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			Abstract | Global climate change is a major environmental factor driving a decline in the productivity of laying quail by disrupting energy homeostasis, reducing immune responses, increasing oxidative stress, and lowering production performance, thereby threatening food security. Phytogenic ingredients rich in bioactive compounds, such as Pepper Elder Powder (PEP), may offer a nutritional strategy to enhance poultry physiological resistance and climate resilience. This study aimed to evaluate the effects of PEP supplementation on energy homeostasis, immune response, stress biomarkers, and production performance in laying quail reared under heat stress. A total of 400 laying quail aged 12 weeks were reared for eight weeks and allocated to four treatments: PEP-0 (control), PEP-75, PEP-150, and PEP-225 g/kg ration. Spectrophotometric techniques were used to analyse glucose, triglycerides, cholesterol, total protein, leukocyte count, heterophil/lymphocyte ratio (H/L), IgA, IgG, IL-6, IL-10, TNF-α, corticosterone, malondialdehyde (MDA), egg production, egg weight, and feed conversion ratio (FCR). Data were analysed using one-way ANOVA followed by Tukey’s test at a significance level of 5%. The results showed that PEP supplementation did not affect blood glucose levels (P>0.05), but significantly increased triglyceride and cholesterol levels and decreased total protein (P<0.001). In addition, PEP increased leukocyte count, IgA, IgG, and IL-10, and decreased the H/L ratio, IL-6, TNF-α, corticosterone, and MDA (P<0.001). PEP supplementation also increased egg production and weight, and improved feed conversion efficiency compared to the control group (P<0.001). It was concluded that PEP supplementation, especially at a dose of 225 g/kg ration, improved metabolic homeostasis, enhanced immune status, suppressed stress responses, and improved production performance of laying quail reared under heat stress conditions.
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			INTRODUCTION

			Quail are a rapidly growing poultry commodity, valued for their relatively early sexual maturity, high egg productivity, high feed efficiency, and lower maintenance costs compared with laying hens. However, quail productivity is strongly influenced by environmental conditions, particularly global climate change, with temperature and humidity being key drivers (Campbell et al., 2022). In tropical regions such as Indonesia, ambient temperatures often exceed the livestock comfort zone (21-250C for quail), causing heat stress. This condition disrupts physiological homeostasis, reduces feed intake, alters energy metabolism, increases free radical formation (Olayiwola and Adedokun, 2025), suppresses the immune system (Chen et al., 2022), and ultimately reduces egg production and quality. Consequently, heat stress is a major limiting factor in modern livestock industry and threatens food security (Ribeiro et al., 2024; Olayiwola and Adedokun, 2025). 

			The physiological response to heat stress involves activation of endocrine signalling pathways, particularly in the hypothalamus, pituitary, and adrenal glands, followed by increased glucocorticoid secretion (El Sabry et al., 2022), with corticosterone the primary glucocorticoid in poultry. These hormonal increases trigger changes in carbohydrate, protein, and lipid metabolism to maintain energy balance but, in the long term, can lead to metabolic disorders and reduced production efficiency. Increased production of reactive oxygen species (ROS) during heat stress also significantly contributes to oxidative stress, characterised by increased lipid peroxidation, as indicated by malondialdehyde (MDA) levels, and decreased antioxidant capacity. This condition is also accompanied by an increased heterophil/lymphocyte (H/L) ratio, changes in cytokine profiles (Khan et al., 2023), and decreased humoral and cellular immune function, making poultry more susceptible to various health disorders (Ribeiro et al., 2024; Oke et al., 2026).

			Various strategies have been developed to mitigate the negative impacts of heat stress, including improved housing systems, husbandry management, genetic selection, and nutritional approaches (Jimoh et al., 2022). Among these strategies, natural plant-based feed additives (phytogenic feed additives) are attracting growing attention for their bioactive compounds, which act as antioxidants, anti-inflammatories (Du et al., 2022), and immunomodulators (Hu et al., 2019). They also increase metabolic efficiency without leaving residues in livestock products (Paredes et al., 2024). Several studies have shown that phytogenic supplementation can improve production performance, increase antioxidant status, reduce stress biomarkers, and enhance the immune response in heat-stressed poultry (Jimoh et al., 2022; Olayiwola and Adedokun, 2025).

			Pepper Elder (Peperomia pellucida) is a plant with potential as a natural feed additive. It contains bioactive compounds, including flavonoids, polyphenols, alkaloids, tannins, saponins, and other phenolic compounds, which exhibit strong antioxidant and anti-inflammatory activities (Krismiyanto et al., 2025), also someotjer  herbs (Paredes et al., 2024). In vitro pharmacological studies have shown that P. pellucida extract can scavenge free radicals, inhibit the formation of inflammatory mediators, increase the activity of endogenous antioxidant enzymes, and protect tissues from oxidative damage. These biological activities indicate that a 2.5 mg methanol extract of P. pellucida and some herbs has the potential to act as a phytogenic agent to increase the physiological resistance of poultry to heat stress by improving metabolic balance, immune response, and oxidative status (Jimoh et al., 2022; Paredes-Lopez et al., 2025). However, in vivo trials at 150 mg/kg in the ration have not shown satisfactory results.

			However, the use of Pepper Elder Powder (PEP) as a feed additive in laying quail, particularly under heat stress, remains very limited, leaving a lack of robust scientific information. Most previous studies have evaluated only one or two parameter groups (0 and 15 g/kg), such as production performance, antioxidant status, or immune indicators, in isolation (Ribeiro et al., 2024; Oke et al., 2026). This approach fails to fully characterise physiological responses, as adaptation to heat stress results from complex interactions among energy homeostasis, the immune system, oxidative stress, and production performance. Therefore, research integrating multiple physiological indicators is needed to more comprehensively understand the mechanisms underlying responses to phytogenic supplementation.

			This study is strategically designed to assess how pepper elder powder supplementation affects energy balance, immune function, stress indicators, and production performance in laying quails exposed to heat stress. This study aims to provide scientific insights into the potential of P. pellucida as a natural feed additive to improve the physiological resilience and productivity of laying quails under tropical conditions, supporting the development of more effective and sustainable phytogenic-based nutritional strategies and food security.

			MATERIALS AND METHODS

			Animal sample, treatments and housing 

			Four hundred 12-week-old Indonesian local quail were randomly assigned to four experimental groups, each with five replicates, yielding 20 quail samples per experimental unit. Commercial battery cages for quail farming were used in this research and were constructed from standardised iron wire.

			Pepper Elder Leaf Powder (PEP) was tested in four experimental groups: without PEP (PEP-0), supplemented with 75 g/kg of the basal ration (PEP-75), and supplemented with 150 g (PEP-150) and 225 g (PEP-225). The basal ration consisted of a mixture of fish meal, soybean meal, corn meal, fine bran, coconut meal, bone meal, and coconut oil. The nutritional content of the basal ration was 18.6% crude protein and 2,950 kcal of metabolisable energy. 

			The enclosure is located in the lowlands, with a relatively hot and humid annual climate. The cage microclimate was recorded daily throughout the study using a digital thermometer that stores temperature and humidity data. Daily temperature and humidity fluctuations during the study are shown in Figure 1.

			Pep preparation

			Pepper elder plant samples were collected from various locations in West Java, Indonesia. Leaves were separated from stems, sun-dried for one hour, then oven-dried for 48 hours at 40°C, and finally ground to a fine powder through a 50-mesh sieve. The powder was oven-dried for 2 hours at 40°C. A 100–250 mg portion was placed in a centrifuge tube, to which 1–5 mL of 80% methanol, a 20:80 methanol-water mix, or a methanol–water mixture with 0.1% formic acid was added. An internal standard could be added at this point to account for extraction and response variability. The mixture was vortexed for 1–2 minutes, sonicated for 20–30 minutes at low temperature, incubated at 4°C for 30–60 minutes, then centrifuged at around 10,000–15,000 × g for 10–15 minutes. Separation was performed using a C18 UHPLC column (100 × 2.1 mm, 1.7–2.6 µm). Detection typically utilised electrospray ionisation (ESI) in positive and negative modes. Several compounds, including pellitorine, sarmentine, piperine, and vitexin-2-O-rhamnoside, were quantified at 9.52, 5.35, 0.73, and 6.87 mg/g, respectively.

			Blood sampling and sample analysis

			Quail samples were fasted for 6 hours prior to blood collection. A 3 mL syringe and EDTA tube were used to collect blood samples from the jugular vein. Alcohol wipes were applied to the puncture site before and after blood collection.. All serum parameters related to immunity and stress were analysed by enzyme-linked immunosorbent assay (ELISA) using a commercial kit, following the manufacturer’s protocol from Mybiosource (USA), except for leukocytes and the H/L ratio, which were analysed using a haematology analyser. All parameters related to energy homeostasis were quantified using a UV-Vis spectrophotometer, following the analysis guidelines provided with the Biolabo kit.

			Data analysis

			All research parameter data were analyzed with one-way ANOVA in a completely randomized design (CRD), followed by Tukey’s Honestly Significant Difference Test at a 5% significance level to compare treatment means. Results are shown as mean ± standard deviation. Statistical analyses were conducted using IBM SPSS Statistics version 26.0 (IBM Corp., Armonk, NY, USA).

			A SHAP analysis was conducted using a Random Forest Regression model that included all parameters related to energy homeostasis, immune response, and stress biomarkers as predictor variables. The SHAP library in Python 3.11 was used to compute SHAP values, which quantify the influence of each parameter on the model’s predictions, specifically FCR and HDP. The results were presented in a SHAP summary plot, with variables ranked by their average absolute SHAP value, facilitating the identification of the most impactful parameters.

			RESULTS AND DISCUSSION

			Energy homeostasis 

			The effect of PEP administration on energy homeostasis in quail during the egg-laying phase under heat stress is shown in Table 1.

			Based on Table 1, PEP supplementation had different effects on energy homeostasis parameters in laying quail reared under heat stress. Glucose concentrations were relatively stable across all treatment groups and showed no significant differences (P=0.604), with values ranging from 204.00 ± 3.54 to 207.00 ± 3.54 mg/dL. In contrast, triglyceride levels increased significantly with increasing PEP doses (P<0.001), from 186.00 ± 1.58 mg/dL in the control group (PEP-0) to 240.00 ± 1.58 mg/dL in the PEP-225 group. A similar pattern was also observed in serum cholesterol levels, which increased gradually from 184.00 ± 2.55 mg/dL in PEP-0 to 213.00 ± 2.55 mg/dL in PEP-225 (P<0.001). In contrast, total protein concentration decreased significantly with increasing PEP dose, from 27.30 ± 0.70 g/dL in the control group to 22.86 ± 0.75 g/dL in the PEP-225 group (P<0.001). In general, the results of this study indicate that PEP supplementation did not affect blood glucose levels, but significantly altered the lipid metabolism profile and total protein concentration in laying quails experiencing heat stress.

			The results showed that PEP supplementation significantly affected most energy homeostasis parameters, except blood
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			Figure 1:  Daily temperature and humidity fluctuations during the study.

			Table 1: Effects of PEP supplementation on energy homeostasis of heat-stressed laying quail.

			
				
					
					
					
					
					
					
					
					
				
				
					
							
							Parameter

						
							
							PEP-0

						
							
							PEP-75

						
							
							PEP-150

						
							
							PEP-225

						
							
							P-value

						
							
					

					
							
							Glucose (mg/dL)

						
							
							205.00 ± 3.54ᵃ

						
							
							204.00 ± 3.54ᵃ

						
							
							205.00 ± 3.54ᵃ

						
							
							207.00 ± 3.54ᵃ

						
							
							0.604

						
					

					
							
							Triglycerides (mg/dL)

						
							
							186.00 ± 1.58a

						
							
							200.00 ± 1.58b

						
							
							215.00 ± 1.58c

						
							
							240.00 ± 1.58d

						
							
							<0.001

						
					

					
							
							Cholesterol (mg/dL)

						
							
							184.00 ± 2.55a

						
							
							192.00 ± 2.55b

						
							
							204.00 ± 2.55c

						
							
							213.00 ± 2.55d

						
							
							<0.001

						
					

					
							
							Total protein (mg/dL)

						
							
							27.30 ± 0.70c

						
							
							24.92 ± 0.55ᵇ

						
							
							25.37 ± 0.77ᵇ

						
							
							22.86 ± 0.75a

						
							
							<0.001

						
					

				
			

			Different notations on the same line show significant differences.

			glucose levels. The stability of glucose concentrations across all treatment groups indicates that PEP supplementation did not disrupt glucose regulatory mechanisms, even though the quails were reared under heat stress. In poultry, blood glucose levels are maintained within a relatively constant range through homeostatic mechanisms involving hepatic gluconeogenesis, glycogenolysis, and hormonal regulation by glucagon and corticosterone (Yilmaz et al., 2023). Therefore, the absence of changes in glucose levels indicates that basic energy requirements remain met despite alterations in other metabolic pathways (Ribeiro et al., 2024).

			Conversely, the increased triglyceride and cholesterol levels in the PEP-supplemented group indicate changes in lipid metabolism leading to increased availability of yolk precursors. In laying hens, triglycerides and cholesterol are the main components of very low-density lipoprotein (VLDL) (Olayiwola and Adedokun, 2025), and vitellogenin is synthesised in the liver and then transported to the ovaries to support follicle development and yolk formation (Olayiwola and Adedokun, 2025). Therefore, the increase in these two parameters in this study reflects increased reproductive metabolic activity rather than impaired lipid metabolism (Lay et al., 2023). This is consistent with the increased egg production and weight observed in the group with higher PEP supplementation (Oke et al., 2024; Barros et al., 2024).

			These changes in lipid metabolism are thought to be related to bioactive compounds in P. pellucida, particularly flavonoids, polyphenols, and other phenolic compounds that increase metabolic efficiency through antioxidant activity and reduced oxidative stress. Reducing the formation of reactive oxygen species (ROS) allows more metabolic energy to be allocated to the synthesis of biomolecules that support reproductive function rather than maintaining adaptive responses to heat stress. Furthermore, phytogenic compounds have been reported to improve liver function, the primary organ involved in lipid metabolism, thereby increasing lipoprotein synthesis, which is necessary for egg formation (Aritonang et al., 2024; Li et al., 2024).

			This study also observed a decrease in total protein levels with higher PEP doses. This reduction likely indicates increased use of amino acids to synthesise egg proteins and other molecules critical for reproduction. In laying hens, many plasma proteins, especially vitellogenin and yolk precursors, are actively transferred to the ovaries during peak production (Li et al., 2024). Thus, a decline in total protein alongside increased egg production suggests improved efficiency in directing proteins to reproductive tissues, rather than a protein deficiency (Barros et al., 2024).

			Immune responses and stress biomarkers

			The immune response and stress biomarker levels of laying-phase quail given PEP and maintained under heat stress conditions are shown in Table 2.

			Based on Table 2, PEP supplementation significantly affected all immune response parameters and stress biomarkers in laying quails reared under heat stress conditions (P<0.05). The number of leukocytes increased gradually with increasing PEP dose, from 26.87 ± 0.62 × 10³/mm³ in the control group (PEP-0) to 30.15 ± 0.56 × 10³/mm³ in the PEP-225 group (P < 0.001). In contrast, the heterophil/lymphocyte (H/L) ratio decreased significantly from 0.77 ± 0.04 in PEP-0 to 0.54 ± 0.04 in PEP-225 (P<0.001). Humoral immunity parameters also showed significant increases, as indicated by higher concentrations of IgA, IgG, and IL-10, with the highest values consistently observed in the PEP-225 group (P<0.001). Conversely, the concentrations of the pro-inflammatory cytokines IL-6 and TNF-α decreased significantly with increasing PEP dose. Furthermore, stress biomarkers also decreased significantly. Serum corticosterone concentration decreased from 3.44 ± 0.37 ng/mL in the control group to 0.87 ± 0.07 ng/mL in the PEP-225 group, while malondialdehyde (MDA) levels decreased from 3.67 ± 0.24 to 0.65 ± 0.08 nmol/mL (P<0.001). Overall, these results indicate that PEP supplementation significantly improves immune status and reduces biomarkers of physiological and oxidative stress in laying quail under heat stress.

