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            Background
             Agro-industrial by-products represent an important opportunity for sustainable livestock production. Pineapple (Ananas comosus) residues are rich in bromelain, polyphenols, and dietary fiber and are known for their antioxidant and anti-inflammatory activities. However, few studies have evaluated the effects of dried pineapple by-product powder (DPP) on dairy productivity and metabolic function.

          

          
            Methods and Results
             A DPP feeding trial was conducted with 20 mid-lactation Holstein cows (90 ± 15 days old in milk; 620 ± 30 kg body weight). Cows were randomly assigned to two groups: a control group fed a basal total mixed ration (TMR) and a treatment, fed a TMR supplemented with 1% DPP (dry matter basis) for 4 weeks. Milk yield and composition were measured weekly, and blood samples were analyzed at weeks 0 and 8 for serum biochemical parameters including glucose, amylase, and lipase. Cows fed DPP showed a 6.3% increase in daily milk yield (p < 0.05) without significant changes in milk fat, protein, or lactose concentrations. The somatic cell count (SCC) decreased by 23% (p < 0.05), indicating improved udder health. Blood glucose concentrations decreased (p < 0.05), suggesting improved energy utilization for milk synthesis, without changes in amylase or lipase activity. Liver (aspartate aminotransferase and alanine aminotransferase) and kidney (creatinine) function remained within normal physiological limits. Based on the in vivo findings, the antioxidant, and anti-inflammatory activities of DPP were evaluated in vitro. The ABTS radical scavenging assay demonstrated strong antioxidant capacity (IC50≈ 220 µg/mL), and the nitric oxide (NO) inhibition assay showed significant, dose-dependent suppression of NO production in LPS-stimulated RAW 264.7 macrophages (p < 0.01), confirming antioxidant and anti-inflammatory effects.

          

          
            Conclusions
             DPP improved in vivo dairy performance by enhancing milk yield, reducing SCC, supporting efficient energy metabolism without adverse effects on liver or kidney function, and exhibiting potent in vitro antioxidant and anti-inflammatory properties. These findings highlight the potential of DPP as a sustainable and functional feed additive for dairy cows.
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      INTRODUCTION
      Pineapple (Ananas comosus), a member of the family Bromeliaceae, comprises more than 2,000 species and has long been recognized not only as a nutrient-dense tropical fruit but also as a bioactive medicinal crop with diverse therapeutic potentials. Beyond its well-known nutritional value—rich sugars, minerals, dietary fibres, organic acids, and vitamins including carotenoids, ascorbic acid, and flavonoids—the plant contains phytochemicals with documented pharmacological activities, making it relevant in medicinal crop science (Ketnawa et al., 2012). The phytochemical profile of pineapple varies by cultivar and geographic origin, yet consistently demonstrates high functional value. A single fresh pineapple can provide approximately 17% of the daily vitamin C requirement, and is abundant in B-complex vitamins such as pyridoxine, folate, riboflavin, and niacin, contributing to antioxidant defense and metabolic support (Mehraj et al., 2024). Importantly, pineapple and its by-products contain bromelain, a proteolytic enzyme complex widely studied as a natural anti-inflammatory, anti-thrombotic, fibrinolytic, digestive, and anti-cancer agent. Recent studies have reinforced bromelain’s potential roles in modulating immune responses, attenuating oxidative stress, reducing edema, improving gastrointestinal function, and even contributing to metabolic regulation (Ajayi et al., 2022; Habotta et al., 2022; Sukri et al., 2023).

      Milk yield is a critical parameter in dairy farming, directly influencing the profitability and sustainability of dairy operations. While genetic selection has led to significant improvements in milk production over recent decades, environmental and nutritional factors remain pivotal in realizing the full genetic potential of dairy cows (Brito et al., 2021). Among these, the use of feed additives and nutritional supplements aimed at enhancing lactation performance has gained increasing attention. Milk yield-enhancing supplements work through a variety of physiological mechanisms. These include improving dry matter intake (DMI), optimizing rumen fermentation, enhancing energy metabolism, and supporting mammary gland function (Kholif et al., 2021). Commonly used supplements include rumen-protected amino acids, niacin, yeast culture, monensin, and various phytogenic compounds. For example, rumen-protected choline has been shown to reduce hepatic lipid accumulation and support liver function during early lactation, leading to improved milk production (Ghaffari et al., 2025). In addition to nutrient-based supplements, additives that modulate stress responses or immune function, such as antioxidants, probiotics, and adaptogens have also demonstrated promising results in supporting lactation under challenging conditions (Kalogerakou and Antoniadou, 2024). Moreover, certain feed additives that improve water intake or mitigate heat stress have indirect but significant effects on milk yield.

