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Fermented strawberry pomace enhances carcass characteristics and meat quality by regulating plasma biochemical indices and antioxidant capacity in aged laying hens
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Introduction: Strawberry pomace, a byproduct of strawberry processing, is rich in vitamins, polyphenols, and other bioactive compounds that may confer beneficial effects on laying hens. This study systematically evaluated how dietary supplementation with fermented strawberry pomace (FSP) modulates carcass characteristics, meat quality, and plasma parameters (lipid profiles and antioxidant capacity) in aged laying hens.

Methods: The study comprised 320 healthy 345-day-old laying hens, which were randomly assigned to four dietary groups receiving 0, 0.25, 0.5%, or 1.0% FSP for 9 weeks.

Results: The 0.25% FSP group showed increased dressing percentage (p < 0.05) compared to other groups. FSP supplementation at 0.25–1% reduced breast muscle pH at 48 h post-slaughter, as well as 48 h drip loss. An elevation in leg muscle a* values (p < 0.05) was observed in both 0.25 and 0.5% FSP groups compared with the control group, while L* value was higher (p < 0.05) in the 0.25% FSP group compared to the 0.5% FSP group. The 0.5% FSP group showed higher leg muscle pH at 45 min (p < 0.05) than the control and 0.25% FSP groups. Plasma total antioxidant capacity (T-AOC) was enhanced (p < 0.05) in the 1% FSP group compared to the control and 0.25% FSP groups. The 1% FSP group had a higher plasma GLU level (p < 0.05) compared with other groups. The plasma FFA level was decreased (p < 0.05) in all treatment groups than the control group. All FSP groups exhibited a decreasing trend in plasma TG level (p = 0.057). In breast muscle, MDA level was lower (p < 0.05) in the 0.25% FSP group compared to the 1% FSP group. In addition, the expression of SOD1 in breast muscle was up-regulated (p < 0.05) in the 0.5% FSP group compared to the 0.25% FSP group.

Discussion: Collectively, dietary FSP supplementation increased carcass characteristics and meat quality by enhancing antioxidant capacity and plasma lipid metabolism in aged laying hens. The low-dose FSP level showed the most favorable outcomes.
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1 Introduction

In many Asian countries, poultry meat is a source of animal protein, prized for its distinctive flavor and aroma, which makes it a popular choice for preparing aromatic and savory broths (1). However, as laying hens age, their welfare deteriorates rapidly (e.g., lameness, contact dermatitis, and thermal discomfort), and muscle quality declines, leading to reduced consumer acceptance and economic viability in poultry production (2). This decline may be linked to a weakened antioxidant capacity in aged chickens (3). Therefore, improving the meat quality of aged hens after culling could enhance its market competitiveness.

Feed cost has long been a major concern in local poultry production. As poultry production costs continue to rise due to fluctuating prices of essential feedstuffs, such as soybean and corn, it is crucial to develop alternative feed sources. Utilizing agricultural by-products may help to achieve more sustainable resource utilization. Globally, more than 0.5 billion tons of by-products are produced annually from fruit processing, containing valuable nutrients that could serve as potential natural feed resources (4). As a by-product of strawberry juice processing, strawberry pomace contains high levels of dietary fiber, vitamins, minerals, polyphenols, anthocyanins, and ellagitannins (5). It also maintains stable antioxidant capacity (6). Therefore, incorporating strawberry pomace as a feed supplement for livestock and poultry not only helps utilize agricultural by-products but also provides inexpensive nutrients, lowering feed costs, and reducing overall production expenses.

However, strawberry pomace contains high-water content, which makes it prone to mold contamination and difficult to store, potentially leading to environmental pollution (5). Solid-state fermentation helps agricultural by-products last longer and become more nutritious (7). Recent studies have shown that microbial fermentation of agricultural by-products produces organic acids, heteropolysaccharides (e.g., xanthan and chitosan), bioethanol, enzymes, aroma compounds, antioxidants, and other nutrients (8). Consequently, microbial fermentation increases metabolite, enzyme, and probiotic bacteria content, reduces crude fiber, and enhances crude protein in the feed (9). Several studies have reported that fermented feed improves broiler production, nutrient utilization, and meat quality (10, 11). Additionally, a previous research has indicated that dietary supplementing fermented blueberry pomace improves production performance, egg composition, follicle development, and ovarian function in aged laying hens (12). Based on these potential benefits of fermented fruit pomace, we hypothesized that adding fermented strawberry pomace (FSP) to laying hen diets could enhance laying performance, slaughter outcomes, and meat quality by increasing antioxidant capacity. Therefore, the present study aimed to evaluate the effects of dietary FSP supplementation on carcass characteristics, meat quality, plasma biochemical parameters, and the antioxidant capacity in plasma and breast muscle in aged laying hens. Our findings provide a foundation for future studies exploring novel feeding resources.



2 Materials and methods


2.1 Preparation of FSP

Strawberry pomace was purchased from the Fuyang Fruit Wine Engineering Technology Center (Fuyang, China). The FSP was obtained by fermenting strawberry pomace with a mixture of starters. The conditions and processes of fermentation were in accordance with our previous study (12). The nutritional composition of the strawberry pomace and FSP, including conventional nutrient, amino acids, and fatty acids, is listed in Table 1.



TABLE 1 The nutrient content of the strawberry pomace before and after fermentation.
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2.2 Animals, experimental design, and diets

A total of 320 Yukou Jingfen No. 8 laying hens (345-day-old) were randomly allocated into four experimental groups. Each group consisted of eight replicates, with 10 hens per replicate. All birds were fed a basal diet (Table 2) for a 7-day adaptation period before the formal feeding trial. The hens in the control group were fed a basal diet, whereas the hens from three experimental groups received the same basal diet added with 0.25, 0.5%, or 1% FSP, respectively. The trial lasted for nine weeks. The hens were kept in wire cages (five birds per cage) with ad libitum access to water and feed. The experimental room was well-ventilated, with a humidity range of 45–60%, a controlled temperature of 18–24°C, and an 8/16 h light/dark cycle.



TABLE 2 Composition and nutrient levels of the basal diet (fed basis, %).
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2.3 Sample collection

When the feeding trial ended, after a 12-h fasting period, eight hens per group were selected based on average body weight. Blood (10 mL) was sampled through wing vein puncture into heparin sodium anticoagulant tubes, and then subjected to centrifugation at 3000 × g for 10 min to separate the plasma, which was subsequently stored at −20°C until analysis. The hens were immediately slaughtered by mechanical cervical dislocation and subsequently dissected to determine carcass characteristics and organ index. Breast and whole leg muscles were separated, weighed, and kept at 4°C for meat quality assessment. Breast muscle tissues (mid-region of Pectoralis major) from eight hens per group were quickly frozen in liquid nitrogen and then stored at −80°C for further gene expression analysis related to antioxidant capacity. Breast muscle samples were fixed with 4% paraformaldehyde for morphological observation.



2.4 Determination of carcass characteristics and organ index

Carcass characteristics and organ index were determined according to the “Terms and Statistics of Poultry Production Performance” (NY/T823-2020). Prior to slaughter performance analyses, live body weight was recorded following a 12-h fasting period to standardize physiological conditions. Indicators included live body weight, slaughter weight, eviscerated weight, and dressing percentage, as well as the percentages of eviscerated yield, leg muscle, and breast muscle. The organ index was calculated by dividing the organ weight (g) by live body weight (kg) (13, 14).



2.5 Determination of meat quality

Meat color (lightness [L*], redness [a*], and yellowness [b*]) of the right breast and leg muscles was measured 45 min post-mortem using a MiniScan XE Plus colorimeter (Hunter Associates Laboratory, Reston, VA, United States). The pH was analyzed with a hand-held pH meter (pH-Star, Matthäus, Pöttmes, Germany) at 45 min and 48 h post-mortem by inserting the electrode parallel to the muscle fibers. Drip loss was measured using previously described methods by Honikel (15). Briefly, a 10 g muscle sample was packaged in a plastic bag, maintained at 4°C, and weighed following 24 and 48 h to calculate drip loss using the following formula:
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Where W1 is the initial sample weight and W2 is the final sample weight.

Cooking loss was determined by removing fat and other tissues from approximately 15 g of muscle, and cooked to 80°C until the center temperature of meat reached at 75°C. Cooking loss percentage was calculated as:

[image: image]

Shear force was assessed using a texture analyzer (TMS-Pro, Food Technology Corporation, Sterling, VA, United States), cutting through six sections of cooked meat.

The fixed breast muscle samples were embedded in paraffin blocks. Sections (5 μm) were stained with hematoxylin and eosin (H&E). Muscle fiber density and diameter were measured using SlideProcess software, as described previously (16).



2.6 Determination of biochemical parameters in plasma

Alanine aminotransferase (ALT), albumin (ALB), aspartate aminotransferase (AST), calcium (Ca), creatinine (CREA), free fatty acids (FFA), glucose (GLU), high-density lipoprotein-cholesterol (HDL-C), low-density lipoprotein-cholesterol (LDL-C), total bile acids (TBA), total cholesterol (TC), total protein (TP), triglycerides (TG), and uric acid (UA) were measured using commercial kits and an automatic biochemical analyzer (Beckman Company, Brea, CA, United States), following the manufacturer’s protocols.



2.7 Determination of antioxidant capacity in plasma and muscle

Plasma and muscle samples were preprocessed according to the standardized protocols provided with the commercial assay kits. Antioxidant capacity indicators, including malondialdehyde (MDA), glutathione (GSH), glutathione peroxidase (GSH-PX), superoxide dismutase (SOD), and total antioxidant capacity (T-AOC) were measured using commercial kits (Nanjing Jiancheng Bioengineering Institute Ltd., Nanjing, China) and a Microplate Reader Infinite M200 PRO (Tecan Trading GmbH, Männedorf, Switzerland).



2.8 RNA extraction and analysis of gene expression

The extraction of total RNA from breast muscle was performed using TransZol reagent (TransGen Biotech, Beijing, China). RNA concentration and quality were evaluated with a Nanophotometer N60 (Implen Gmbh, Munich, Germany). The Evo M-MLV RT Kit (Accurate Biology, Changsha, China) was employed to reverse-transcribe RNA into cDNA. Real-time PCR was conducted using the qPCR Kit (Accurate Biology, Changsha, China) on a LightCycler R 480II Real-Time PCR System (Roche, Basel, Switzerland). Reaction system included 10 μL of cDNA, 0.4 μL of forward primer, 0.4 μL of reverse primer, 5 μL of SYBR® Green Premix (Accurate Biology, Changsha, China), and 3.2 μL of ddH2O. RT-PCR cycling conditions were as follows: an initial denaturation at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15 s and annealing at 60°C for 30 s, and a final extension at 72°C for 30 s. The relative expression of target genes was calculated using the 2-ΔΔCT method with β-actin as the endogenous reference (17). The sequences of specific primers are provided in Supplementary Table 1.



2.9 Statistical analysis

Data analysis was performed with SPSS 22.0 software (IBM Corp., Armonk, NY, United States). The Shapiro–Wilk test was applied to evaluate normality, and Levene’s test was used to assess the homogeneity of variances. When conditions were met, a one-way ANOVA with Tukey’s post-hoc test was conducted to determine significant differences. When conditions were not met, Welch’s ANOVA and Games–Howell tests were performed for significant difference analysis. Data are presented as means ± SEM. Differences were regarded as significant when p < 0.05, with trends defined as 0.05 ≤ p < 0.10.




3 Results


3.1 Impact of dietary FSP on carcass characteristics of aged laying hens

Table 3 presented the effects of dietary FSP supplementation on the carcass characteristics of aged laying hens. Compared with the control group, the addition of 0.25% FSP to the diet enhanced (p < 0.05) the dressing percentage of laying hens. Additionally, dietary 1% FSP supplementation showed a downward tendency (p = 0.081) in the percentage of leg muscle compared with the other groups. No statistically significant differences (p > 0.10) were found in other indicators of carcass characteristics in aged laying hens.



TABLE 3 Effects of dietary fermented strawberry pomace (FSP) supplementation on carcass characteristics of aged laying hens.
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3.2 Impact of dietary FSP on muscle quality of aged laying hens

Table 4 presented the effects of dietary FSP supplementation on the breast and leg muscle quality of aged laying hens. The breast muscle in all treated groups demonstrated lower pH at 48 h and reduced drip loss at both 24 and 48 h compared to the control group (p < 0.05). Furthermore, the pH at 48 h was higher (p < 0.05) in the breast muscle of the 0.25% FSP group compared with the 1% FSP group. The 0.5% FSP group exhibited enhanced cooking loss in the breast muscle (p < 0.05) compared to the control group. In the leg muscle, the 0.25% FSP group had a higher L* value (p < 0.05) than the 0.5% FSP group; the a* value was lower (p < 0.05) in the 0.25 and 1% FSP groups than in the control group; the 0.5% FSP group exhibited a higher pH at 45 min (p < 0.05) compared to the control and 0.25% FSP groups. At 48 h, the pH was higher (p < 0.05) in the 0.25 and 0.5% FSP groups in comparison with the control and 1% FSP groups. Dietary supplementation with 0.25% FSP decreased (p < 0.05) drip loss in the leg muscle at 48 h in comparison with the control and 1% FSP groups, while supplementing 0.25 and 1% FSP showed a decreasing trend (p = 0.061) in drip loss at 24 h compared with the control group. Furthermore, cooking loss in all treated groups was lower (p < 0.05) in comparison with the control group.



TABLE 4 Effects of dietary fermented strawberry pomace (FSP) supplementation on meat quality of aged laying hens.
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3.3 Impact of dietary FSP on muscle fiber characteristics of aged laying hens

Table 5 presented the impacts of dietary FSP supplementation on muscle fiber characteristics of aged laying hens. FSP exhibited no significant effects on muscle fiber diameter, and no statistical differences in fiber density were observed among groups (p > 0.10). Furthermore, morphological examination (Figure 1) revealed no apparent alterations in breast muscle fiber morphology among treatment groups, with fibers maintaining a closely packed arrangement and normal structural integrity.



TABLE 5 Effects of dietary fermented strawberry pomace (FSP) supplementation on density and diameter of the breast muscle fiber of aged laying hens.
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FIGURE 1
 Representative images of H&E stained breast muscle sections illustrate specifics of morphology of the breast muscle fiber of aged laying hen. CTRL, control group; FSP, Fermanted strawberry pomace group; ×400, scale bar 50 μm.




3.4 Impact of dietary FSP on plasma biochemical parameters of aged laying hens

Table 6 presented the impacts of dietary FSP supplementation on plasma biochemical parameters of aged laying hens. In comparison with the other three groups, the 1% FSP group had a higher plasma GLU level (p < 0.05). The plasma FFA level was reduced (p < 0.05) by dietary supplementation with FSP (0.25–1%) compared to the control group. Additionally, supplementing 0.25–1% FSP exhibited a decreasing trend in plasma TG level (p = 0.057) in comparison with the control group. No statistically significant differences (p > 0.10) were found in the other plasma biochemical parameters.



TABLE 6 Effects of dietary fermented strawberry pomace (FSP) supplementation on plasma biochemical parameters of aged laying hens.
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3.5 Impact of dietary FSP on plasma and breast muscle antioxidant capacity of aged laying hens

Table 7 presented the impacts of dietary FSP supplementation on antioxidant capacity of plasma and breast muscle of aged laying hens. Compared with the control and 0.25% FSP groups, the plasma T-AOC level was increased (p < 0.05) in the 1% FSP group, while the plasma GSH-PX level was lower (p < 0.05) in the 0.5 and 1% FSP groups. Moreover, the MDA level in the breast muscle of the 0.25% FSP group was lower (p < 0.05) than that of the 1% FSP group.



TABLE 7 Effects of fermented strawberry pomace (FSP) on the antioxidant capacity of plasma and breast muscle of aged laying hens.
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3.6 Impact of dietary FSP on gene expressions related to antioxidant capacity in breast muscle of aged laying hens

Table 8 presented the impacts of dietary FSP supplementation on the expression of antioxidant-related genes in the breast muscle of aged laying hens. In comparison with the control and 0.25% FSP groups, the expression of SOD1 was up-regulated (p < 0.05) in the 0.5% FSP group. All treated groups up-regulated the expression of myosin heavy chain MYH1B (p < 0.05), and the expression of MYH1G showed an upregulating trend (p = 0.073) in the 0.25 and 0.5% FSP groups compared with the control group.



TABLE 8 Effects of dietary fermented strawberry pomace (FSP) supplementation on the breast muscle antioxidant gene expression of aged laying hens.
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4 Discussion

The findings showed that FSP supplementation as a feed additive enhanced carcass characteristics, improved meat quality, and increased the antioxidant capacity of aged laying hens.

Carcass characteristics is an important metric for assessing the economic benefits of livestock production. In this study, 0.25% FSP supplementation increased the dressing percentage of aged laying hens compared to the control group. However, no statistically significant differences in dressing percentage were found among the different FSP supplementation levels, suggesting that a lower dose was sufficient to improve the dressing percentage. A previous study reported that 3% dried strawberry pomace improved the dressing percentage of broiler chickens (17). However, another study indicated that dietary treatments with 3 and 6% dried strawberry pomace did not alter dressing percentage (18). This difference might be explained by the fact that fermentation enhances the nutritional value of strawberry pomace. A decreasing trend in leg muscle percentage was observed as the FSP dose decreased, suggesting that high-dose FSP may not be beneficial for increasing leg muscle yield.

Meat quality is critical because it affects shelf life, taste, flavor, and consumer preferences (19). Previous research has demonstrated that lipid and protein oxidation reduce water-holding capacity (WHC) in meat by altering membrane structures and compositions, and by affecting protein fragmentation and aggregation (20, 21). Drip loss, as an indicator of meat WHC, plays a vital role in both the meat industry and consumer evaluation of meat quality. In this study, dietary FSP supplementation reduced the 24-h and 48-h drip loss of the breast muscle; the 24-h drip loss of leg muscle tended to decrease in the 0.25–1% FSP groups, and the 48-h drip loss decreased in the 0.25% FSP group compared to the control and 1% FSP groups. These results suggest that dietary FSP improves WHC in both breast and leg muscles. These findings align with a previous study (17), which reported that strawberry pomace reduces drip loss in breast and leg muscles. Antioxidants serve as protective agents by neutralizing reactive oxygen species, thereby safeguarding organelles, cells, and tissues from oxidative damage (22, 23). Therefore, the decline in drip loss can be due to the high content of diverse antioxidants present in strawberry pomace, including vitamins, polyphenols, and anthocyanins, which protect against oxidative cell damage.

After slaughter, lactic acid production in muscle from glycolysis causes pH reduction, and this pH decrease is positively linked to meat quality traits like tenderness, WHC, color, juiciness, and shelf life. A higher pH indicates improved WHC, reduced cooking loss, and darker muscle color (24). Several previous studies have found that strawberry pomace supplementation did not affect pH values (18, 25). However, in our study, dietary FSP (0.25–1%) supplementation decreased the pH at 48 h in the breast muscle. In addition, the pH at 45 min in the leg muscle was increased in the 0.5% FSP group compared with the control and 0.25% FSP groups, while the pH at 48 h in the leg muscle was higher in the 0.25 and 0.5% FSP groups compared with the control and 1% FSP groups, indicating that dietary FSP can improve leg meat quality. Furthermore, 0.5% FSP supplementation increased the breast muscle cooking loss compared with the control group, which might be attributed to the decreased pH in the breast muscle. Moreover, the leg muscle cooking loss was significantly reduced with 0.25–1% FSP supplementation compared to the control group, possibly due to the increased pH, suggesting a beneficial effect on leg muscle quality.

To further understand the changes in meat quality, the myofiber profiles in the breast muscle were examined. However, there were no significant differences between the control and all treated groups. In the process of postmortem glycolysis, skeletal muscle converts stored glycogen into ATP, lactate, and ultimately hydrogen ions. The formation of hydrogen ions results in a drop in muscle pH (26). FSP may have altered the glycogen content in different skeletal muscles by influencing plasma glucose level, thereby affecting muscle pH. However, the specific mechanisms require further investigation.

Meat color reflects freshness and quality (27). Strawberry pomace is rich in natural bioactive components, such as carotenoids and anthocyanins, which may influence meat color (28). In the present study, 0.5% FSP supplementation increased the L* value in the leg muscle compared to the 0.25% FSP group. Moreover, dietary 0.25 and 1% FSP decreased the a* value in the leg muscle compared to the control group. However, Colombino et al. (18) indicated that the addition of 3 and 6% strawberry pomace to broilers’ diets did not affect meat color. Similarly, Juśkiewicz et al. (25) reported that supplementing 5% dried strawberry pomace in the diet had no effect on the color parameters of turkeys. However, Sosnówka-Czajka et al. (17) found that 3% strawberry pomace supplementation tended to decrease the a* value in the breast muscle of broiler chickens. These findings suggest that a higher dose of strawberry pomace may decrease the color quality of leg muscle. The discrepancy between these findings and our results may result from differences in chicken breeds and the doses used. Further investigation is warranted to elucidate the specific reasons.

Plasma biochemical parameters directly indicate animal health and metabolic status. Nordestgaard and Varbo (29) indicated that increased TG content is associated with several diseases, such as cardiovascular disease, acute pancreatitis, and atherosclerosis. In the present study, 1% FSP supplementation showed a decreasing trend in plasma TG content, suggesting that dietary FSP might improve lipid metabolism and benefit overall health. Additionally, 1% FSP supplementation was found to be most effective for increasing GLU content, which may imply that a higher dose of FSP could aid in carbohydrate digestion and absorption (30). Plasma FFA level is elevated in conditions such as obesity, non-alcoholic fatty liver disease, insulin resistance, cardiovascular disease, and type 2 diabetes (31). In the present study, plasma FFA levels decreased in all treated groups, indicating positive effects on metabolic status. However, several previous studies have reported no impacts of tomato pomace, grape pomace, or papaya pomace on plasma GLU, FFA, or TG levels (32–34). These findings suggest that strawberry pomace exhibits greater antioxidant activity than other fruit pomaces, likely due to its unique nutritional composition (35).

