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Marrubium vulgare L., commonly known as horehound in Europe, belongs to the Lamiaceae family, one of the most prominent medicinal plant families in the Mediterranean region. Traditionally used in herbal medicine, horehound contains a broad spectrum of bioactive compounds, supporting its potential use as a natural feed additive in animal nutrition. This study evaluated the effects of dietary horehound powder (HP) on growth performance, serum antioxidant status, digestive enzyme activity, intestinal microbial populations, and gut and liver histomorphology in growing rabbits. Eighty weaned male Bianca Italiana rabbits (42 days old) were randomly assigned to two dietary groups for a 6-week feeding trial: a control group fed a basal diet and a treatment group receiving the same diet supplemented with 0.15% HP (1.5 g/kg). At slaughter (84 days of age), samples of meat, blood, liver, and intestinal tissue were collected for analysis. Dietary HP significantly improved final body weight, feed conversion ratio, and carcass yield (P < 0.01), with no notable differences in proximate meat composition. However, meat from HP-fed rabbits showed increased total polyunsaturated fatty acids (PUFAs) (P < 0.05) and n-6 fatty acids (P < 0.01). Serum lipid profiles remained unaffected, while serum antioxidant parameters—total antioxidant capacity (TAC), malondialdehyde (MDA), and superoxide dismutase (SOD)—were significantly enhanced in the HP group. Additionally, HP supplementation increased the activity of duodenal α-amylase, maltase, lipase, and trypsin (P < 0.05). Although caecal morphology did not differ significantly between groups, rabbits receiving HP exhibited higher Lactobacillus spp. counts and reduced Escherichia coli populations. Duodenal histomorphometry showed significant improvements in villus height, crypt depth, and the villus height to crypt depth ratio (P < 0.01). No histological alterations were observed in the liver of rabbits. In conclusion, dietary inclusion of horehound powder positively influenced growth performance, oxidative status, digestive enzyme activity, and intestinal health in rabbits, supporting its use as a functional feed additive in sustainable rabbit production.
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1 Introduction

From ancient times, plant species have been used in folk medicine as a source of valuable biocompounds and applied as practical remedies for a variety of ailments, including metabolic, gastrointestinal, and inflammatory disorders (Popoola et al., 2013; Caceres et al., 2022). In the Mediterranean area, traditional plant knowledge (TPK) on wild or cultivated botanicals represents a significant part of local culture (Menale et al., 2016). Preserving popular traditions is crucial for the recovery of both autochthonous plant varieties and animal breeds, and thus for maintaining ethnobiodiversity, especially in rural areas or small villages where traditional agri-food products (TAP) represent the main economic revenue. In view of these aspects, TPK may play a key role in the development of rural production systems. Indeed, the use of natural resources according to local traditions and availability offers the opportunity to enhance the yield and quality of animal products (Colonna et al., 2023).

Current research on animal health and welfare management emphasized the need for natural nutritional approaches that may positively influence livestock health status and performance indices. In this context, plant extracts or phytogenic feed additives may represent a viable alternative as natural growth promoters, thereby reducing reliance on antibiotics and synthetic additives (Falcão-e-Cunha et al., 2007; Seidavi et al., 2021). In addition, natural feed additives in livestock nutrition align with consumer preferences for sustainable and “clean label” animal products (Kehlbacher et al., 2012; Placha et al., 2022; Pugliese et al., 2024). However, traditional knowledge of herbal remedy practices was mainly passed down orally, resulting in a lack of scientific evidence (Viegi et al., 2003). Therefore, ethnobotanical and ethnopharmacological surveys on herb species and medicinal plants, supported by in vivo studies, may represent an important tool to deepen the understanding of the biological properties of these products and to discover and develop new compounds that could be employed in livestock feeding strategies.

Marrubium vulgare L. belongs to the Lamiacea family, one of the most useful plant families in the Mediterranean area (Amessis-Ouchemoukh et al., 2014; Rezgui et al., 2021). It is a robust perennial herb growing in marginal areas, with dense cottony stems and white flowers. It is commonly known as “horehound” in Europe and as “Marrubia” or “Om rubia” in Tunisia. Marrubium species are indigenous to Europe, the Mediterranean area, and Asia, among other regions. They also grow naturally in North and South America and are extensively distributed in areas where sheep are raised, especially around bedding and watering locations (Lodhi et al., 2017). Available literature reports that M. vulgare is widely used in traditional medicine worldwide  (Boulila et al., 2015; El-Gharbaoui et al., 2017), where it serves as a remedy for various conditions such as gastrointestinal and respiratory disorders, intestinal infections, inflammatory processes, and bile secretion disorders (Lodhi et al., 2017; Acmovic et al., 2020). For instance, African ethnopharmacology and ethnoveterinary surveys list horehound botanical preparations for the treatment of gastrointestinal pain, inflammation, and diarrhoea in farm animals, as well as for improving livestock production (Stark et al., 2013; Rahman et al., 2023). Moreover, M. vulgare is included among the plants used as antimicrobials in traditional folk medicine in Algerian animal husbandry (Kahlouche-Riachi et al., 2012; Saidi et al., 2019). In Italy, both M. vulgare and M. incanum are considered medicinal plants employed in ethnomedicine within the Lucanian Arbëreshë communities of southern Italy, a belief supported by a local refrain stating, “the horehound destroys every disease” (Pieroni et al., 2002). Administration of M. vulgare leaves is traditionally reported as a phyto-remedy in ethnoveterinary medicine to treat common gastrointestinal disorders in rabbits and sheep caused by the fermentation of fresh grass or hay (Manganelli et al., 2001; Viegi et al., 2003). Leaves of M. vulgare are also often administered to cattle and horses when their stomachs are swollen from consuming fodder that is too fresh and wet (Manganelli et al., 2001). Local farmers have used plant-based formulations as a remedy for diarrhea or as a vermifuge or anthelmintic. Furthermore, an ethnoveterinary study on the antimicrobial activity of M. vulgare methanolic extract found it effective against resistant bacterial strains of Staphylococci and Enterobacteria isolated from bovine mastitis (Saidi et al., 2019). A recent phytochemical and pharmacological overview (Acmovic et al., 2020) reported that, in veterinary medicine, M. vulgare preparations may be employed as a chicken lice repellent and as an anthelmintic against the eggs and larvae of bovine strongyle parasites (Moussouni et al., 2018). Consequently, due to its traditional use in ethnomedicine, M. vulgare is included in a number of monographs and pharmacopoeias, such as those of the European Medicines Agency (EMA), European Scientific Cooperative on Phytotherapy (ESCOP), British Herbal Pharmacopoeia (BHP), American Botanical Council, German Commission, and European Pharmacopoeia Commission (Acmovic et al., 2020). For example, the Committee on Herbal Medicinal Products (HMPC) of the EMA reports that M. vulgare medicinal preparations are used in modern phytotherapy as expectorants for cough and for the symptomatic treatment of mild dyspeptic disorders, such as bloating, flatulence, or temporary loss of appetite (EMA, 2013).

Plant extracts and botanical preparations represent a natural source of bioactives with promising health-promoting properties. Earlier phytochemical assays of M. vulgare extracts identified a variety of biocompounds, among which marrubiin stands as the main chemical component. This labdane diterpene is considered the chemotaxonomic marker of the Marrubium genus and exhibits remarkable pharmacological properties with high safety margins in several animal models (Masoodi et al., 2015; Yousefi et al., 2016; Ahvazi et al., 2018). The biological activity of M. vulgare is the result of its chemical complexity, and its preparations have demonstrated hepatoprotective, choleretic, and cholagogue effects (Akther et al., 2013; Elberry et al., 2010). Moreover, horehound, being a rich source of polyphenolic compounds—such as phenolic acids, phenylpropanoid (cinnamic) acids, esters, and flavonoids—is an effective antioxidant in stress-related disorders (Lodhi et al., 2017; Acmovic et al., 2020). The redox properties of these compounds enable them to act as reducing agents, preventing or delaying oxidative processes happening within animal tissues (Tarnawski et al., 2006; Boulila et al., 2015; Mbah et al., 2019).

The ethnoveterinary use, the abundance of biocompounds with proven pharmacological properties, and the increasing interest in natural additives suggest that M. vulgare may be used in animal nutrition to improve animal health, sustain growth, and maintain a balanced gut environment (Tufarelli et al., 2017; Schlemper et al., 2021). Notably, the antioxidant compounds present in M. vulgare may positively influence gut health and microbiota, hinder pathogenic bacterial growth, and prevent tissue oxidation, thereby increasing growth performance and product quality. This highlights the potential for its inclusion as a multifunctional feed supplement, including in rabbit diets.

Regrettably, despite the rising number of studies published in the scientific literature, the biological activity of M. vulgare has mainly been investigated in vitro, and the current state of knowledge on in vivo trials remains limited.

For the abovementioned reasons, the intent of this study was to explore the potential of dietary supplementation with horehound powder (HP) in growing rabbits by evaluating productive traits, serum antioxidant status, digestive enzyme activity, intestinal bacterial counts, and gut health. Moreover, given the hepatoprotective effects of M. vulgare, its influence on rabbit liver architectural features was also assessed.




2 Materials and methods



2.1 Animals, management and diet

The study was carried out at the rabbit facility of the Genetic Center affiliated with the Italian Rabbit Breeders Association (ANCI-AIA), located in Volturara Appula, Foggia, Italy. All procedures involving animals complied with European Directive 2010/63/EU on the protection of animals used for scientific purposes, which replaced Directive 86/609/EEC, and adhered to the ethical standards established by the Department of Emergency and Organ Transplantation (DiMePRe-J) of the University of Bari Aldo Moro (Approval code: 09/2022).

A total of 80 male Italian White (Bianca Italiana) growing rabbits, aged 42 days and with an average body weight of 1,097 ± 24.1 g (mean ± SEM), were randomly allocated to two experimental groups (n = 40 per group) based on dietary treatment. The feeding trial continued until the rabbits reached 84 days of age. The control group received a standard diet with no additives, whereas the experimental group was fed the same basal diet supplemented with 0.15% horehound powder (HP), equivalent to 1.5 g/kg of feed.

Each rabbit was housed individually in a galvanized wire cage (35 × 40 × 50 cm; width × height × length), part of an open-housing system (Italian battery) raised 90 cm above the concrete floor. Animals had ad libitum access to fresh drinking water supplied through an automated nipple drinker, and feed was provided manually once a day in the morning. Throughout the study, environmental and hygienic conditions were kept uniform for all animals. Microclimate conditions were maintained by a temperature and humidity monitoring system, ensuring compliance with rabbit welfare parameters.

No pharmaceutical treatments were administered via feed or water, and the health status of each rabbit was monitored daily through individual clinical observation. The composition and proximate analysis of the basal diet are presented in Table 1.

 
Table 1 | Ingredients and chemical composition of the basal diet fed to rabbits.
	Ingredients, g/kg
	



	 Dehydrated alfalfa meal
	285.0


	 Dehydrated beet pulp
	285.0


	 Corn
	200.0


	 Soybean meal, 48% CP
	100.0


	 Wheat middlings
	85.5


	 Cane molasses
	20.0


	 Vitamin-mineral premix1
	5.0


	 Monocalcium phosphate
	5.0


	 Sodium chloride
	4.0


	 Calcium propionate
	2.5


	 L-lysine
	2.5


	 DL-methionine
	2.5


	 Yeast
	1.0


	 Magnesium oxide
	1.0


	 Magnesium carbonate
	1.0


	Chemical composition, g/kg as-fed


	 Dry matter
	891


	 Crude protein
	154


	 Ether extract
	24


	 Crude fiber
	141


	 Neutral-detergent fiber
	268


	 Acid-detergent fiber
	167


	 Lignin
	39


	 Ash
	69


	 Digestible energy (MJ/kg)
	10.61





1 Provided per kg of diet: vitamin A 12,500 IU; vitamin D3 1,500 IU; vitamin E 30 mg; vitamin B1 1.5 mg; vitamin B2–5 mg; vitamin B6–2 mg; vitamin B12 0.02 mg; vitamin PP 20 mg; vitamin K3 2.5 mg; folic acid 0.75 mg; pantothenic acid 10 mg; D-biotin 0.1 mg; choline chloride 300 mg; MnSO4–150 mg; FeSO4–5 mg; ZnSO3–75 mg; CuSO4–5 mg; KI 1 mg; CoSO4 0.2 mg; Na2SeO3 0.1 mg.






2.2 Horehound collection and analysis

Horehound aerial parts were collected during the spring season in the Taranto province of southern Italy at the early flowering stage. The material was then air-dried at room temperature and ground into a fine powder to be included in the pellet. Horehound powder (HP) was characterized for volatile organic compounds (VOCs), total phenolic compounds (TPC), total antioxidant capacity (TAC), 2,2-diphenyl-1-picrylhydrazyl (DPPH) activity, polyphenol, and fatty acid composition, as presented in Table 2.


Table 2 | Volatile organic compounds (VOCs), bioactive compounds, antioxidant properties, and fatty acid composition of horehound (Marrubium vulgare).
	VOCs
	%1
	Fatty acids
	% of total methyl esters



	 Butanoic acid
	0.41
	C6:0
	0.45


	 Hexanoic acid
	0.82
	C8:0
	0.72


	 Nonanoic acid
	0.22
	C10:0
	0.76


	 Decanoic acid
	0.20
	C11:0
	0.42


	 Dodecanoic acid
	0.21
	C12:0
	0.49


	 Tetradecanoic acid
	0.23
	C14:0
	0.69


	 2,3-butanediol
	1.47
	C15:0
	0.60


	 1-butanol-3-methyl
	1.07
	C16:0
	10.72


	 Phenylethyl alcohol
	3.60
	C17:0
	1.25


	 Ethyl hexanoate
	1.51
	C18:0
	7.19


	 Ethyl octanoate
	1.88
	C20:0
	0.80


	 Ethyl decanoate
	3.25
	C22:0
	5.71


	 2-Heptanone
	1.79
	C30:0
	22.89


	 2-Nonanone
	1.40
	∑ SFA
	52.70


	 Limonene
	0.42
	C16:1 trans
	1.78


	 Fenchone
	0.01
	C16:1 cis
	1.00


	 Estragole
	nd2
	C18:1 n-9
	7.85


	 Trans-anethole
	nd
	C20:1 n-9
	2.02


	 Trans-caryophyllene
	14.51
	C22:1 n-9
	0.93


	 Sesquiterpene hydrocarbons
	67.00
	C24:1 n-9
	1.28


	Bioactive compounds, ng/g
	 
	∑ MUFA
	14.86


	 Chlorogenic acid
	77.9
	C18:2 n-6
	8.63


	 Caffeic acid
	11.5
	C18:3 n-6
	12.64


	 Cumaric acid
	6.9
	C18:3 n-3
	0.65


	 Ferulic acid
	1.6
	C20:4 n-6
	0.76


	 Apigenin
	101.3
	C20:3 n3
	2.67


	 Apigenin 7-glucuronide
	20.7
	C20:5 n-3
	1.52


	Antioxidant properties
	 
	C22:5 n3
	3.29


	 TPC, mg gallic acid eq/g
	82.87
	C22:6 n-3
	2.29


	 TAC, mol FeSO4 eq/kg
	2.83
	∑ PUFA
	32.45


	 DPPH, % scavenging activity
	61.05
	Total PUFA n-6
	22.02


	 
	 
	Total PUFA n-3
	10.42


	 
	 
	n-6/n-3
	2.11





1Percentage concentration on total identified; 2not detected; TPC, total phenolic compounds; TAC, total antioxidant capacity; DPPH, 2,2-diphenyl-1-picrylhydrazyl; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids.






2.3 Horehound volatile organic compounds and phenolic composition

VOCs were extracted from HP samples using solid-phase microextraction (SPME), and the GC–MS analysis was carried out with a gas chromatograph (Perkin Elmer, Waltham, MA, USA) coupled with a mass spectrometer (SQ8S; Perkin Elmer, USA), following the procedures of Iommelli et al. (2025). Compounds were considered correctly identified when their spectra showed a library match factor >85. VOCs were expressed as percentages of the total volatile compounds detected.

The solid–liquid extraction procedure was performed using an orbital shaker (PSU-10i, BIOSAN, Riga, Latvia) and a multispeed refrigerated centrifuge (ALC PK 121R; ALC International, Cologno Monzese, Italy). HPLC-DAD analyses were performed by using an Agilent 1260 Infinity liquid chromatograph (Agilent Technologies Inc., Wilmington, DE, USA) equipped with a binary pump (G1312B), an autosampler (G1367E) with a 100 μL loop, a spectrophotometric diode array detector (DAD; G4212B), and a software for Microsoft Windows 7 (OpenLAB, CSB, ChemStation Edition). The separation was achieved using a Zorbax SB-C18 column, 5 μm (4.6x150 mm) (Agilent Technologies Inc.).

Two aqueous ethanol solutions were prepared as extracting solvents: ethanol/water 50% (wt/wt) and ethanol/water 70% (wt/wt). Extraction was performed for 1 h at room temperature under shaking (230 rpm) in closed jars, as similarly reported by Chamorro et al. (2012). In the following step, the solid was excluded from the extract and the subsequent centrifugation (4500 rpm at 25°C for 10 min) was performed before storing the samples in Eppendorf tubes (1.5 ml) at -80°C for further analyses. All experiments were carried out in duplicate.

High-performance liquid chromatography (HPLC) was performed to detect and quantify the extracted phenolic compounds. Extracts were diluted with water (1 mL of water per 1 mL of extract), centrifuged (14,400 rpm at 30°C for 2 min), and filtered through 0.45 μm regenerated cellulose filters. The method and parameters were based on Sergio et al. (2020) with minor modifications. A 20 μL aliquot of each sample was injected into the column at 25°C. The flow rate was set to 0.7 mL/min, and the mobile phase consisted of a gradient of H2O with CH3COOH 5% and methanol (MeOH). The DAD monitored five wavelengths: 260, 280, 325, 360, and 560 nm.

Standard solutions of phenolic compounds—including gallic acid, catechin, syringic acid, rutin, quercetin, kaempferol 3-galactoside, apigenin, apigenin 7-glucuronide, resveratrol, ferulic acid, chlorogenic acid, caffeic acid, and coumaric acid—were prepared using methanol as the solvent.




2.4 Horehound antioxidant properties and fatty acid composition

The TPC in samples was determined using the Folin–Ciocalteu colorimetric method described by Taga et al. (1984). The concentration was calculated using gallic acid as the standard (Sigma-Aldrich), and the results were expressed as mg gallic acid equivalents (GAE)/g.

The TAC of the samples was assessed using the ferric ion reducing antioxidant power assay, following the method reported by Benzie and Strain (1997). The standard curve was constructed using iron sulfate heptahydrate (FeSO4·7H2O) and data were expressed as mol FeSO4 equivalents per kg of HP.The antioxidant activity was determined using the DPPH photometric assay with a UV–Vis spectrophotometer (Infinite M1000 Pro multiplate reader; Tecan, Cernusco S. N., Italy), according to the procedure of Carocci et al. (2022). A volume of 100 μL of diluted extract (1:50, 1:150, 1:450, 1:1350, 1:4050, 1:12150, 1:36450) (v/v) with H2O:CH3OH (50:50) was mixed with 100 μL of 200 μM DPPH solution in methanol, obtained from a freshly prepared 10 μM solution. The mixtures were incubated in dark conditions for 30 min at room temperature. Absorbance was measured using the UV–Vis spectrophotometer set at 640 nm, as at the conventional wavelength (520 nm), the absorption could be affected by the color of the extracts at the highest concentrations. Results were expressed in mg GAE/mL.

The HP was analyzed for FA composition. Briefly, the lipid fraction of HP was extracted from 10 g of sample according to Gray et al. (1967). The lipid extract was methylated by adding 1 mL of hexane and 0.05 mL of 2 N methanolic KOH. Separation of the methyl esters in forage samples was performed according to Di Trana et al (2015). FAMEs were identified with reference to the retention times of the FA standard mixture (Supelco 37 Component FAME Mix; Supelco, Bellefonte, PA, USA).

The content of FA was quantified using internal standards (Supelco, Bellefonte, PA, USA) added during the methylation step. Briefly, 100 mg of lipid extract was mixed with 50 μL of 2 N methanolic KOH and 1 mL of hexane containing the internal standards (20 mg/mL), according to Giorgio et al. (2019). FAMEs were fractionated over a CP-SIL 88 column (100 × 0.25 mm i.d., film thickness 0.20 μm, fused silica; Varian, Palo Alto, CA, USA) in a Shimadzu (Model 2GC17-A) gas chromatograph equipped with a Hewlett-Packard HP 6890 gas system and flame ionization detection. Helium was used as the carrier gas at a constant flow rate of 1.7 mL/min. The oven temperature was programmed as follows: 175°C, held for 4 min; 175–250°C at 3°C/min; and then maintained at 250°C for 20 min. The injector port and detector temperatures were 250°C. Samples (1 μL) were injected with an autosampler. Output signals were identified and quantified based on the retention times and peak areas of known calibration standards. Composition was expressed as percentages of the total FA. All determinations were carried out in triplicate.




2.5 Growth, carcass traits, and meat quality

From 6 to 12 weeks of age, individual body weights were recorded weekly, while daily feed intake was monitored to calculate the feed conversion ratio (FCR). Animal health was observed daily, with particular attention to clinical signs of illness and mortality. Mortality data were incorporated into the FCR calculation.

At the end of the fattening period (84 days of age), 10 rabbits were randomly selected from each group in the afternoon for slaughter evaluation. The following morning, the selected animals were transported in small groups to a nearby slaughter facility. Slaughtering procedures, including carcass assessment, were conducted within 2 h post-arrival and adhered to the guidelines of the World Rabbit Science Association (WRSA), as outlined by Blasco and Ouhayoun (1996).

Prior to slaughter, rabbits were weighed and then subjected to electrical stunning. Following exsanguination, the skin, gastrointestinal tract, and distal limbs were removed. The hot carcasses—retaining the head, thoracic organs, liver, kidneys, and perirenal and scapular fat—were weighed and subsequently chilled at 4°C for 24 h in a ventilated cold room. After chilling, the carcasses were reweighed, and slaughter yield was determined.

Meat samples from the Longissimus lumborum muscle were collected and stored at −80°C for lipid and fatty acid analyses. Each sample was analyzed in triplicate. Dry matter was determined by oven drying (AOAC 934.01), ash content by muffle furnace incineration (AOAC 942.05), and crude protein using the Kjeldahl method (AOAC 954.01). Total lipids were extracted using the protocol of Folch et al. (1957), and fatty acid profiles were assessed following the method described by Tufarelli et al. (2023). Fatty acid composition was expressed as a percentage of total fatty acid methyl esters (FAMEs).




2.6 Blood serum lipids and redox status analysis

Ten blood samples from each treatment group were taken from the rabbits’ marginal ear veins at the end of the trial (84 days of age), 1 h before the regular feeding time. After the samples were gathered into sterile tubes and centrifuged, the serum was separated and stored at −20°C for further analysis.

The obtained serum samples were subjected to measurements of the following parameters: total cholesterol (mg/dL), low-density lipoprotein (LDL; mg/dL), high-density lipoprotein (HDL; mg/dL), and triglycerides (mg/dL). Using commercial kits (Randox Laboratories, Ltd., Crumlin, UK), serum antioxidant-related biomarkers—including total antioxidant capacity (TAC), malondialdehyde (MDA), and superoxide dismutase (SOD)—were evaluated. All samples were analyzed in triplicate according to the specifications of the kits.




2.7 Digestive enzyme activity, caecal characteristics, and microbiota

At slaughter, the duodenum of each rabbit was gently squeezed from one end to the other to obtain a uniform sample. Ice-cold PBS (pH 7.0) was used to dilute each sample 10-fold after weighing. Each sample was homogenized using a portable glass homogenizer and then centrifuged at 5,000 g for 20 min at 4°C. After centrifugation, the supernatants were carefully separated and stored at 4°C until further analysis.

Following the extraction process, the duodenal digestive enzymes (α-amylase, lipase, maltase, and trypsin) were evaluated within 24 h using the methods described by Badawy et al. (2025). Enzyme activity units were calculated and expressed per mg of protein in the tissue supernatant to minimize errors during sample preparation, as described by Wang et al. (2021).

Volatile fatty acids (VFAs) were assessed in the caecal contents of slaughtered rabbits using gas chromatography, as described by Abu Hafsa et al. (2017), and ammonia was analyzed using an automated distillation unit. The pH of caecal contents was determined using a portable pH meter.

The caecal content was then collected into sterile plastic tubes and frozen at −80°C for microbiota analysis. Bacterial counts were conducted on the same caecal material to determine the main bacterial species present. Total bacterial count was assessed using Plate Count agar; Escherichia coli was enumerated using chromogenic coliform agar; and Lactobacillus spp. were assessed using De Man–Rogosa–Sharpe agar, according to the method of Maturin and Peeler (1998). Bacterial colonies were counted using an optical colony counter.




2.8 Histomorphometric examination

On day 84, all slaughtered rabbits were subjected to histomorphometric evaluation. Samples of duodenum and liver were collected. Duodenal segments approximately 2 cm in length were excised 3 cm distal to the pylorus. These segments were immediately flushed with 0.9% saline to remove the contents and then fixed in fresh 10% buffered formalin, dehydrated, cleared, and embedded in paraffin. Sections were trimmed to a thickness of 5 μm –7 μm, mounted on glass slides, and stained with hematoxylin and eosin (H&E; Merck, Darmstadt, Germany) for histomorphometric detection and with Azan–Mallory (AM) trichrome stain (Merck, Darmstadt, Germany) to evaluate extracellular matrix and collagen fiber distribution.

For histomorphometric evaluations, 20 villi containing a lamina propria were randomly selected per slide. The morphometric indices evaluated included villus height (VH), measured from the tip of the villus to the crypt; crypt depth (CD), measured from the base of the villus to the submucosa; and the ratio of villus height to crypt depth (VH: CD), calculated as described by Laudadio et al. (2012). Apparent villus surface area was calculated using the following formula: [(villus width at one-third + villus width at two-thirds of the height of the villus) × 2−1 × villus height], according to Tufarelli et al. (2023). All morphological measurements (VH and CD) were evaluated at 10× and 25× magnification using an image analysis system (X-Series, Alexasoft).

For histological examination, liver specimens collected from slaughtered rabbits were washed in normal saline and fixed in 10% formalin. Routine histological methods, including paraffin embedding, were applied. Liver serial sections (5 μm thick) were mounted on glass slides and stained using the H&E method (Merck, Darmstadt, Germany) for morphological evaluation and periodic acid–Schiff (PAS) staining to detect glycogen deposition in hepatocytes, which appears as scattered red to magenta particles in the cytoplasm. Stained sections were examined at different magnifications (2.5×, 4×, and 10×), and images were captured using a digital camera (DFC 420, Leica, Cambridge, UK) connected to a light microscope (DIAPLAN, Leitz, Wetzlar, Germany).




2.9 Statistical analysis

Data were analyzed using a one-way ANOVA design with the GLM procedure in SAS (version 9.2; SAS, 2008). Means were separated and compared using Tukey’s honestly significant difference (HSD) test. Microbial count data were logarithmically transformed and analyzed using a normal probability plot at a 95% confidence interval. Results were reported as least squares means and pooled standard error of the mean (SEM). Statistical significance was considered at P ≤ 0.05.





3 Results



3.1 Growth, carcass traits, and meat quality

The effects of horehound powder (HP) inclusion in the meat-rabbit diet on growth performance, carcass traits, and meat characteristics are shown in Table 3. Dietary supplementation had a significant effect on final body weight (FBW) and average daily gain (ADG), which were both higher in HP rabbits (P<0.05). No significant differences were found between groups in feed intake (FI) (P > 0.05); however, feed conversion ratio (FCR), as well as carcass traits (slaughter weight, hot carcass weight, and carcass yield), were improved by HP (P<0.001 and P<0.05, respectively). The meat nutritional composition did not differ significantly between the tested groups.


Table 3 | Effect of horehound powder (HP) on growth performance, carcass yield, and meat nutritional composition of rabbits.
	Item
	Control
	HP
	Pooled SEM
	P-value



	Growth performance


	 Initial live weight1, g
	1098
	1095
	25.5
	0.425


	 Final live weight1, g
	2112
	2213
	51.8
	0.003


	 Daily weight gain1, g/d
	24.14
	26.62
	0.97
	0.025


	 Feed intake2, g/d
	106
	109
	0.39
	0.052


	 Feed conversion ratio2, g/g
	4.39
	4.10
	0.15
	0.002


	Carcass traits


	 Slaughter weight, g
	2062
	2161
	85.67
	0.029


	 Hot carcass weight, g
	1243
	1344
	52.05
	0.027


	 Carcass yield, %
	60.3
	62.2
	0.95
	0.006


	Meat nutritional composition, %


	 Moisture
	73.65
	73.50
	0.09
	0.107


	 Protein
	23.21
	23.47
	0.40
	0.155


	 Lipids
	1.71
	1.63
	0.31
	0.101


	 Ash
	1.43
	1.40
	0.08
	0.230





1Individual data; 2Average pen data. SEM, standard error of the mean.






3.2 Meat fatty acid profile

The effects of HP on fatty acid (FA) composition of the L. lumborum muscle are shown in Table 4. No significant differences between groups were found for total saturated fatty acids (SFA), except for C18:0 (stearic acid), which was significantly reduced in the HP group (P<0.05). Results for L. lumborum monounsaturated fatty acid (MUFA) content showed a significant decrease in C16:1 cis (palmitoleic acid) and in total MUFA in rabbits fed the HP diet.


Table 4 | Effects of horehound powder (HP) on fatty acid composition of L. lumborum.
	Fatty acids, % of FAME
	Diet


	Control
	HP
	Pooled SEM
	P-value



	 C4:0
	0.10
	0.07
	0.03
	ns


	 C6:0
	0.15
	0.17
	0.06
	ns


	 C8:0
	0.12
	0.08
	0.05
	ns


	 C10:0
	0.29
	0.20
	0.07
	ns


	 C12:0
	0.31
	0.24
	0.05
	ns


	 C14:0
	1.78
	1.87
	0.14
	ns


	 C15:0
	0.44
	0.44
	0.03
	ns


	 C16:0
	27.21
	27.09
	0.29
	ns


	 C17:0
	0.52
	0.55
	0.10
	ns


	 C18:0
	9.62
	9.19
	0.19
	<0.05


	 C20:0
	0.11
	0.09
	0.03
	ns


	 C22:0
	0.29
	0.26
	0.09
	ns


	 C23:0
	0.12
	0.08
	0.04
	ns


	∑ SFA
	41.05
	40.32
	0.39
	ns


	 C16:1 trans
	0.63
	0.70
	0.16
	ns


	 C16:1 cis
	3.19
	2.07
	0.32
	<0.05


	 C17:1
	0.12
	0.12
	0.04
	ns


	 C18:1 n-9
	23.09
	23.75
	0.27
	ns


	 C20:1 n-9
	0.11
	0.13
	0.02
	ns


	∑ MUFA
	27.14
	26.77
	0.39
	<0.05


	C18:2 n-6
	25.92
	27.27
	0.33
	<0.01


	 C18:3 n-6
	1.15
	1.19
	0.12
	ns


	 C18:3 n-3
	2.94
	2.98
	0.10
	ns


	 C20:2 n-6
	0.22
	0.21
	0.05
	ns


	 C20:3 n-6
	0.62
	0.45
	0.09
	<0.05


	 C20:5 n-3 EPA
	0.34
	0.31
	0.11
	ns


	 C22:5 n-3 DPA
	0.51
	0.40
	0.10
	<0.05


	 C22:6 n-3 DHA
	0.11
	0.09
	0.02
	ns


	∑ PUFA
	31.81
	32.91
	0.48
	<0.05


	Total PUFA n-6
	27.91
	29.12
	0.31
	<0.01


	Total PUFA n-3
	3.90
	3.78
	0.20
	ns


	n-6/n-3
	7.16
	7.69
	0.23
	<0.05





SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; ns, not significant; SEM, standard error of the mean.



Conversely, dietary HP inclusion led to a significant increase in total polyunsaturated fatty acids (PUFA), with a significant rise in n-6 linoleic acid (C18:2 n-6, LA), and a significant reduction in C20:3 n-6 (dihomo-γ-linolenic acid, DGLA) and C22:5 n-3 (docosapentaenoic acid, DPA). Consequently, total PUFA n-6 and n6/n3 ratio were significantly augmented (P<0.01) in the HP group.




3.3 Blood serum lipids and antioxidant capacity

The effect of HP on blood serum lipids and redox status in rabbits is shown in Table 5. Serum cholesterol, LDL, HDL, and triglycerides (TG) were not affected by the dietary treatment.


Table 5 | Effect of horehound powder (HP) on blood serum lipids and antioxidant capacity of rabbits.
	Item
	Control
	HP
	Pooled SEM
	P-value



	Serum lipids


	 Cholesterol, mg/dl
	161.12
	158.82
	0.89
	0.057


	 LDL, mg/dl
	158.35
	156.41
	0.62
	0.069


	 HDL, mg/dl
	60.88
	59.35
	0.48
	0.108


	 Triglycerides, 
 mg/dl
	72.66
	70.89
	0.54
	0.135


	Antioxidant capacity


	 TAC, ng/ml
	1.17
	2.38
	0.21
	0.002


	 MDA nmol/ml
	1.57
	1.02
	0.424
	0.015


	 SOD, U/ml
	31.3
	35.2
	5.88
	0.002





SEM, standard error of the mean; LDL, low-density lipoprotein; HDL, high-density lipoprotein; TAC, total antioxidant capacity; MDA, malondialdehyde; SOD, superoxide dismutase.



Regarding oxidative status, the findings indicated that TAC and SOD levels increased by 50.8% and 11.1%, respectively (P<0.01), while the MDA level decreased by 53.9% (P=0.015) in the HP-fed group.




3.4 Digestive enzyme activity, caecal characteristics and microbiota

The impact of HP on intestinal digestive enzyme activity is shown in Table 6. Compared to the control group, HP supplementation increased the activities of α-amylase, lipase, maltase, and trypsin by 19.9%, 9.5%, 8.3%, and 9.8%, respectively (P<0.05).


Table 6 | Effect of horehound powder (HP) on some duodenal digestive enzymes of rabbits.
	Item
	Control
	HP
	Pooled SEM
	P-value



	α-Amylase, U/mg
	13.7
	17.1
	0.442
	0.020


	Lipase, U/g
	1.61
	1.78
	0.029
	0.034


	Maltase, U/mg
	2.09
	2.28
	0.073
	0.047


	Trypsin, U/mg
	3.21
	3.56
	0.069
	0.038







The caecal environmental characteristics and microflora population in rabbits fed the HP-supplemented diet are reported in Table 7. The values of caecal pH, ammonia-N, total VFAs, and the propionate-to-butyrate ratio did not differ significantly between groups.


Table 7 | Effect of horehound powder (HP) on caecal characteristics and microflora population of rabbits.
	Item
	Control
	HP
	Pooled SEM
	P-value



	Caecal characteristics


	pH
	6.03
	6.00
	0.03
	0.097


	Ammonia-N, mmol/l
	4.01
	4.12
	0.98
	0.225


	Total VFA, mmol/l
	71.0
	72.1
	9.77
	0.118


	Caecal microbial populations


	 Total count
	17.2
	17.3
	1.39
	0.089


	 Escherichia coli, log 
 CFU/g
	4.54
	2.97
	0.51
	0.017


	 Lactobacillus spp., log 
 CFU/g
	2.21
	3.05
	0.49
	0.035





VFA, volatile fatty acid; SEM, standard error of the mean.



However, caecal microbiota analysis showed that dietary treatment with HP reduced E. coli populations by 52.8% (P=0.017), while Lactobacillus spp. populations increased by 27.5% (P=0.035).




3.5 Histomorphometric examination

Histological examination of the duodenal mucosa and liver sections of rabbits fed the HP diet displayed morphological features similar to those of the control group (Figures 1–3). The intestinal evaluation included morphometric values of villus height (VH), villus width (VW), crypt depth (CD), and the ratio of villus height to crypt depth (VH/CD). The duodenal mucosa consisted of regular villi lined by simple columnar epithelium and basal crypts attached to a regular muscularis mucosa layer. Basal crypts, or crypts of Lieberkühn, were constituted by invaginations of the epithelium that surrounded the villi. The microscopic evaluation revealed globet cells (GCs) regularly scattered among enterocytes, which produced a protective mucous layer that lined the epithelium surface (Figures 1A, B). The Azan–Mallory trichrome stain allowed for the evaluation of intestinal structural architecture, showing a balanced arrangement of extracellular matrix and collagen fibers stained in blue in both groups (Figures 1C, D).

[image: Histological images of rodent cecum and colon sections. Panel A shows pig cecum, while Panel B shows colon with distinct mucosal layers. Panel C, the cecal wall, marked with a triangle indicating a structure and an asterisk marking another feature. Panel D shows the colon wall with similar markings. Each panel highlights structural differences in tissue morphology.]
Figure 1 | Photomicrographs of rabbit duodenal sections from the control diet group (A) and HP diet group (B), stained with H&E (40× magnification), and from the control group and HP group (D), stained with Azan-Mallory (25× magnification). In panels (A, B), the duodenal mucosa shows regular villi lined by simple columnar epithelium, crypts of Lieberkühn (*), and Brunner’s glands (▲), anchored on a regular muscularis mucosae layer. Azan-Mallory stain evidenced a balanced arrangement of the intestinal scaffold in both (C, D).

[image: Histological images of liver tissue. Panel A and B show central veins labeled as “cv”. Panels C and D display structures labeled “PA” for portal artery, “PV” for portal vein, and sinusoids “S”. The images highlight the tissue architecture and vascular structures.]
Figure 2 | Photomicrographs of rabbit liver sections from the control group and HP group (B, D). (A) (H&E, 25×) and (B) (H&E, 25×) show the regular arrangement of liver lobules and hepatocytes disposed in plates radiating from the central vein (cv), along with blood sinusoids. (C) (Azan-Mallory, 25×) and (D) (Azan-Mallory, 40×) show the characteristic pattern of the portal area (PA), with dense connective tissue surrounding the portal triad containing a branch of the portal vein (pv), the hepatic artery, and the bile duct (arrow).

[image: Histological sections labeled A and B depict liver tissue under a microscope. Both panels show a central vein (cv) surrounded by hepatocytes, with a scale bar indicating 100 micrometers. Sections are stained to highlight cellular structures.]
Figure 3 | Photomicrographs of rabbit liver sections from the control group (A) and HP group (B) stained with PAS (100×). A portion of the hepatic lobule with centrilobular vein (cv) shows a weak positive reaction to PAS reagents and no signs of intrahepatic glycogen or triglyceride deposits.

The effect of HP dietary supplementation on the histomorphometric measurements of the rabbit duodenum is shown in Table 8 and Figure 1. VH and CD were significantly increased (P<0.05) in rabbits fed HP, while villus width was similar between groups. Histomorphometric analysis also revealed that HP induced a significant reduction in the VH/CD ratio in the experimental group compared to the control (P<0.05).


Table 8 | Effect of horehound powder (HP) on duodenal histomorphometry of rabbits1.
	Item
	Control
	HP
	Pooled SEM
	P-value



	Villus height, µm
	681
	729
	24.41
	0.002


	Villus width, µm
	72.8
	74.1
	3.02
	0.057


	Crypt depth, µm
	123.6
	146.5
	3.95
	0.003


	Villus height/crypt depth
	5.51
	4.98
	1.013
	0.002





1 Each value represents the mean of ten rabbits per group. SEM, standard error of the mean.



Morphological analysis of liver tissues showed well-organized structures in all groups, with no signs of alteration (Figures 2 and 3). The structural features of liver sections stained with H&E consisted of regularly shaped hexagonal lobules, typically surrounded by minimal or absent connective membranes and featuring central veins located at the center or randomly dispersed (Figures 2A, B).

Light microscopic examination disclosed a harmonious distribution of polyhedral hepatocytes characterized by clear cytoplasm and rounded nuclei. These were arranged in plates or cords radiating from the central vein toward the periphery of the hepatic lobule. Hepatic sinusoids, lined with endothelial cells, were also observed between hepatocytes. No signs of intralobular cord distortion, intracellular degeneration, or dilation of central veins or blood sinusoids were found.

Photomicrographs of liver samples stained with Azan–Mallory detected normal deposition of dense connective tissue, stained blue, in the portal triad region (Figures 2C, D). In rabbits, as described in the literature (Al-Hamdany, 2019), the portal area lies at the corners of hepatic lobules and contains branches of the hepatic artery, portal vein, and bile duct, as evidenced in Figures 2C, D).

The PAS method revealed glycogen content in the cytoplasm of hepatocytes, with intrahepatic glycogen staining dark pink. PAS staining confirmed the presence of glycogen deposition, whether or not combined with triglyceride accumulation, such as in glycogen storage diseases or metabolic or stress-related syndromes. In PAS-stained sections, liver samples from both rabbit groups displayed a weak positive reaction, indicating no significant hepatic glycogen accumulation (Figures 3A, B). No signs of hepatocyte degeneration, vacuolization, or intrahepatic lipid accumulation were found in the collected samples.





4 Discussion

This study aimed to explore the modes of action and effects of a phytobiotic dietary supplement based on M. vulgare powder in rabbit production and health. As mentioned above, in vivo studies on the biological activity of M. vulgare extracts in animals are still scarce; therefore, data discussion in this trial was mainly supported by the extensive literature on phytochemicals used in rabbit nutrition, with a focus on the bioactive compounds of M. vulgare.

In recent years, a number of chemical studies have demonstrated that M. vulgare extracts are complex mixtures composed of a wide range of compounds that may exert multiple biological functions in the animal body. To our knowledge, no evaluation of the phytochemical profile of M. vulgare herbal extract grown in Italy has been reported until now. Data obtained in this study were consistent with previous investigations conducted on the same herbal species in different regions of the world and showed that M. vulgare powder contains significant amounts of phenolic and bioactive compounds, as reported in Table 2.

Recently, Aitbaba et al. (2024), in a comprehensive study exploring the phytochemical composition of an aqueous extract of M. vulgare leaves, revealed a significant presence of bioactive compounds, with considerable amounts of total polyphenols (232.6 ± 4.22 mg GAE/g), flavonoids (89.2 ± 2.07 mg QE/g), and condensed tannins (26.94 ± 1.02 mg CE/g). Wojdyło et al. (2007) showed that in a Polish M. vulgare extract the total phenolic content was 3.86 ± 0.05 mg GAE/g and that the major phenolic compounds identified were caffeic acid, p-coumaric acid, and ferulic acid. Furthermore, Rezgui et al. (2020) reported that in a Tunisian M. vulgare extract, the main phenolic compounds were sinapic acid, quercetin, ferulic acid, p-coumaric acid, caffeic acid, apigenin, and luteolin.

The determination of total phenols and flavonoids in an M. vulgare leaf extract conducted by Salaj et al. (2018) found 59.87 ± 7.31 mg GAE/g of total phenols and 14.47 ± 0.54 mg QE/g of total flavonoids (apigenin, luteolin, and their 7-O-glucosides), confirming high levels of these secondary plant metabolites. The HPLC analysis of a Saudi M. vulgare methanolic extract (Al-Zaban et al., 2021) revealed higher phenol content (26.8 ± 0.01 mg/GAE g) than flavonoid content (0.61 ± 0.05 mg EC/mL), and identified ferulic acid (28.9 mg/g), luteolin-7-O-d-glucoside (26.35 mg/g), and premarrubiin (28.28 mg/g) as the dominant compounds.

Similarly, the M. vulgare phytochemical profiling in this study evidenced the presence of chlorogenic acid, caffeic acid, coumaric acid, ferulic acid, apigenin, and apigenin 7-glucuronide, with a prevalence of apigenin (101.3 ng/g). In addition, total phenolic content (TPC) was 82.87 mg/GAE g—a notable amount compared to other data found in the literature (Wojdyło et al., 2007; Salaj et al., 2018; Al-Zaban et al., 2021; Mulondo et al., 2023).

Several reports conducted on various plant species have detected the free radical scavenging ability and protection from oxidative stress exerted by these secondary plant metabolites (Sengul et al., 2009; Kozlowska and Szostak-Wegierek, 2014; Kabach et al., 2019; Al-Zaban et al., 2021). Gulcin et al. (2003) also suggested that polyphenolic compounds seem to play a role in the stabilization of lipid oxidation, coupled with their antioxidant activity. Notably, multiple assessments have displayed a significant linear correlation between TPC values and the antioxidant capacity of plants, implying that extracts with the highest polyphenol contents exert higher antioxidant activity (Verzelloni et al., 2007; Al-Zaban et al., 2021; Rezgui et al., 2020).

For instance, in a study on methanolic extracts of four Lamiaceae spp. (Ajuga iva, Marrubium vulgare, Mentha pulegium, and Teucrium polium), Khaled-Khodja et al. (2014) found significant positive correlations between antioxidant activities and both TPC and total flavonoid (TF) contents. In particular, the M. vulgare extract had a TPC of 20.07 ± 0.44 mg GAE/g and a TF content of 7.03 ± 0.28 mg QE/g, while the antioxidant activity measured by the DPPH assay was IC50 0.522 ± 0.001 mg/mL. Earlier, Okur et al. (2019) obtained an IC50 of 2.08 mg/mL and a TPC of 48.97 mg GAE/g for a methanolic extract of M. vulgare. Another study, comparing the free radical scavenging activity of methanolic and aqueous extracts of M. vulgare, reported IC50 values of 2.49 mg/mL and 3.09 mg/mL, respectively, with corresponding total polyphenolic values of 60.40± 6.63 mg GAE/g and 32.71± 3.82 mg GAE/g (Kabach et al., 2019).In the present study, the M. vulgare extract exhibited good activity in the DPPH assay with an IC50 equal to 1.31 mg/mL and a TPC of 82.87 mg/GAE g (Table 2). As is known, the lower the IC50 value, the higher the antioxidant capacity of the plant extract. Thus, it may be concluded that the aerial parts of the M. vulgare tested in our study demonstrated notable antioxidant capacity.

Lastly, in this trial, the quantitative analysis of the fatty acid composition of horehound powder (HP) revealed a high amount of ursolic acid (UA), accounting for 22.9% of total methyl esters. Literature reports that UA is widely present in medicinal plants, and in recent years it has gained considerable attention for its pharmacological properties, such as antioxidant and anti-inflammatory effects (Peng et al., 2021). In addition, UA has demonstrated both direct and indirect antibacterial activity (Podder et al., 2015; Grace et al., 2016). Many studies on experimental animal models reported that UA may play a role in the modulation of gut microbiota structure and intestinal homeostasis (Zhang et al., 2019), restoring mucosal integrity after antibiotic damage or in enteritis and colitis affections (Chun et al., 2014; Liu et al., 2016; Seow and Lau, 2017; Peng et al., 2021).

Considering the large amounts of the above-mentioned biocompounds found in our plant samples, it can be supposed that dietary supplementation with HP may hold potential for enhancing rabbit nutrition and health, contributing to the stimulation of metabolic processes, growth, production, and overall welfare of the animals (Schlemper et al., 2021; da Silva et al., 2024). Moreover, several studies have reported the growth-promoting effects of using phytobiotics as additives in rabbit diets (Dalle Zotte et al., 2020; Abdel-Wareth et al., 2022; Menchetti et al., 2020; Pugliese et al., 2024).

The results of the present study showed that dietary HP supplementation was effective in improving in vivo performance (FBW, ADG, and FCR) in male rabbits; however, no effects were observed on feed intake or carcass traits (Table 3). According to the literature, the presented data may be related to the influence of M. vulgare bioactive compounds on animal productive performance (Yang et al., 2009). The growth-promoting effect of M. vulgare has previously been investigated in experimental models such as rodents. Scientific studies have found that dietary inclusion of M. vulgare at different doses induced a slight increase in body weight and had a positive influence on liver function in treated rats (Haouari et al., 1991; Ahmed et al., 2010; Elberry et al., 2010; El-Hallous et al., 2018). Chabane et al. (2020), in a toxicity study on a methanol extract of M. vulgare (MEMV), detected that at the dose of 800 mg/kg of body weight, MEMV significantly affected weight gain and the weight of various organs (liver, intestine, colon, kidney, spleen, heart, and lung) without any adverse effects in treated rats. In a survey on weaned piglets, da Silva et al. (2024) indicated that M. vulgare infusion up to 10% (corresponding to 0.1 mg/kg BW) promoted weight gain with no significant alterations in liver and kidney functions or serum biochemical values. