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Introduction: Hydroponic barley (HB) has emerged as a sustainable alternative feed ingredient; however, its effects on rabbit physiology and gut health remain underexplored. This study aimed to evaluate the impact of dietary HB, with or without enzyme supplementation, on the growth performance, cecal microbiota, and organ histology of growing rabbits.

Methods: Sixty male Hy-Plus rabbits were randomly allocated to one of three dietary groups: a control group, a group receiving 25% hydroponic barley (CHB), and a group receiving 25% hydroponic barley supplemented with 0.5 g/kg of AXTRA XB enzymes (CHBE). The feeding trial lasted for 60 days. Growth performance parameters, serum biochemistry, cecal microbiota, and histological features of the liver and intestines were evaluated. Data were analyzed using one-way ANOVA.

Results: Rabbits fed the CHB and CHBE diets showed significant improvements in body weight, weight gain, and feed conversion ratio compared to the control group. Both treatment groups exhibited beneficial modulation of cecal microbiota, with increased Lactobacillus spp. and reduced Escherichia coli populations. Serum biochemical profiles were improved, as evidenced by lower levels of aspartate aminotransferase, alanine aminotransferase, urea, creatinine, and cholesterol. Histological examination revealed normal liver and intestinal structures in all treatment groups.

Discussion: Incorporating 25% hydroponic barley, with or without enzyme supplementation, improved growth performance, enhanced gut microbiota composition, and supported organ health in growing rabbits. These findings support the potential of hydroponic barley as a functional and sustainable feed ingredient in rabbit production.
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1 Introduction

Rabbit farming is gaining attention as an environmentally sustainable alternative to traditional livestock production, thanks to rabbits’ rapid reproduction and low environmental impact (1, 2). As global sustainability concerns rise, rabbit meat, a low-fat, high-quality protein, is becoming an appealing option for health-conscious consumers (2). This shift is expected to increase demand for rabbit meat. To improve rabbit health and productivity, it’s essential to provide a balanced diet that supports gut health. Regular monitoring and tailored feeding strategies are crucial for optimal growth and well-being (2). Since feed costs make up over 70% of production expenses, cost-effective feeding strategies are key to ensuring both economic growth and sustainability (3). In response to the limitations of traditional green fodder cultivation, hydroponics has emerged as an innovative and sustainable method for growing rabbit feed (4). This soil-free cultivation technique offers an efficient solution to meet the rising nutritional demands for rabbit feed while significantly reducing reliance on land and water resources. Hydroponics enables the rapid, high-volume production of nutrient-dense fodder in a cost-effective and environmentally friendly manner (5–8).

Hydroponic barley (HB) has shown promising nutritional benefits when included in rabbit diets. Studies have demonstrated that incorporating HB at levels of 20–40% improves serum metabolic profiles and carcass characteristics in rabbits (9, 10). Furthermore, rabbits fed HB diets exhibit increased viable bacterial counts in the cecum, contributing to improved gut health (11). Previous research from our group has also shown that replacing 25% of a conventional diet with hydroponic, whether supplemented with enzymes or not, results in enhanced growth performance, improved nutritional digestibility, and greater economic efficiency in growing rabbits (12).

Enzyme supplementation plays a crucial role in enhancing fiber digestibility, which leads to improved nutrient absorption and overall utilization (13). This is particularly important for hydroponic barley, which is naturally high in fiber, a component that can limit its nutritional value if not properly broken down. Additionally, enzymes can support gut health by reducing the viscosity of digesta, which in turn enhances metabolic efficiency (14). Specifically, xylanase and beta-glucanase were chosen due to their ability to break down complex carbohydrates, such as xylans and beta-glucans, that are abundant in the cell walls of hydroponic barley (15). Xylanase targets hemicellulose, a major fiber component, while beta-glucanase acts on the beta-glucan fraction (13–15). By facilitating the degradation of these complex fibers, these enzymes improve the digestibility and nutritional value of hydroponic barley, leading to enhanced nutrient absorption and potentially improving the growth performance and overall health of rabbits. Despite these encouraging findings, there remains limited research investigating the potential of enzyme supplementation in hydroponic barley diets to enhance further gut function, microbiota composition, and overall growth performance in rabbits. Therefore, assessing how these diets influence various physiological aspects fundamental to rabbit health and productivity is crucial. Understanding the impact of these diets on gut health plays a key role in digestion, immunity, and overall health, which may influence growth performance and disease resistance (16, 17). Additionally, examining carcass characteristics and histological responses provides insights into how these dietary changes affect the quality and yield of rabbit meat, offering valuable information for improving production efficiency. Finally, evaluating physiological responses helps determine the broader effects of these dietary interventions on rabbit health, including metabolic and immune function. Thus, this study aims to evaluate the nutritive value of HB by substituting 25% of a control diet with hydroponic barley, with or without enzyme supplementation. Furthermore, we will assess the effects of these diets on production, cecal microbiota, carcass characteristics, and histological and physiological responses in growing rabbits.