Oxidative rancidity is a common cause of quality deterioration in food, primarily due to the oxidative deterioration of lipids. This process not only produces unpleasant odors but also leads to changes in flavor, texture, consistency, appearance, and nutritional value in meat (36). Antioxidant enzymes are crucial for maintaining the redox balance in the body and supporting normal organ function. Increasing the activity of these enzymes is an effective strategy to reduce oxidative stress and delay oxidation processes, thereby maintaining optimal quality and extending shelf life (37). Strawberry pomace has demonstrated beneficial antioxidant activity, enhancing the nutritional value and health advantages of animal products for consumers (38, 39). In the present study, plasma T-AOC level increased in the 1% FSP group, consistent with the findings of the Qin et al. (12). These results suggest that antioxidants in FSP, such as vitamin C and anthocyanins, may modulate the enzymatic system in plasma by increasing T-AOC level. However, plasma GSH-PX level decreased in the 0.5 and 1% FSP groups, possibly due to increased oxidative stress in certain tissues, which led to excessive consumption or damage of GSH-PX in those regions. Despite this, the overall antioxidant capacity increased due to enhanced antioxidant status in other areas. MDA is a widely accepted biomarker of oxidative stress, particularly lipid peroxidation (40). In the present study, MDA level in breast muscle was significantly reduced in the 0.25% FSP group compared to the 1% FSP group, suggesting that low-dose FSP may alleviate lipid peroxidation and improve meat quality.

SOD is commonly recognized as an enzyme that scavenges free radicals, playing a critical role in antioxidant defense through driving the conversion of superoxide anions to hydrogen peroxide during cellular antioxidant processes (41). The Cu and Zn-containing enzymes (Cu-SOD and Zn-SOD), known as SOD1, is located in the cytosol, intermembrane space of mitochondria, and nucleus (42). In the present study, 0.5% FSP supplementation significantly up-regulated SOD1 expression in the breast muscle compared to the control and 0.25% FSP groups, indicating an enhancement in the breast muscle’s antioxidant capacity.

Increasing the proportion of slow fibers in muscle can enhance the color and water retention capacity of fresh meat. MYH1B interacts with lncRNA-FKBP1C to stabilize muscle protein, promoting the conversion from fast to slow muscle fibers (43). In the present study, FSP supplementation up-regulated MYH1B expression in the breast muscle, indicating a reduction in drip loss, which is consistent with earlier findings in this study.



5 Conclusion

Dietary FSP supplementation improves carcass characteristics, meat quality, plasma lipid profiles, and plasma antioxidant capacity in aged laying hens by enhancing muscle antioxidant capacity and muscle fiber type. Notably, low-dose FSP synergistically enhanced production efficiency and meat quality, with 0.25% improving dressing percentage, reducing oxidative damage (lower MDA), and minimizing drip loss, while 0.5% upregulating antioxidant (SOD1) and myogenic (MYH1B) genes, suggesting optimal bioactive compound utilization. In contrast, 1% FSP paradoxically compromised muscle yield (leg muscle decline) and disrupted redox balance (elevated T-AOC but suppressed GSH-PX), indicating potential metabolic overload. Further research is needed to determine the optimal dosage of FSP for maximizing benefits while minimizing adverse effects. These findings offer a valuable reference for the cost-effective use of dietary FSP in poultry rearing and the utilization of fruit-processing by-products.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material. Further inquiries can be directed to the corresponding author.



Ethics statement

The animal study was approved by the Institutional Animal Ethics Committee of Institute of Subtropical Agriculture, Chinese Academy of Sciences. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

WL: Conceptualization, Funding acquisition, Project administration, Writing – review & editing. TC: Data curation, Formal analysis, Investigation, Methodology, Visualization, Writing – original draft, Writing – review & editing. BQ: Data curation, Formal analysis, Investigation, Methodology, Writing – review & editing. MA: Validation, Writing – review & editing. ZL: Formal analysis, Investigation, Methodology, Writing – review & editing. YC: Formal analysis, Investigation, Methodology, Supervision, Writing – review & editing. XK: Conceptualization, Funding acquisition, Project administration, Supervision, Validation, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study was jointly supported by the City-School Cooperation Project of the Special Funds of Science and Technology in Fuyang City undertaken by Fuyang Normal University (SXHZ2020007), Future Partner Special Fund of Chinese Academy of Sciences (092GJHZ2022044FN), and Anhui Province Science and Technology Innovation Tackle Plan Project (202423110050055).



Conflict of interest

YC was employed by the company Anhui Jinmu Feed Co., Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The author(s) declare that no Gen AI was used in the creation of this manuscript.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2025.1610660/full#supplementary-material



References

 1. Liu, B, Jiang, J, Lin, G, Yu, D, and Xiong, YL. Upregulation of antioxidant enzymes by organic mineral co-factors to improve oxidative stability and quality attributes of muscle from laying hens. Food Res Int. (2019) 125:108575. doi: 10.1016/j.foodres.2019.108575 

 2. Liu, L, Chen, Q, Yin, L, Tang, Y, Lin, Z, Zhang, D , et al. A comparison of the meat quality, nutritional composition, carcass traits, and fiber characteristics of different muscular tissues between aged indigenous chickens and commercial laying hens. Food Secur. (2023) 12:3680. doi: 10.3390/foods12193680 

 3. Del, VA, Khatlab, AS, Goes, E, Utsunomiya, KS, Vieira, JS, Oliveira, NA , et al. Age-related oxidative stress and antioxidant capacity in heat-stressed broilers. Animal. (2017) 11:1783–90. doi: 10.1017/S1751731117000386