			Research results show that PEP supplementation significantly improves immune status and reduces stress biomarkers in laying quail under heat stress. Increased leukocyte counts, IgA, IgG, and IL-10 levels, accompanied by decreases in the H/L ratio, IL-6, TNF-α, corticosterone, and MDA, indicate that PEP can improve immune system balance and reduce the physiological impacts of heat stress (Du et al., 2022; Basiouni et al., 2023). Based on current research findings, the response pattern indicates that the bioactive compounds in PEP act synergistically as immunomodulators and antioxidants, thereby enhancing birds’ ability to adapt to unfavourable environments (Hu et al., 2019; Li et al., 2024).

			An increase in leukocyte counts and in IgA and IgG concentrations indicates improved innate and humoral immune responses. These increases indicate that PEP supplementation can enhance immune competence without triggering an excessive inflammatory response. These results are related to the flavonoid, polyphenol and phenolic compound content of P. pellucida, which is known to increase lymphocyte activity, stimulate immunoglobulin synthesis, and improve immune system function (Krismiyanto et al., 2025).

			The results of this study also showed an increase in IL-10, followed by decreases in IL-6 and TNF-α, indicating that PEP helps maintain the balance between anti-inflammatory and pro-inflammatory responses. IL-10 is an anti-inflammatory cytokine that suppresses the production of pro-inflammatory cytokines, whereas IL-6 and TNF-α are key mediators of inflammation that generally increase during heat stress (Jimoh et al., 2022; Mahasneh et al., 2024). The decrease in these two cytokines indicates reduced activation of the inflammatory process triggered by 

			Table 2: Effects of pepper elder powder (pep) supplementation on immune responses and stress biomarkers in heat-stressed laying quail.

			
				
					
					
					
					
					
					
				
				
					
							
							Parameters

						
							
							PEP-0

						
							
							PEP-75

						
							
							PEP-150

						
							
							PEP-225

						
							
							P-value

						
					

					
							
							Immune responses :

						
							
							
							
							
							
					

					
							
							Leukocyte (×10³/mm³)

						
							
							26.87 ± 0.62a

						
							
							27.71 ± 0.44b

						
							
							28.70 ± 0.28c

						
							
							30.15 ± 0.56d

						
							
							<0.001

						
					

					
							
							H/L ratio

						
							
							0.77 ± 0.04d

						
							
							0.68 ± 0.04c

						
							
							0.65 ± 0.02b

						
							
							0.54 ± 0.04a

						
							
							<0.001

						
					

					
							
							IgA (µg/mL)

						
							
							535.43 ± 3.88ᶜ

						
							
							541.41 ± 2.50ᵇ

						
							
							543.92 ± 4.03ᵇ

						
							
							551.22 ± 1.68ᵃ

						
							
							<0.001

						
					

					
							
							IgG (mg/mL)

						
							
							2.85 ± 0.29a

						
							
							3.08 ± 0.44b

						
							
							3.85 ± 0.69c

						
							
							4.08 ± 0.17d

						
							
							0.001

						
					

					
							
							IL-6 (pg/mL)

						
							
							0.80 ± 0.04d

						
							
							0.71 ± 0.04c

						
							
							0.68 ± 0.02b

						
							
							0.57 ± 0.04a

						
							
							<0.001

						
					

					
							
							IL-10 (pg/mL)

						
							
							475.14 ± 3.88a

						
							
							481.12 ± 2.50ᵇ

						
							
							483.63 ± 4.03ᵇ

						
							
							488.93 ± 3.18c

						
							
							<0.001

						
					

					
							