2 Materials and methods


2.1 Experimental animals, design, and management

This study was carried out at the Rabbit Research Farm, Animal and Poultry Production Department, Agriculture Faculty, South Valley University, Qena, Egypt. The experimental protocol (Protocol No. SVUAGR8/2018) was approved by the Ethics Committee of the Animal and Poultry Production Department at South Valley University, and all procedures complied with the ARRIVE guidelines (18).

Sixty male Hy-plus rabbits, with an average body weight (BW) of 669 ± 12 g, were weaned at 30 days of age and housed individually in galvanized wire net cages (50 cm width, 60 cm length, 40 cm height). Each cage was fitted with a manual feeder and waterer, and all rabbits were housed in a closed system maintained at a consistent temperature of 22°C, with a 16-h light cycle and an 8-h dark cycle. The cages were equipped with stainless steel nipples for free access to fresh tap water. Throughout the experiment period (60 days), the health and physical condition of the rabbits were closely monitored.

The rabbits were randomly allocated into three experimental groups, each containing 20 rabbits. The first group was given a control diet (commercial rabbit diet) formulated to meet the nutritional needs (Table 1) of growing rabbits according to the recommendations of De Blas and Mateos (19). The second group was fed the control diet with 25% substitution of the control diet with dry hydroponic barley (CHB), while the third group received the CHB diet supplemented with 0.5 g/kg of enzymes (CHBE). The experiment lasted for 60 days. The diets were fed in pelleted form. The enzymes used (Xylanase and Beta Glucanase, AXTRA XB, Danisco Animal Nutrition, Marlborough, Wilts, UK) were included to assist in the digestion of the high-fiber diet. The endo-1,4-β-xylanase (12,200 U/g) is produced by a genetically modified strain of Trichoderma reesei, while the endo-1,3(4)-β-glucanase (1,520 U/g) is produced by a non-genetically modified strain of T. reesei (12). The supplemental enzymes (xylanase and β-glucanase; AXTRA® XB) are thermostable formulations with documented activity retention (>85%) after pelleting at 90°C (12). While post-pelleting assays were not performed here, their functional efficacy is evidenced by significant treatment effects on growth and gut morphology.


TABLE 1 Composition of the ingredients (as-fed basis) in the diet provided to rabbits during the 60-day study.


	Ingredient
	Percentage (%)

 

 	Corn 	31.00


 	Wheat bran 	20.00


 	Soybean meal (44% CP) 	19.00


 	Wheat straw 	12.00


 	Lucerne hay 	5.00


 	Rice bran 	5.00


 	Linseed straw 	2.80


 	Sunflower meal 	2.50


 	Limestone 	2.00


 	Sodium chloride 	0.30


 	Vitamin-mineral premix 	0.30


 	DL-methionine 	0.10


 	Total 	100





1Per kg of diet: vitamin A 10,000 IU, vitamin D3 900 IU, vitamin E 50.0 mg, vitamin K 2.0 mg, vitamin B1 2.0 mg, folic acid 5.0 mg, pantothenic acid 20.0 mg, vitamin B6 2.0 mg, choline 1,200 mg, vitamin B12 0.01 mg, niacin 50 mg, biotin 0.2 mg, Cu 0.1 mg, Fe 75.0 mg, Mn 8.5 mg, Zn 70 mg.
 