 4. Banerjee, J, Singh, R, Vijayaraghavan, R, MacFarlane, D, Patti, AF, and Arora, A. Bioactives from fruit processing wastes: Green approaches to valuable chemicals. Food Chem. (2017) 225:10–22. doi: 10.1016/j.foodchem.2016.12.093 

 5. Hotchkiss, AT, Chau, HK, Strahan, GD, Nunez, A, Harron, A, Simon, S , et al. Structural characterization of strawberry pomace. Heliyon. (2024) 10:e29787. doi: 10.1016/j.heliyon.2024.e29787 

 6. Šaponjac, VT, Gironés-Vilaplana, A, Djilas, S, Mena, P, Ćetković, G, Moreno, DA , et al. Chemical composition and potential bioactivity of strawberry pomace. RSC Adv. (2015) 5:5397–405. doi: 10.1039/c4ra14296a

 7. Saylor, BA, Heinzen, C, Diepersloot, EC, and Ferraretto, LF. Effect of microbial inoculation and storage length on the fermentation profile and nutritive value of high-moisture corn ensiled at 2 different dry matter concentrations. J Anim Sci. (2022) 100:skac254. doi: 10.1093/jas/skac254 

 8. Dhillon, GS, Kaur, S, and Brar, SK. Perspective of apple processing wastes as low-cost substrates for bioproduction of high value products: A review. Renew Sust Energ Rev. (2013) 27:789–805. doi: 10.1016/j.rser.2013.06.046

 9. Sugiharto, S, Yudiarti, T, and Isroli, I. Performances and haematological profile of broilers fed fermented dried cassava (Manihot esculenta Crantz). Trop Anim Health Prod. (2016) 48:1337–41. doi: 10.1007/s11250-016-1098-2 

 10. Guo, W, Xu, L, Guo, X, Wang, W, Hao, Q, Wang, S , et al. The impacts of fermented feed on laying performance, egg quality, immune function, intestinal morphology and microbiota of laying hens in the late laying cycle. Animal. (2022) 16:100676. doi: 10.1016/j.animal.2022.100676 

 11. Sun, H, Chen, D, Cai, H, Chang, W, Wang, Z, Liu, G , et al. Effects of fermenting the plant fraction of a complete feed on the growth performance, nutrient utilization, antioxidant functions, meat quality, and intestinal microbiota of broilers. Animals. (2022) 12:2870. doi: 10.3390/ani12202870 

 12. Qin, B, Li, Z, Azad, M, Chen, T, Cui, Y, Lan, W , et al. Fermented blueberry pomace supplementation improves egg quality, liver synthesis, and ovary antioxidant capacity of laying hens. Poult Sci. (2024) 103:104241. doi: 10.1016/j.psj.2024.104241 

 13. Cheng, Y, Ding, S, Azad, M, Song, B, and Kong, X. Comparison of the pig breeds in the small intestinal morphology and digestive functions at different ages. Metabolites. (2023) 13:132. doi: 10.3390/metabo13010132 

 14. Ding, S, Cheng, Y, Azad, M, Zhu, Q, Huang, P, and Kong, X. Developmental changes of immunity and different responses to weaning stress of Chinese indigenous piglets and Duroc piglets during suckling and weaning periods. Int J Mol Sci. (2022) 23:15781. doi: 10.3390/ijms232415781 

 15. Fan, W, Liu, W, Liu, H, Meng, Q, Xu, Y, Guo, Y , et al. Dynamic accumulation of fatty acids in duck (Anas platyrhynchos) breast muscle and its correlations with gene expression. BMC Genomics. (2020) 21:58. doi: 10.1186/s12864-020-6482-7 

 16. Livak, KJ, and Schmittgen, TD. Analysis of relative gene expression data using real-time quantitative PCR and the 2−ΔΔCT method. Methods. (2001) 25:402–8. doi: 10.1006/meth.2001.1262

 17. Sosnowka-Czajka, E, Skomorucha, I, Obremski, K, and Wojtacha, P. Performance and meat quality of broiler chickens fed with the addition of dried fruit pomace. Poult Sci. (2023) 102:102631. doi: 10.1016/j.psj.2023.102631 

 18. Colombino, E, Zdunczyk, Z, Jankowski, J, Cocolin, LS, Schiavone, A, Biasato, I , et al. Effects of feeding dried fruit pomaces as additional fibre-phenolic compound on meat quality, blood chemistry and redox status of broilers. Animals. (2020) 10:1968. doi: 10.3390/ani10111968 

 19. Seidavi, A, Belali, M, Elghandour, MM, Adegbeye, MJ, and Salem, A. Potential impacts of dietary inclusion of green tea (Camellia sinensis L.) in poultry feeding: A review. Agrofor Syst. (2020) 94:1161–70. doi: 10.1007/s10457-019-00444-x

 20. Adeyemi, KD, Sabow, AB, Shittu, RM, Karim, R, Karsani, SA, and Sazili, AQ. Impact of chill storage on antioxidant status, lipid and protein oxidation, color, drip loss and fatty acids of semimembranosus muscle in goats. CyTA-J Food. (2016) 14:405–14. doi: 10.1080/19476337.2015.1114974

 21. Promeyrat, A, Gatellier, P, Lebret, B, Kajak-Siemaszko, K, Aubry, L, and Santé-Lhoutellier, V. Evaluation of protein aggregation in cooked meat. Food Chem. (2010) 121:412–7. doi: 10.1016/j.foodchem.2009.12.057

