiler birds subjected to transportation stress” (Shettiwar et al., 2024). This finding echoed our study's results, suggesting a potential mitigating effect of vitamin C supplementation on MDA elevation.
The protective effects of ZnONPsand L-ascorbic acid on lipid peroxidation contributed to the overall maintenance of physiological homeostasis and welfare in broiler birds under stressful conditions.
[bookmark: _Hlk158241649]Glutathione (GSH) is the major cytosolic low molecular weight sulfhydryl compound that could increase due to an adaptive mechanism against oxidative stress through an increase in its synthesis (Khan et al., 2024). Reduced GSH values in the positive control group (T2) was significantly (p<0.01) reduced compared to negative control (T1). Significant recovered values were observed in birds of the T3 and T4 groups which received the supplementation of ZnONPs and L-ascorbic acid respectively. Present study recorded the significant reduction in the GSH level in muscle tissue to counter oxidative stress induced by excess production of ROS road during the transportation of broiler birds.
The status of enzymatic antioxidants in erythrocytes recorded significant increased (p<0.01) activity of SOD (E.C. 1.15.1.1) and CAT (E.C. 1.11.1.6) in positive control group (T2) as compared with T1 group of birds of sonali breed. Erythrocyte levels of studied antioxidant enzymes in the supplemented groups, T3 and T4 demonstrated decreasing trend, as compared to the birds of positive control group.
“Indeed, in stress conditions additional synthesis of SOD and CAT is an adaptive mechanism to decrease ROS generation. SOD plays a crucial role as an integral part of the antioxidant network” (Surai et al.,2019). The increase in the activities of erythrocytic SOD and catalase enzymes led to an increased defense of cell membranes against oxygen and free radicals. The author suggested that the antioxidants supplementation before the transportation of birds have the ability to scavenge ROS, alleviating oxidative stress responses.
 Our findings are consistent with the results of Araujo et al. (2019) who stated that the use of vitamin C might be effective by inactivating the effect of free radicals.
4. CONCLUSION
This research was crucial for addressing the paucity of information on metabolic alterations in broiler birds during transportation and identifying strategies to ensure animal welfare and the production of high-quality, nutritious poultry meat. Supplementation of ZnONPs @100µgml-1 and L-ascorbic acid (AA) @ 82µgml-1 in drinking water before transportation attenuate transport stress in the birds of sonali breed.
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