							TNF-α (pg/mL)

						
							
							23.75 ± 0.47d

						
							
							19.37 ± 1.31c

						
							
							12.50 ± 1.51b

						
							
							9.38 ± 1.08a

						
							
							<0.001

						
					

					
							
							Stress biomarkers :

						
							
							
							
							
							
					

					
							
							Corticosterone (ng/mL)

						
							
							3.44 ± 0.37d

						
							
							2.31 ± 0.37c

						
							
							1.89 ± 0.35b

						
							
							0.87 ± 0.07a

						
							
							<0.001

						
					

					
							
							MDA (nmol/mL)

						
							
							3.67 ± 0.24d

						
							
							2.49 ± 0.32c

						
							
							1.81 ± 0.36b

						
							
							0.65 ± 0.08a

						
							
							<0.001

						
					

				
			

			Different notations on the same line show significant differences.

			oxidative stress, thereby minimising tissue damage (Chen et al., 2022; Oke et al., 2024).

			In addition to improving immune status, PEP supplementation also reduced the H/L ratio, corticosterone, and MDA. The H/L ratio is a sensitive haematological indicator of stress in poultry, corticosterone is a key stress-response hormone, and MDA is a marker of lipid peroxidation. The reduction in these three parameters indicates that PEP can suppress stress-response activation and reduce oxidative damage at the cellular level (Abdullahi et al., 2025; Oke et al., 2026). This activity is thought to originate from the ability of P. pellucida’s antioxidant compounds to scavenge free radicals, enhance the endogenous antioxidant system, and protect cell membranes from lipid peroxidation (Li et al., 2024; Ribeiro et al., 2024).

			The results of this study indicate that PEP supplementation can improve immune competence while reducing physiological and oxidative stress in laying quail experiencing heat stress and global climate change. These improvements in immune status and reductions in stress biomarkers are suspected to be the main mechanisms supporting the increased productivity of laying quail in the group receiving PEP supplementation. 

			Perfomance 

			The performance profile of laying-phase quail given PEP in the ration, maintained under heat-stress conditions, is shown in Table 3.

			According to Table 3, PEP supplementation significantly influenced all production performance parameters of laying quail under heat stress (P<0.01). Egg production (%HDP) rose markedly with higher PEP doses, from 71.00 ± 1.91% in the control group (PEP-0) to 80.10 ± 1.54% in the PEP-225 group (P<0.001). Although the PEP-75 and PEP-150 groups exhibited similar egg production, both surpassed the control. Egg weight also increased notably with PEP, from 8.34 ± 0.37 g in PEP-0 to 9.82 ± 0.14 g in PEP-225 (P<0.001). Additionally, the feed conversion ratio (FCR) decreased significantly, reflecting better feed efficiency. The lowest FCR was in the PEP-225 group (3.87 ± 0.05), while the control group had the highest (4.08 ± 0.08) (P<0.001). Overall, the findings indicate that PEP supplementation enhances laying quail productivity by boosting egg production and body weight and improving feed efficiency under heat stress amid global climate change.

			The research results showed that PEP supplementation significantly increased egg production, egg weight, and feed conversion efficiency in laying quail reared under heat stress conditions. This increase in production performance is thought to result from improved physiological conditions, including enhanced immune status and reduced oxidative stress observed in this study. In poultry, global climate change or heat stress generally causes decreased feed consumption, metabolic disorders, and increased energy requirements to maintain homeostasis, resulting in decreased egg productivity (El Sabry et al., 2022). Therefore, PEP’s ability to improve physiological conditions is likely to contribute directly to increased productivity (Khan et al., 2023; Ribeiro et al., 2024).

			The increased egg production and weight in the PEP-supplemented group were also associated with improved lipid metabolism, as indicated by higher triglyceride and cholesterol levels (Table 1). These two components are the main precursors of very low-density lipoprotein (VLDL) and vitellogenin, both synthesised in the liver to support follicle development and yolk formation. Therefore, increased lipid metabolism, while remaining within the physiological range, can increase nutrient supply to the ovaries, thereby supporting more optimal egg formation (Yilmaz et al., 2023; Barros et al., 2024).

			Besides boosting egg production, PEP supplementation improves Feed Conversion Ratio (FCR), indicating increased nutrient efficiency. This FCR improvement likely results from lower physiological stress, as evidenced by reduced corticosterone, MDA, and proinflammatory cytokines, thereby allowing more energy to support follicle development and egg formation rather than heat-stress adaptation. The flavonoids and polyphenols in P. pellucida are also known to promote digestive health, boost metabolic processes, and improve nutrient absorption, thereby supporting overall poultry productivity (Barros etal., 2024; Krismiyanto et al., 2025).

			Table 3: Effects of pepper elder powder (PEP) supplementation on productive performance of heat-stressed laying quail.

			
				
					
					
					
					
					
					
				
				
					
							
							Parameter

						
							
							PEP-0

						
							
							PEP-75

						
							
							PEP-150

						
							
							PEP-225

						
							
							P-value

						
					

					
							
							Egg production    (% HDP)

						
							
							71.00 ± 1.91a

						
							
							78.10 ± 2.07ᵇ

						
							
							78.57 ± 1.01ᵇ

						
							
							80.10 ± 1.54c

						
							
							<0.001

						
					

					
							
							Egg weight (g)

						
							
							8.34 ± 0.37a

						
							
							8.83 ± 0.26ᵇ

						
							
							9.33 ± 0.43c

						
							
							9.82 ± 0.14c

						
							
							<0.001

						
					

					
							
							Feed conversion ratio (FCR)

						
							
							4.08 ± 0.08c

						
							
							3.97 ± 0.06ᵇ

						
							
							4.02 ± 0.03bc

						
							
							3.87 ± 0.05a

						
							
							<0.001

						
					

				
			

			Different notations on the same line show significant differences.

			Overall, the results of this study indicate that PEP supplementation can improve the production performance of laying quail by improving metabolic efficiency and physiological conditions during heat stress, thereby increasing feed efficiency and egg production (%HDP). The positive and negative contributions of each measured parameter to FCR and %HDP are shown using SHAP (Shapley additive explanations) analysis. Visualisation of SHAP analysis results for the predicted contributions of various parameters to FCR and %HDP is shown in Figure 2.

			SHAP analysis revealed that biomarkers related to oxidative stress, physiological stress, and immune status differentially influenced Feed Conversion Ratio (FCR) predictions (Figure 2A). The most influential biomarkers for higher FCR were MDA, corticosterone, H/L ratio, IL-6, and TNF-α. Elevated levels of these markers generally corresponded to positive SHAP values, suggesting higher FCR or lower feed utilisation efficiency. In contrast, increased levels of IgG, IL-10, triglycerides (TAG), glucose, and SOD were linked to negative SHAP values, indicating improved feed efficiency. Other parameters, such as cholesterol, total protein, GPx, IgA, leukocyte count, and IL-2, had smaller effects on the model’s predictions. Overall, these findings highlight that managing oxidative stress and boosting immune function are key to enhancing feed utilisation efficiency.

			SHAP analysis showed that biomarkers of oxidative stress, immunity, and energy metabolism contributed differently to the prediction of egg production (%HDP) (Figure 2B). Among all parameters analysed, MDA had the largest contribution to the prediction model, followed by IgG, corticosterone, triglycerides (TAG), IL-10, and glucose. Higher MDA and corticosterone values tended to reduce predicted %HDP, whereas increased levels of IgG, IL-10, TAG, and glucose tended to increase egg production. Other parameters, such as the H/L ratio, SOD, cholesterol, IL-6, and total protein, showed moderate contributions, while GPx, IgA, TNF-α, leukocyte count, and IL-2 had relatively smaller effects. Overall, the SHAP analysis indicated that controlling oxidative stress, improving immune status, and improving energy metabolism were the main factors supporting the increase in %HDP.

			SHAP analysis showed that stress biomarkers and immune responses were the most significant contributors to production efficiency in heat-stressed laying quail. In the FCR prediction model, MDA, corticosterone, and the H/L ratio had the highest SHAP values, indicating that increases in these three parameters were associated with poorer feed conversion efficiency. Conversely, increases in IgG, IgA, IL-10, and leukocyte count tended to reduce FCR, indicating more efficient nutrient utilisation. A similar pattern was observed in the egg production (%HDP) prediction model, where IgG was the dominant predictor, followed by MDA, corticosterone, triglycerides, and IL-10. These results indicate that improved immune status, accompanied by reduced physiological and oxidative stress, is the main factor supporting increased egg production. These findings align with previous research showing that heat stress diverts metabolic energy to maintain homeostasis, thereby reducing productivity (Saracila et al., 2021). Phytogenics rich in phenolic and flavonoid compounds can improve immune balance, reduce 
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			Figure 2: SHAP analysis for the contribution of biomarkers measured in research to FCR (A) and % HDP (B).

			oxidative stress, and increase nutrient utilisation efficiency (Paredes-Lopez et al., 2025), as well as poultry production performance (Li et al., 2024; Oke et al., 2024; Krismiyanto et al., 2025). Thus, the SHAP analysis not only identified the most influential variables but also confirmed that improved immune status and stress management were the main mechanisms underlying improved performance in laying quail after PEP supplementation and its impact on food security.

			CONCLUSION

			Supplementing with Pepper Elder Powder (PEP) notably enhanced physiological balance and production in heat-stressed laying quail. PEP boosted lipid metabolism, as shown by higher triglyceride and cholesterol levels, while keeping glucose levels stable. It also strengthened immune health by raising leukocyte counts, IgA, IgG, and IL-10, and lowering the heterophil/lymphocyte (H/L) ratio, IL-6, TNF-α, corticosterone, and MDA—markers of stress and oxidative damage. These physiological benefits coincided with increased egg production, larger eggs, and better feed conversion.

			Recent SHAP analysis confirms that reducing oxidative stress and boosting immune function are key factors in improving production performance with PEP supplementation. Overall, PEP, particularly at 225 g/kg, shows promise as a phytogenic feed additive to improve the resilience and productivity of laying quail facing heat stress.
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Pepper Elder Leaf Powder (PEP) Regulates Energy Homeostasis,
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Abstract | Global climate change is a major environmental factor driving a decline in the productivity of laying quail
by disrupting energy homeostasis, reducing immune responses, increasing oxidative stress, and lowering production
performance, thereby threatening food security. Phytogenic ingredients rich in bioactive compounds, such as Pepper
Elder Powder (PEP), may offer a nutritional strategy to enhance poultry physiological resistance and climate resilience.
This study aimed to evaluate the effects of PEP supplementation on energy homeostasis, immune response, stress
biomarkers, and production performance in laying quail reared under heat stress. A total of 400 laying quail aged 12
weeks were reared for eight weeks and allocated to four treatments: PEP-0 (control), PEP-75, PEP-150, and PEP-
225 g/kg ration. Spectrophotometric techniques were used to analyse glucose, triglycerides, cholesterol, total protein,
leukocyte count, heterophil/lymphocyte ratio (H/L), IgA, IgG, IL-6, IL-10, TNF-0, corticosterone, malondialdehyde
(MDA), egg production, egg weight, and feed conversion ratio (FCR). Data were analysed using one-way ANOVA
followed by Tukey’s test at a significance level of 5%. The results showed that PEP supplementation did not affect
blood glucose levels (P>0.05), but significantly increased triglyceride and cholesterol levels and decreased total protein
(P<0.001).In addition, PEP increased leukocyte count, IgA, IgG, and IL-10, and decreased the H/L ratio, IL-6, TNF-a,
corticosterone, and MDA (P<0.001). PEP supplementation also increased egg production and weight, and improved
feed conversion efficiency compared to the control group (P<0.001). It was concluded that PEP supplementation,
especially at a dose of 225 g/kg ration, improved metabolic homeostasis, enhanced immune status, suppressed stress
responses, and improved production performance of laying quail reared under heat stress conditions.
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