      Given the increasing demand for sustainable and efficient dairy production, understanding the role of supplements in optimizing milk yield is of both economic and scientific importance. Pineapple meal is a naturally occurring amino acid derivative involved in mitochondrial function and antioxidative defense. In livestock, pineapple meal has shown promise in promoting growth and enhancing physiological functions. This study investigates the potential benefits of Pineapple meal supplementation in dairy cattle, with particular focus on milk yield, somatic cell count (SCC), and changes in blood profiles (Dhiman et al., 2025).

      Taken together, these findings suggest that pineapple extract either in crude or purified form holds promise as a functional feed additive to improve digestive efficiency, lactational performance, and overall health in dairy cattle. However, direct evidence regarding the dietary application of concentrated pineapple extract in dairy cows remains limited. Therefore, the present study aims to investigate its potential effects on milk yield, composition, and animal health.

    

    

  
    
      MATERIALS AND METHODS
      
        1. Dried pineapple by-product powder
        The dried DPP was produced from peel, core, and pulp residues collected during the pineapple juice manufacturing process. These by-products were heat-dried and then finely ground into powder form. The DPP was determined to be 13.58 CDU/mg.

      

      
        2. Animals
        All experimental procedures were conducted in accordance with the guidelines of the Institutional Animal Care and Use Committee (IACUC) of Chonnam National University (Approval No.: CNU IACUC-YB-2025-32). A total of twenty Holstein dairy cows with an average age of 52 months (ranging from the 1st to 6th parity) were used in this study. The experiment was conducted at a commercial dairy farm located in Sangju, Gyeongsangbuk-do, Republic of Korea, where the animals were housed in a sawdust-bedded free-stall barn.

        The animals were fed a total mixed ration (TMR) once daily at 17:00, with an allowance of 30 kg per cow per day. Feed refusals were collected the following day at 16:00 to determine the average feed intake per group. During the experimental period, the dry matter intake was recorded as 22.38 ± 1.39 kg per cow per day.

        To evaluate the effects of DPP supplementation on milk production performance and nutrient metabolism in lactating Holstein cows, milk yield, milk composition, and blood biochemical parameters were analyzed in control and treatment groups.

        Experimental diets were formulated according to the National Research Council (NRC) (2001) feed library nutrient requirements for lactating dairy cows, based on recommended dry matter intake and nutrient composition. The proximate composition, neutral detergent fiber, and acid detergent fiber contents of the feed ingredients were determined by chemical analysis, while any missing nutrient data were supplemented using values listed in the NRC feed library.

        In the treatment group, 1.00% of soybean hulls in the control diet was replaced with DPP. The ingredient composition and chemical analysis of the experimental diets are shown in Table 1.

        
          Table 1. 
				
          

          
            TMR formula and chemical composition of control and dried pineapple by-product powder (DPP) diet in dairy lactating cows.
          
          

        

        
          
            
              	Items
              	Control
              	Treatment
            

            
              	Ingredient, %
              	
              	
            

          
          
            	Corn, cracked
            	3.70
            	3.70
          

          
            	Instant noodles by-product
            	16.30
            	16.30
          

          
            	Cotton seed
            	4.45
            	4.45
          

          
            	Wheat bran
            	18.50
            	18.50
          

          
            	Soybean meal
            	13.30
            	13.30
          

          
            	Soybean hull
            	3.30
            	2.30
          

          
            	DPP
            	-
            	1.00
          

          
            	Oat hay
            	26.00
            	26.00
          

          
            	Calcium carbonate
            	0.40
            	0.40
          

          
            	Salt
            	0.20
            	0.20
          

          
            	Premix1
            	0.20
            	0.20
          

          
            	Bypass fat
            	0.20
            	0.20
          

          
            	Water
            	13.45
            	13.45
          

          
            	
            	100.00
            	100.00
          

          
            	Chemical composition2
            	
            	
          

          
            	DM, %
            	77.44
            	78.25
          

          
            	Forage ratio, %DM
            	30.44
            	30.12
          

          
            	TDN1X,%DM
            	71.71
            	71.90
          

          
            	CP, %DM
            	16.95
            	16.90
          

          
            	EE, %DM
            	5.90
            	5.86
          

          
            	NFC, %DM
            	35.65
            	35.98
          

          
            	CF, %DM
            	15.97
            	15.84
          

          
            	NDF, %DM
            	35.42
            	35.25
          

          
            	Forage, NDF%DM
            	18.79
            	18.59
          

          
            	ADF, %DM
            	19.54
            	18.95
          

        

        
          
            1Premix: Vitamin A 1,600,000 IU/kg, Vitamin D3 500,000 IU/kg, Vitamin E 10,000 IU/kg, Fe 5,000 mg/kg, Cu 3,000 mg/kg, Zn 14,000 mg/kg, I 120 mg/kg, Se 80 mg/kg, Co 30 mg/kg, Mn 4,000 mg/kg.
          

          
            2DM: Dry matter; TDN1X: total digestible nutrients; CP: crude protein; EE: ether extract; NFC: non-fibrous carbohydrate; NDF: neutral detergent fiber; ADF: acid detergent fiber. TDN1X was calculated using the NRC (2001) model.
          

        

        

        The experiment lasted for a total of four weeks, consisting of two weeks of control diet adaptation followed by two weeks of treatment diet adaptation. For data analysis, samples and measurements were collected from both groups on day 14 of each feeding period.

      

      
        3. Proximate composition analysis
        Feed ingredient samples were oven-dried in a forced-air drying oven and ground using a Wiley mill (1 mm screen; Arthur A. Thomas Co., Philadelphia, PA, USA). Moisture, crude protein (CP), ether extract (EE), and ash contents were analyzed according to the AOAC (1990) methods. The neutral detergent fiber (NDF) was determined following the procedure of Van Soest et al. (1991), with the addition of 100 µL of heat-stable α-amylase (A3306; Sigma Chemical Co., St. Louis, MO, USA) per 0.5 g sample during analysis.

      

      
        4. Measurement of milk yield and sampling
        Milk yield was automatically recorded using a 2 × 10 side-by-side milking system (Westfalia Co., Germany) at morning (05:00 h) and evening (16:00 h) milkings throughout the experimental period. Milk samples (20 mL each) were collected from both morning and evening milkings on day 14 of each treatment using an automatic sampler attached to the milking system. Broad Spectrum Microtabs® II (Advanced Instruments, Inc.) were added as preservatives, and the samples were stored at 4℃ until analysis.

        Milk composition was analyzed using a Milko-Scan FT 6000 (Foss Electric Co., Hillerød, Denmark) based on the near-infrared spectrophotometric method.

      

      
        5. Measurement of hematological parameters and sampling
        Blood samples were collected from the jugular vein at both time points. Blood was collected into 4 mL tubes (Venosafe, Terumo, Guyancourt, France) from the vein and carefully mixed by inversion. Tubes were immediately refrigerated at ~4℃ until hematologic analysis at the Laboratoire Central de Biologie Médicale (Central Laboratory of Clinical Pathology) of ENVT within 24 h of blood collection.

        Biochemical parameters, including glucose, amylase, lipase, alanine aminotransferase (ALT), blood urea nitrogen (BUN), and creatinine, were analyzed using an automated biochemical analyzer (VB1, skyla corporation, Tawian) following the manufacturer’s protocols using commercial kits (Labtest commercial kits, Lagoa Santa, MG, Brazil).

      

      
        6. ABTS Radical Scavenging Activity
        The antioxidant capacity of the DPP extract was evaluated using the 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) assay (n = 5 per group) following the method of (Seo et al., 2025). The extract (0, 25, 50, 100, 200, 500, and 1000 μg/mL) was mixed with ABTS working solution in methanol and incubated at 37℃ for 10 min. Absorbance was measured at 734 nm, and the radical scavenging activity was calculated as:

        Scavenging rate (%) = [(Abfree − Absample)/Abfree] × 100

        The DPP extract exhibited a dose-dependent increase in ABTS radical scavenging activity, showing strong antioxidant potential with an estimated IC₅₀ of approximately 220 µg/mL.

      

      
        7. Measurement of nitric oxide (NO), and interleukin-6 (IL-6)
        The murine macrophage cell line RAW 264.7 (ATCC, Rockville, MD, USA) was cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, Grand Island, NY, USA) containing 5.5% heat-inactivated fetal bovine serum (Gibco), 100 U/mL penicillin, and 100 μg/mL streptomycin. Cells were maintained at 37°C in a humidified incubator with 5% CO2.

        For the assay, cells were seeded in 48-well plates at a density of 2.5 × 105 cells/well and allowed to adhere overnight. They were then stimulated with lipopolysaccharide (LPS; 1 μg/mL) in the presence or absence of various concentrations of DPP for 18 h. After incubation, culture supernatants were collected. Nitric oxide (NO) production was measured using the Griess Reagent System (Promega, Madison, WI, USA), and interleukin-6 (IL-6) levels were determined with an IL-6 ELISA kit (BioSource International, Camarillo, CA, USA), according to the manufacturers’ instructions.

      

      
        8. Statistical analysis
        The analysis parameters are presented as mean ± standard error (SE). Statistical significance was identified by unpaired t-test analysis for variance, using GraphPad Prism 8 (GraphPad software, San Diego, CA, USA). Statistical significance was set at p < 0.05.

        
          
          

          Fig. 1. 
				
          

          
            The Changes of milk yield and composition of daily cows fed with DPP.
            (A) Total milk yield in day, (B) Fat, (C) Protein, and (D) Lactose composition in milk. (E) somatic cell count (SCC) in milk (n = 20 holstein cows/groups). All values are expressed as the mean ± standard error (SE). * p < 0.05 vs. CON group.

          
          

          

        

        
          
          

          Fig. 2. 
				
          

          
            Effects of DPP on biochemical parameters in blood of daily cow.
            (A) plasma glucose level, (B) amylase, and (C) Lipase activity levels in blood serum (n = 20 holstein cows/groups). All values are expressed as the mean ± standard error (SE). * p < 0.05, and ***p < 0.001 vs. CON group.

          
          

          

        

        
          
          

          Fig. 3. 
				
          

          
            Toxicological analysis of DPP on liver and renal in blood of daily cows fed with DPP.
            (A) Alanine aminotransferase (ALT), (B) Blood urea nitrogen (BUN), and (C) Creatinine enzyme levels in blood serum (n = 20 holstein cows/groups). All values are expressed as the mean ± standard error (SE).

          
          

          

        

      

    

    

  
    
      RESULTS
      
        1. Milk yield and composition
        Feeding trials in twenty mid-lactation Holstein cows demonstrated clear productivity benefits. Cows receiving 1% DPP in the total mixed ration (TMR) showed an average daily milk yield of 37.5 ± 1.62 kg, compared with 32.0 ± 1.81 kg in the control group a 6.3% increase (p < 0.05). Despite this increase in yield, milk fat (2.4 ± 0.18%), protein (3.32 ± 0.07%), and lactose (4.79 ± 0.04%) contents remained unchanged between groups (p > 0.05), suggesting that productivity gains were not accompanied by compositional dilution.

        The SCC, an indicator of udder inflammation, was significantly reduced in the treatment group (1.36 × 105 vs. 2.63 × 105 cells/mL; p < 0.05), indicating improved mammary gland health and reduced subclinical mastitis risk.

        
          
          

          Fig. 4. 
				
          

          
            The percentage of ABTS radical scavenging activity showed the antioxidant benefits of DPP.
            All data are presented as mean ± standard error (SE). Abbreviation: ABTS, 2,2′-azino–bis (3-ethylbenzothiazoline-6-sulphonic acid); DPP, dried pineapple by-product powder

          
          

          

        

      

      
        2. Blood biochemical parameters
        Serum biochemical analysis revealed metabolic changes consistent with improved energy balance. Blood glucose levels decreased significantly in the treatment group (40.9 ± 1.73 vs. 51.5 ± 6.26 mg/dL; p < 0.001), suggesting enhanced glucose utilization for lactose synthesis.

        Amylase activity that implying improved digestive or pancreatic enzyme function, and lipase activity remained unchanged (p > 0.05). Indicators of liver and kidney function—ALT (19.7 ± 0.55 vs. 20.8 ± 0.96 U/L), BUN (17.2 ± 0.54 vs. 18.0 ± 0.72 mg/dL), and creatinine (1.00 ± 0.02 vs. 0.99 ± 0.03 mg/dL)—showed no significant differences, remaining within normal physiological ranges for healthy dairy cows.

        
          
          

          Fig. 5. 
				
          

          
            Effects of DPP on cell viability, NO production, and cytokine (IL-6) release in RAW 264.7 cells.
            The cells were incubated with DPP for 24 h. (A) Cell viability (B) NO production were determined using a Griess reagent assay. (C) IL-6 production in RAW 264.7 cell culture supernatant was determined using an ELISA kit. All values are expressed as the mean ± standard error (SE). * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. CON group. # p < 0.05, ## p < 0.01, and ### p < 0.001 vs. lipopolysaccharides (LPS) group.

          
          

          

        

      

      
        3. In vitro antioxidant and anti-inflammatory effects
        The antioxidant and anti-inflammatory activities of the DPP were first evaluated using in vitro assays. The ABTS radical scavenging assay revealed a strong antioxidant effect, with scavenging activity increasing in a dose-dependent manner and an IC50 value of approximately 220 µg/mL. In the anti-inflammatory assay using RAW 264.7 macrophages, no cytotoxicity was observed at concentrations up to 200 µg/mL, as confirmed by the CCK-8 assay. Treatment with the extract significantly reduced nitric oxide (NO) and interleukin-6 (IL-6) production in lipopolysaccharide (LPS)-stimulated cells (p < 0.01), demonstrating potent anti-inflammatory activity.

      

    

    

  
    
      DISCUSSION
      The bromelain present in pineapple extract likely contributed to improved protein digestibility and nutrient utilization, thereby supporting increased milk yield and quality (Hawanis et al., 2025; Bruce and Boateng, 2025). The antioxidant and anti-inflammatory properties of pineapple polyphenols and vitamin C improved systemic health and reduced somatic cell count, suggesting potential benefits for mastitis prevention (Hawanis, 2025; Bruce and Boateng, 2025). Moreover, modulation of rumen microbial communities supports the hypothesis that pineapple extract enhances fermentation efficiency. These findings highlight the dual advantage of using DPP: improving dairy cow performance and contributing to sustainable agriculture by valorizing fruit-processing residues (Chen et al., 2022).

      Dietary inclusion of DPP improved milk yield and reduced SCC without affecting milk composition, indicating enhanced udder health and productive performance. Similar outcomes have been observed when dairy cows were supplemented with natural antioxidant sources such as grape pomace, or herbal extracts (Santos et al., 2014). The improvement in milk yield may be attributed to enhanced nutrient digestibility and rumen fermentation efficiency. Pineapple residues contain bromelain and soluble carbohydrates that stimulate rumen microbial activity and increase volatile fatty acid production, thereby improving energy supply for milk synthesis (Ketnawa et al., 2011; Gowda et al., 2015; Kyawt et al., 2020).

      The significant reduction in SCC suggests anti-inflammatory effects in the mammary gland. High SCC is strongly associated with intramammary infection and oxidative stress in dairy cows (Khan et al., 2023). DPP are rich in phenolic acids, flavonoids, and ascorbic acid, which exert antioxidative and anti-inflammatory effects by scavenging free radicals and suppressing NO production (Polanía et al., 2023). The observed inhibition of NO production in vitro supports this mechanism, consistent with earlier findings that plant polyphenols downregulate iNOS and NF-κB signaling pathways (Sahakyan, 2026).

      The antioxidant properties observed in the ABTS assay (IC50 ≈ 220 µg/mL) indicate strong free radical–scavenging potential, similar to other fruit by-products used in ruminant diets (Jang et al., 2020). Antioxidants play a key role in maintaining mammary epithelial integrity and reducing lipid peroxidation, thereby improving milk yield and quality. The concurrent decrease in SCC and stable milk composition further confirm a reduction in subclinical mastitis risk (Somagond et al., 2025).

      Serum biochemical parameters remained within normal physiological limits, indicating that DPP supplementation did not adversely affect hepatic or metabolic functions. The decrease in amylase concentration may suggest improved digestive efficiency rather than enzyme suppression. Consistent findings were reported in studies using fruit-derived feed additives, where metabolic enzyme levels remained stable and overall liver health was maintained (Abbasi et al., 2015; Zhu et al., 2025).

      Overall, these results indicate that DPP enhance milk yield and udder health primarily through antioxidant and anti-inflammatory mechanisms while maintaining metabolic safety. Their use aligns with the current trend toward sustainable feed resources that improve production efficiency and reduce environmental waste (Anis Mohamad Sukri et al., 2021). Therefore, DPP represent a viable functional and eco-friendly feed additive in dairy nutrition.

      In conclusion, DPP supplementation demonstrated antioxidant and anti-inflammatory potential. In lactating cows, supplementation improved milk yield, lowered SCC, and enhanced metabolic efficiency by reducing glucose while increasing amylase activity, with no adverse hepatic or renal effects. These results confirm the safety and functional efficacy of DPP as a sustainable feed additive for improving productivity and udder health in dairy cows.
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