2.2 Hydroponic barley production system

The hydroponic system used to grow barley was installed in a growth chamber at the Rabbit Research Farm, South Valley University, Qena, Egypt. The system included two metal-framed units (55 × 200 × 240, cm), each featuring four shelves and 24 planting trays. For barley seed cultivation, plastic trays measuring 90 × 30 × 4 cm were utilized. The system was kept at a consistent temperature of 24 ± 2°C and a relative humidity of 65–70%. Barley seeds (Hordeum vulgare L.) were obtained from the Department of Crops, Faculty of Agriculture, South Valley University. The seeds were first sterilized by soaking in a 20% sodium hypochlorite solution for 30 min, then rinsed, and soaked overnight in tap water. The seeds were planted in the trays, which were irrigated twice daily using tap water. On day 8, the barley fodder was harvested, divided by hand, and sun-dried before being incorporated into the rabbit diets. The diets and hydroponic barley samples were ground using a centrifugal mill to pass through a 1 mm screen. Subsequently, the diet samples were chemically analyzed (Table 2), including moisture content using oven drying (method 930.15), ash content by incineration (method 942.05), protein by the Kjeldahl method (method 984.13), and ether extract by Soxhlet fat analysis (method 954.02), as described by AOAC International (20).


TABLE 2 Chemical analysis of experimental diets and hydroponic barley.


	Items %
	Diets



	Control
	CHB
	CHBE
	HB

 

 	Dry matter 	96.11 	95.75 	96.07 	16.87


 	Organic matter 	89.51 	89.61 	89.06 	96.04


 	Ash 	10.49 	10.39 	10.94 	9.96


 	Crude protein 	18.30 	18.10 	18.10 	17.84


 	Crude fiber 	12.30 	13.30 	12.80 	12.30


 	Crude fat 	4.33 	4.40 	4.70 	4.36


 	Digestible energy (MJ/kg DM)a 	9.35 	9.47 	9.45 	9.92





Control: Basal diet.

CHB: 25% hydroponic barley replacement.

CHBE: 25% hydroponic barley +0.5 g/kg enzymes (AXTRA XB).

HB: Hydroponic barley.

a DE estimated according to Fekete (45).
 



2.3 Productive performance

Rabbit body weight (BW) was measured on days 30 and 90 of life. Feed intake for each cage was assessed by measuring the feed residue on the same day as the BW recordings during the whole period of the experiment. The feed conversion ratio was determined by dividing the amount of feed consumed by the corresponding BW gain, calculated based on the average weight gain per cage during the whole period of the experiment. Additionally, mortality was monitored daily throughout the entire experimental period of 60 days.



2.4 Clinical chemistry analysis

At 86 days of age, twenty rabbits from each treatment group were anesthetized with an intraperitoneal injection of sodium pentobarbital (60 mg/kg body weight). Blood was then collected from the ear vein using a sterile syringe and needle. The blood samples were immediately placed in serum collection tubes and allowed to clot at room temperature for 30 min. Following clotting, the samples were centrifuged at 3,000 rpm for 10 min to separate the serum from the blood cells. The serum was carefully transferred into clean tubes and stored at −20°C until analysis. This procedure ensures the preservation of serum for accurate biochemical analysis. The liver enzymes [aspartate aminotransferase (AST) and alanine aminotransferase (ALT)], as well as the total cholesterol, creatinine, and urea levels, were measured using commercial reagent kits sourced from Spectrum Chemical Company (Obour City, Cairo, Egypt). The analysis of these parameters was performed using a spectrophotometer, following the manufacturer’s instructions.



2.5 Carcass measurements

At the end of the experiment (90 days of age), all twenty rabbits from each treatment group were weighed and humanely slaughtered. After slaughter, the rabbits were bled, and various body parts, including the skin, genitalia, urinary bladder, gastrointestinal tract, and lower limbs, were excised. The carcass yield was then calculated by determining the dressing percentage, which is the proportion of hot carcass weight to BW, expressed as a percentage. The hot carcass, fore, middle (loin), and hind sections were weighed, and the weights of internal organs (liver, heart, lungs, kidneys, spleen, and testes) were measured and expressed as a percentage of the hot carcass weight.