 22. Sotler, R, Poljšak, B, Dahmane, R, Jukić, T, Pavan Jukić, D, Rotim, C , et al. Prooxidant activities of antioxidants and their impact on health. Acta Clin Croat. (2019) 58:726–36. doi: 10.20471/acc.2019.58.04.20 

 23. El-Beltagi, HS, and Mohamed, HI. Reactive oxygen species, lipid peroxidation and antioxidative defense mechanism. Not Bot Horti Agrobot Cluj-Napoca. (2013) 41:44–57. doi: 10.15835/nbha4118929

 24. Mir, NA, Rafiq, A, Kumar, F, Singh, V, and Shukla, V. Determinants of broiler chicken meat quality and factors affecting them: A review. J Food Sci Technol. (2017) 54:2997–3009. doi: 10.1007/s13197-017-2789-z 

 25. Juśkiewicz, J, Jankowski, J, Zduńczyk, Z, Kołodziejczyk, K, Mikulski, D, and Zduńczyk, P. The chemical composition of selected dried fruit pomaces and their effects on the growth performance and post-slaughter parameters of young turkeys. Rocz Nauk Roln, Ser B. (2015) 24:53–60. doi: 10.22358/jafs/65653/2015

 26. Chauhan, SS, LeMaster, MN, Clark, DL, Foster, MK, Miller, CE, and England, EM. Glycolysis and pH decline terminate prematurely in oxidative muscles despite the presence of excess glycogen. Meat Muscle Biol. (2019) 3:254–64. doi: 10.22175/mmb2019.02.0006

 27. Xu, Q, Si, W, Mba, OI, Sienkiewicz, O, Ngadi, M, Ross, K , et al. Research note: Effects of supplementing cranberry and blueberry pomaces on meat quality and antioxidative capacity in broilers. Poult Sci. (2021) 100:100900. doi: 10.1016/j.psj.2020.11.069 

 28. Pieszka, M, Gogol, P, Pietras, M, and Pieszka, M. Valuable components of dried pomaces of chokeberry, black currant, strawberry, apple and carrot as a source of natural antioxidants and nutraceuticals in the animal diet. Ann Anim Sci. (2015) 15:475–91. doi: 10.2478/aoas-2014-0072

 29. Nordestgaard, BG, and Varbo, A. Triglycerides and cardiovascular disease. Lancet. (2014) 384:626–35. doi: 10.1016/s0140-6736(14)61177-6 

 30. Guo, S, Lei, J, Liu, L, Qu, X, Li, P, Liu, X , et al. Effects of Macleaya cordata extract on laying performance, egg quality, and serum indices in Xuefeng black-bone chicken. Poult Sci. (2021) 100:101031. doi: 10.1016/j.psj.2021.101031 

 31. Henderson, GC. Plasma free fatty acid concentration as a modifiable risk factor for metabolic disease. Nutrients. (2021) 13:2590. doi: 10.3390/nu13082590 

 32. Salajegheh, MH, Ghazi, S, Mahdavi, R, and Mozafari, O. Effects of different levels of dried tomato pomace on performance, egg quality and serum metabolites of laying hens. Afr J Biotechnol. (2012) 11:15373–9. doi: 10.5897/AJB12.1031

 33. Reis, JH, Gebert, RR, Barreta, M, Boiago, MM, Souza, CF, Baldissera, MD , et al. Addition of grape pomace flour in the diet on laying hens in heat stress: Impacts on health and performance as well as the fatty acid profile and total antioxidant capacity in the egg. J Therm Biol. (2019) 80:141–9. doi: 10.1016/j.jtherbio.2019.01.003 

 34. Tamiru, B, Alkhtib, A, Tamiru, M, Demeke, S, Burton, E, Tolemariam, T , et al. Evaluation of dried papaya pomace meal in laying hen diets. Vet Med Sci. (2021) 7:1914–20. doi: 10.1002/vms3.516 

 35. Erinle, TJ, and Adewole, DI. Fruit pomaces-their nutrient and bioactive components, effects on growth and health of poultry species, and possible optimization techniques. Anim Nutr. (2022) 9:357–77. doi: 10.1016/j.aninu.2021.11.011 

 36. Zhang, L, Yang, D, Luo, R, Luo, Y, and Hou, Y. Research progress on the mechanism of the impact of myofibrillar protein oxidation on the flavor of meat products. Food Secur. (2024) 13:3268. doi: 10.3390/foods13203268 

 37. Sohaib, M, Anjum, FM, Sahar, A, Arshad, MS, Rahman, UU, Imran, A , et al. Antioxidant proteins and peptides to enhance the oxidative stability of meat and meat products: A comprehensive review. Int J Food Prop. (2017) 20:2581–93. doi: 10.1080/10942912.2016.1246456

 38. Basu, A, Nguyen, A, Betts, NM, and Lyons, TJ. Strawberry as a functional food: An evidence-based review. Crit Rev Food Sci Nutr. (2014) 54:790–806. doi: 10.1080/10408398.2011.608174 

 39. Jankowski, J, Juskiewicz, J, Zdunczyk, P, Kosmala, M, Zielinski, H, Antoszkiewicz, Z , et al. Antioxidant status of blood and liver of turkeys fed diets enriched with polyunsaturated fatty acids and fruit pomaces as a source of polyphenols. Pol J Vet Sci. (2016) 19:89–98. doi: 10.1515/pjvs-2016-0012 

 40. Tsikas, D. Assessment of lipid peroxidation by measuring malondialdehyde (MDA) and relatives in biological samples: Analytical and biological challenges. Anal Biochem. (2017) 524:13–30. doi: 10.1016/j.ab.2016.10.021 

 41. Borgstahl, G, and Oberley-Deegan, RE. Superoxide dismutases (SODs) and SOD mimetics. Antioxidants. (2018) 7:156. doi: 10.3390/antiox7110156 

 42. Surai, F. Antioxidant systems in poultry biology: Superoxide dismutase. J Anim Res Nutr. (2016) 1:21767. doi: 10.21767/2572-5459.100008

 43. Wang, X, Zhang, T, Li, W, Zhang, M, Zhao, L, Wang, N , et al. Dietary supplementation with Macleaya cordata extract alleviates intestinal injury in broiler chickens challenged with lipopolysaccharide by regulating gut microbiota and plasma metabolites. Front Immunol. (2024) 15:1414869. doi: 10.3389/fimmu.2024.1414869 


Copyright
 © 2025 Lan, Chen, Qin, Azad, Li, Cui and Kong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Fermented strawberry pomace enhances carcass characteristics and meat quality by regulating plasma biochemical indices and antioxidant capacity in aged laying hens



		1 Introduction



		2 Materials and methods



		2.1 Preparation of FSP



		2.2 Animals, experimental design, and diets



		2.3 Sample collection



		2.4 Determination of carcass characteristics and organ index



		2.5 Determination of meat quality



		2.6 Determination of biochemical parameters in plasma



		2.7 Determination of antioxidant capacity in plasma and muscle



		2.8 RNA extraction and analysis of gene expression



		2.9 Statistical analysis









		3 Results



		3.1 Impact of dietary FSP on carcass characteristics of aged laying hens



		3.2 Impact of dietary FSP on muscle quality of aged laying hens



		3.3 Impact of dietary FSP on muscle fiber characteristics of aged laying hens



		3.4 Impact of dietary FSP on plasma biochemical parameters of aged laying hens



		3.5 Impact of dietary FSP on plasma and breast muscle antioxidant capacity of aged laying hens



		3.6 Impact of dietary FSP on gene expressions related to antioxidant capacity in breast muscle of aged laying hens









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		References



















OPS/images/fnut-12-1610660-t008.jpg
Control Dietary FSP level (%)

0.25 05
CAT 1.00 0.96 127 L15 0.056 0.200
GPX1 1.00 L11 L1l 1.01 0.050 0.793
HO-1 1.00 1.06 1.03 117 0.056 0.724
Keapl 1.00 092 1.07 101 0.044 0.676
MYFs 1.00 0.96 109 0.94 0.040 0.550
MYHIB 1.00" 177 168" 170" 0.071 <0.001
MYHIG 1.00 132 127 113 0.048 0.073
NQOI 1.00 1.03 L13 1.00 0.050 0.795
Nif2 100 095 L2 095 0013 0410
SoD1 1.00 L1 1.60° 142% 0.073 0.007
SOD2 1.00 120 123 L13 0.050 0.397

Data are expressed as means with their SEM (1 = 8). ““Mean values without a common superscriptleter within the same row are differed significantly at p < 0.05. CAT, catalase; GPX1,
glutathione peroxidase I; HO-1, heme oxygenase-1; Keapl, kelch.-like ECH-associated protein 1; MYES, myogenic factor 5; MYHLB, myosin, heavy chain 1B, skeletal muscles MYHIG, myosin,
heavy chain 1G, skeletal muscle; NQO1, NAD(P)H quinone oxidoreductase 1; Nrf2, nuclear factor erythroid 2-related factor 2; SODI, superoxide dismutase 1; SOD2, superoxide dismutase 2.






OPS/images/fnut-12-1610660-t007.jpg
Control Dietary FSP level (%)

0.25 0.5
Plasma
GSH (U/mg prot) 061 099 032 053 0,093 0,069
GSH-PX (U/mg prot) 1167.38" 1056.92* 79243 721.96" 42971 <0.001
MDA (nmol/mg prot) 933 1034 1108 13 0414 0506
SOD (U/mL) 32748 38262 395.24 36883 14017 0360
T-AOC (mM/mg) 056" 0.68" 075" 113 0.061 0,003

Breast muscle

GSH (U/mg prot) 080 131 148 093 0.129 0212
GSH-PX (U/mg prot) 857 477 1091 121 0531 0422
MDA (nmol/mg prot) 0.27* 017 030" 047 0033 0010
SOD (U/mL) 7.6 7.24 7.84 7.20 0.256 0.697
T-AOC (mM/mg) 007 0.07 007 005 0.003 0.243

Data are expressed as means with their SEM (1 = 8). *Mean values without a common superscriptleter within the same row are differed significantly at p < 0.05. GSH, glutathion; GSH-PX,
glutathione peroxidase; MDA, malondialdehyde; SOD, superoxide dismutase; T-AOC, total antioxidant capacity.





OPS/images/cover.jpg
& frontiers | Frontiers in Nutrition

Fermented strawberry pomace
enhances carcass characteristics
and meat quality by regulating
plasma biochemical indices and
antioxidant capacity in aged
laying hens












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Nutrition






OPS/images/fnut-12-1610660-t002.jpg
Ingredients  Content

(%)

Com 64.20 Metabolizable energy (MJ/kg) 1138
Soybean meal 2160 Crude protein 15.56
Limestone 800 Ether extract 510
Soybean oil 120 Crudeash 1100
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Data are expressed as means with their SEM ( = 8). “*Mean values without a common superscript letter within the same row are differed significantly at p < 0.05. ALB, albumin; AL, alanine
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lipoprotein-cholesterol; TBA, total bile acids; TC, total cholesterol; TG, triglycerides; TP, total protein; UA, uric acid.
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Data are expressed as means with their SEM (s

+<Mean values without a common superscript ltter within the same row are differed significantly at p < 0.05.
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