2.6 Microbial enumeration

For determination of colony forming units, 1 g of each cecum sample from slaughtered animals (90 days of age) was aseptically immersed in selenite cysteine broth (SCB) medium (Oxoid®) and Tryptic soy broth as enrichment broth for E. coli, Salmonella sp., and Lactobacillus spp. respectively, and incubated at 37°C for 24 h. Fifteen-fold serial dilutions were made up and 0.1 mL of each dilution was spread using glass beads on eosin methylene blue (Oxoid®), Salmonella Shigella (Oxoid®) and MRS agar plates as selective media for E. coli, Salmonella, and Lactobacillus spp. respectively. Plates were incubated at 37°C for 24 h. Typical E. coli, Salmonella sp., and lactobacillus spp. colonies were counted only for plates with 30–300 colonies (21). The CFU number was then calculated per ml sample according to the following equation:



CFU
/
ml
=
No
.
of colonies
×
1
/
dilution





2.7 Histological examination of the small intestine

At the end of the experiment (90 days of age), the ileum (the last section of the small intestine) and the liver were harvested for histological analysis. Samples were preserved in 10% neutral buffered formalin, dehydrated through increasing concentrations of ethanol (75–100%), and embedded in paraffin. Sections (5 μm thick) were cut using a microtome (Leica RM 2155, England), stained with Hematoxylin and Eosin (H&E), and examined under a microscope (AmScope 5.0 MP) at 100× and 400× magnification. A total of 20 images per group were analyzed for histological monitoring.



2.8 Statistical analysis

The data were evaluated using a one-way analysis of variance (ANOVA) with the general linear model approach, as outlined in the SAS/STAT® 9.2 User’s Guide (SAS Institute, 22). The analysis model was structured to examine the fixed effects of the treatments and account for random errors in the data. All samples were processed and analyzed individually (n = 20 biologically independent replicates per treatment group). No pooling of samples was performed, ensuring each measurement represents a distinct experimental unit. Differences among treatment means were determined using Duncan’s multiple-range test (23). Statistical significance was accepted for p-values below 0.05, with values <0.001 reported as “0.001.”




3 Results


3.1 Growth performance

Table 3 presents the body weight, body weight gain, feed intake, and feed conversion ratio of growing rabbits aged 30–90 days. The body weight of rabbits in the CHB group was 11.3% higher, and the body weight in the CHBE group was 16.8% higher compared to the control group. Specifically, the CHB group had a body weight that was 11.3% greater than the control group, while the CHBE group exhibited a 16.8% increase in body weight over the control group. The body weight gain was also significantly greater in the CHB and CHBE groups. The CHB group showed an 18.5% increase in body weight gain compared to the control group, while the CHBE group experienced a 24% higher body weight gain than the control group. There were no significant differences in feed intake among the groups. The CHB group consumed 4.4% more feed than the control group, and the CHBE group consumed 5.2% more feed than the control. Both the CHB and CHBE groups demonstrated improved feed conversion ratios. The CHB group had a 12% improvement in feed conversion ratio compared to the control group, while the CHBE group showed a 15% improvement over the control group. These findings suggest that including hydroponic barley, especially when combined with enzyme supplementation, significantly improved growth performance and feed efficiency in rabbits. Both the CHB and CHBE groups showed marked improvements in body weight, body weight gain, and feed conversion ratio compared to the control group.


TABLE 3 Effects of dietary hydroponic barley (HB) with or without enzyme supplementation on growth performance of growing rabbits.


	Items
	Treatments
	SEM
	p-value



	Control
	CHB
	CHBE

 

 	Initial body weight, g 	668 	652 	689 	16 	0.649


 	Final body weight, g 	1946b 	2166a 	2273a 	39 	0.001


 	Total body weight gain, g 	1278b 	1514a 	1584a 	37 	0.001


 	Total feed intake, g 	4,974 	5,191 	5,231 	64 	0.222


 	Feed conversion ratio 	3.917a 	3.446b 	3.322b 	0.084 	0.004





Values (n = 20) in the same row with different superscripts (a,b) are significantly different (p < 0.05).

SEM: Standard error of the means.

Control: Basal diet.

CHB: 25% hydroponic barley replacement.

CHBE: 25% hydroponic barley +0.5 g/kg enzymes (AXTRA XB).
 



3.2 Blood biochemical constituents of rabbits

Figures 1–3 illustrate the effects of hydroponic barley, with or without enzyme supplementation, on the serum levels of ALT, AST, urea, creatinine, and cholesterol in growing rabbits. Rabbits fed CHB and CHBE diets showed a significant reduction (p < 0.05) in serum ALT and AST activity compared to the control group (Figure 1). Similarly, blood urea and creatinine levels were significantly lower (p < 0.05) in rabbits on CHB and CHBE diets compared to the control (Figure 2). Furthermore, serum cholesterol levels were significantly reduced (p < 0.05) in the rabbits fed CHB and CHBE diets compared to the control group (Figure 3).

[image: Bar graphs showing ALT and AST enzyme levels in IU/L across three treatments: Control, CHB, and CHBE. Error bars represent standard deviations. Significant differences are noted with letters a, b, c.]

FIGURE 1
 Liver enzyme activity in male rabbits at 86 days of age following control (Basal diet), 25% hydroponic barley replacement (CHB), and 25% hydroponic barley +0.5 g/kg enzymes (CHBE) diets. Statistical analysis was performed to identify significant differences between groups, with mean comparisons conducted using Duncan’s multiple range test (n = 20). Values within the same scale bar with different superscripts (a–c) are significantly different (p < 0.05).


[image: Two bar charts compare creatinine and urea levels among three treatments: Control (Cont.), CHB, and CHBE. Statistical differences are labeled as "a", "b", and "c".]

FIGURE 2
 The kidney function of male rabbits in response to control (Basal diet), 25% hydroponic barley replacement (CHB), and 25% hydroponic barley +0.5 g/kg enzymes (CHBE) diets at 86 days of age. Statistical analysis was performed to identify significant differences between groups, with mean comparisons conducted using Duncan’s multiple range test (n = 20). Values within the same scale bar with different superscripts (a–c) are significantly different (p < 0.05).


[image: Bar graph showing cholesterol levels in milligrams per deciliter for three treatments: Different letters above bars indicate significant differences.]

FIGURE 3
 Cholesterol (mg/dl) of male rabbits in response to control (Basal diet), 25% hydroponic barley replacement (CHB), and 25% hydroponic barley +0.5 g/kg enzymes (CHBE) diets at 86 days of age. Statistical analysis was performed to identify significant differences between groups, with mean comparisons conducted using Duncan’s multiple range test (n = 20). Values within the same scale bar with different superscripts (a–c) are significantly different (p < 0.05).




3.3 Carcass criteria and internal organs

The carcass characteristics of rabbits fed diets substituted with 25% hydroponic barley (HB), with or without enzyme supplementation, are presented in Table 4. Rabbits on the CHB and CHBE diets showed a significant increase in dressing percentage and a reduction in the fat-to-BW ratio (p < 0.05) compared to the control group. Additionally, cecum length was significantly greater in rabbits fed CHB and CHBE diets compared to the control. However, there were no significant differences in the weight of the brain, liver, heart, spleen, kidneys, intestine, or other organs between the treatment groups.


TABLE 4 Effects of dietary hydroponic barley (HB) with or without enzyme supplementation on carcass characteristics of growing rabbits.


	Items
	Treatments
	SEM
	p-value



	Control
	CHB
	CHBE

 

 	Live body weight, g 	2072b 	2191ab 	2295a 	37.3 	0.040


 	Dressing% 	52.67b 	54.60ab 	55.71a 	0.511 	0.036


 	Fat, % 	0.902a 	0.616b 	0.642b 	0.055 	0.054


 	Liver, % 	2.940 	3.505 	3.534 	0.152 	0.206


 	Heart, % 	0.311 	0.296 	0.314 	0.012 	0.818


 	Kidney, % 	0.836 	0.760 	0.838 	0.023 	0.309


 	Spleen, % 	0.074 	0.062 	0.054 	0.007 	0.497


 	Intestine, % 	18.35 	15.17 	13.69 	0.975 	0.135


 	Cecum, % 	0.496 	0.554 	0.606 	0.043 	0.602


 	Length of the intestine, cm 	286 	324 	337 	13.2 	0.270


 	Cecum length, cm 	10.00b 	11.83ab 	12.67a 	0.470 	0.046


 	Lungs, % 	0.905 	0.939 	0.916 	0.041 	0.950


 	Head, % 	4.807 	4.652 	4.886 	0.101 	0.660





Values (n = 20) in the same row with different superscripts (a,b) are significantly different (p < 0.05).

SEM: Standard error of the means.

Control: Basal diet.

CHB: 25% hydroponic barley replacement.

CHBE: 25% hydroponic barley +0.5 g/kg enzymes (AXTRA XB).
 



3.4 Microbial populations

Table 5 shows the microbial populations in the cecal of rabbits. Rabbits fed CHB and CHBE had a significant increase (p < 0.004) in cecal Lactobacillus spp. and a significant decrease (p < 0.001) in E. coli compared with the control group. On the other hand, Salmonella was absent in rabbits fed CHB and CHBE compared with the control group.


TABLE 5 Effects of dietary hydroponic barley (HB) with or without enzyme supplementation on cecal microbial populations (log10 CFU/g) in growing rabbits.


	Items
	Treatments
	SEM
	p-value



	Control
	CHB
	CHBE

 

 	E. coli, (log10 cfu/g) 	13.30a 	11.40b 	7.11c 	1.10 	0.001


 	Salmonella sp. (log10 cfu/g) 	1.11 	absent 	absent 	000 	000


 	Lactobacillus sp. (log10 cfu/g) 	8.12c 	14.47a 	12.30b 	0.055 	0.004





Values (n = 20) in the same row with different superscripts (a,b) are significantly different (p < 0.05).

SEM: Standard error of the means.

Control: Basal diet.

CHB: 25% hydroponic barley replacement.

CHBE: 25% hydroponic barley +0.5 g/kg enzymes (AXTRA XB).
 



3.5 Histological response of rabbits

Histological examination of the liver and ileum in the three dietary groups is shown in Figures 4, 5. The liver of rabbits in the CHB and CHBE groups displayed normally arranged hepatocytes and intact blood vessels, whereas the control group showed slight congestion and mild dilatation of blood vessels. In the ileum, the control group exhibited disruption of the intestinal wall, with desquamated and sloughed villi tips. In contrast, the CHB and CHBE groups showed improved ileal tissue architecture, with well-preserved mucosa and submucosa layers and properly arranged villi.

[image: Histological images of liver tissue sections with different treatment groups labeled a, b, and c. Each section is stained, showing cellular structures in pink. Black arrows indicate specific areas of interest, such as cell nuclei or tissue changes. Differences in tissue patterns and structures are noted across the various sections.]

FIGURE 4
 (a–c) Photomicrographs of the liver in the 25% hydroponic barley replacement (CHB), and 25% hydroponic barley +0.5 g/kg enzymes (CHBE) diets groups showing normally arranged hepatocytes and intact blood vessels (a,b). In contrast, the liver of the control group (c) exhibited slight congestion and mild dilation of the blood vessels. 40× and 100× (H&E staining).


[image: Microscopic images of intestinal tissue sections stained in varying shades of pink and purple. Panels labeled a, b, and c depict different views. Black arrows highlight specific structures within the tissue, showing the villi and cellular details. Each panel appears to show sections at different magnifications or conditions, highlighting morphological variations.]

FIGURE 5
 (a–c) Photomicrographs of the intestines of growing rabbits. The control group (a) exhibited a normal intestinal wall, while the 25% hydroponic barley replacement (CHB), and 25% hydroponic barley +0.5 g/kg enzymes (CHBE) groups (b,c) showed slight improvements in the architectural integrity of the mucosa and submucosa. (H&E, ×10).





4 Discussion

The current study demonstrated that growing rabbits fed CHB and CHBE diets exhibited significantly higher BW and BW gain compared to the control group. This improvement in growth performance can likely be attributed to the superior nutritional quality and digestibility of the CHB and CHBE diets, which may enhance nutrient absorption and utilization, as supported by previous research (12). Moreover, rabbits on these diets showed the better feed conversion ratio relative to the control group, indicating more efficient use of feed for growth. This suggests that hydroponic barley, with or without enzyme supplementation, optimizes nutrient availability and metabolic efficiency, leading to improved overall growth and feed efficiency.

Hydroponic barley is known for its high fiber content, which is a critical aspect of its nutritional profile (Table 2). The fiber in hydroponic barley primarily consists of insoluble fibers such as cellulose and hemicellulose, which could benefit the digestive health of herbivorous animals like rabbits. This high fiber content supports gastrointestinal motility and promotes regular bowel movements, helping to maintain a healthy gut (17). Additionally, the water-soluble fibers in barley, such as beta-glucans, contribute to enhanced gut health, further supporting digestive health and potentially reducing the risk of gastrointestinal disorders common in rabbits, such as gastrointestinal stasis (24).

The digestible energy (DE) values provide critical context for interpreting intake effects. The minimal DE increases in CHB and CHBE groups (+1.1–1.3% vs. control) despite 4–5% higher intake suggest that HB’s liver/kidney metabolic improvements (Figure 3 and Table 4) reflect direct physiological effects rather than secondary energy surplus. Notably, the HB-alone group marked DE elevation (+6.1%) confirms its intrinsic energetic value, while the enzyme-supplemented groups’ patterns imply distinct nutrient-partitioning mechanisms. Future studies measuring fiber digestibility coefficients will help delineate these pathways.

Serum metabolic profiles serve as key indicators of an animal’s health, offering insights into its physiological, pathological, and nutritional state (13, 14). In this study, rabbits fed CHB and CHBE diets showed significantly lower serum ALT and AST levels, as well as reduced creatinine and urea concentrations compared to the control group. Additionally, serum cholesterol levels were significantly reduced in the CHB and CHBE groups. These findings suggest that hydroponic barley, with or without enzymes, did not impair liver or kidney function and may promote better metabolic health. Importantly, all these blood parameters stayed within normal levels, which is crucial, as elevated levels of AST, ALT, urea, and creatinine typically indicate liver and kidney dysfunction (1, 2, 13). The lower levels of these biomarkers in the CHB and CHBE groups align with previous studies, such as those by Mehrez et al. (11) and Shanti et al. (25), who observed similar results with hydroponic barley supplementation in rabbit diets.

While low serum cholesterol levels can be a concern in some species due to potential cardiovascular implications, the significance of this in rabbits is not well understood. In our study, the reduced cholesterol levels in the CHB and CHBE groups likely reflect a physiological response to the high-fiber content of the hydroponic barley, a characteristic known to influence lipid metabolism. High-fiber diets, such as those provided by hydroponic barley, can regulate lipid and glucose metabolism, potentially improving liver function and influencing blood lipid profiles. The observed cholesterol levels, although lower, remained within acceptable ranges and aligned with previous findings that high-fiber diets can help regulate metabolic parameters in rabbits (17, 26–30). Additionally, enzyme supplementation in our study seemed to enhance the metabolic profile further, supporting findings from other studies that report improvements in biochemical parameters, including reductions in cholesterol, triglycerides, AST, and ALT, in rabbits fed enzyme-supplemented, high-fiber diets (14). In terms of carcass characteristics, the inclusion of HB and HB with enzymes (CHBE) in the diet significantly improved the dressing percentage and reduced fat percentage compared to the control group. The dressing percentage, an indicator of meat yield, increased in the CHB and CHBE groups, while the reduction in fat percentage suggests that these diets help optimize lean meat production. These findings align with those of Nagadi (26), who observed similar improvements in carcass traits when rabbits were fed HB-based diets. Additionally, the longer cecum length observed in rabbits fed the CHBE diet may indicate improved nutrient absorption, likely due to the enzymatic enhancement of HB digestibility.

Despite these improvements in carcass and cecum characteristics, no significant differences were observed in the relative weights of vital organs such as the liver, heart, spleen, and kidneys. This suggests that the addition of HB, with or without enzymes, did not interfere with the normal development of these organs. These findings are consistent with prior research, which also reported no significant differences in organ weights between rabbits fed HB-based and control diets (9). However, other studies have shown mixed results, indicating that the impact of HB on organ development may vary depending on experimental conditions (31–33).

The gut microbiota plays a pivotal role in host health by modulating nutrient metabolism, immune responses, and resistance to pathogens (34). Our findings demonstrate that both CHB and CHBE diets significantly altered the cecal microbiota composition in rabbits, promoting a beneficial shift characterized by increased Lactobacillus spp. and reduced E. coli levels compared to the control group. Notably, the CHBE group exhibited the highest Lactobacillus spp. counts, suggesting that enzyme supplementation may further enhance the growth of these beneficial bacteria by improving fiber fermentability. This aligns with recent studies showing that enzyme-assisted fiber degradation increases the availability of fermentable substrates, selectively stimulating probiotic populations (35, 36). The rise in Lactobacillus spp. is particularly significant due to their well-documented role in gut health. These bacteria contribute to intestinal homeostasis through multiple mechanisms, including competitive exclusion of pathogens such as E. coli and Salmonella via bacteriocin production and niche competition (28). Additionally, Lactobacillus spp. enhances gut barrier function by producing short-chain fatty acids (SCFAs), which lower luminal pH and inhibit pathogenic colonization (37). The observed reduction in E. coli in both CHB and CHBE groups supports earlier findings that high-fiber diets suppress proteolytic bacteria while favoring saccharolytic fermentation (38). The further decline in E. coli with enzyme supplementation suggests that enhanced fiber breakdown may deprive pathogens of adhesion sites, reinforcing the diet’s protective effects (39). Our study is the first to report the effects of HB-based diets on rabbit gut microbiota, providing novel insights into how dietary fiber and enzyme supplementation influence microbial ecology. The synergistic benefits observed in the CHBE group are consistent with emerging research on in vivo multienzyme assemblies, which demonstrate improved fiber degradation and nutrient absorption in monogastric animals (40, 41). These findings highlight the potential of enzyme-fortified diets to optimize gut health while reducing reliance on antibiotics, a critical consideration for sustainable livestock production (42).

Histological examination of the liver and intestines revealed positive effects of the HB and CHBE diets. The livers of rabbits in these groups showed normal hepatocyte arrangement and intact blood vessels, while the control group exhibited mild congestion and slight dilation of hepatic blood vessels. Similarly, the intestinal mucosa and submucosa of rabbits fed CHB and CHBE diets maintained normal architecture, while the control group showed signs of villi sloughing and desquamation. These histological improvements suggest that HB, particularly when combined with enzymes, supports liver and intestinal health. Lactobacillus spp. is known to enhance the intestinal barrier by reinforcing tight junctions between intestinal cells, which could explain the improved gut integrity observed in the HB and CHBE groups. Furthermore, the high fiber content of HB promotes gastrointestinal motility, reduces the risk of constipation, and supports the growth of beneficial gut health, contributing to improved digestive health (43, 44). The effectiveness of enzyme supplementation in rabbits may vary depending on their age or life stage. Younger rabbits, with developing digestive systems, are likely to experience more pronounced benefits from enzyme supplementation, as their gastrointestinal tract is still maturing and may require additional support for optimal nutrient digestibility. In contrast, adult rabbits with more mature digestive systems may show less dramatic improvements, although they can still benefit from enhanced nutrient utilization. This variation underscores the need for further research to explore how age and life stage influence the effectiveness of enzyme supplementation to HB in rabbit nutrition. Future studies should investigate tailored enzyme supplementation strategies based on these factors. Additionally, while limited research has explored the effects of hydroponic barley (HB) with enzymes on internal organs and gut health in rabbits, our findings suggest that HB has the potential to influence both liver and intestinal health positively. To fully understand its potential, future research should focus on the impact of HB on gut microbiota composition and histological changes in internal organs, which would provide valuable insights into its role as a dietary supplement for improving rabbit health.



5 Conclusion

In conclusion, the present study demonstrates that incorporating hydroponic barley (HB), with or without enzymes, as 25% of the concentrated diet in growing rabbits significantly enhances their microbiological, physiological, histological, and carcass characteristics. HB shows great potential as a sustainable and innovative feed ingredient for improving rabbit health and productivity.
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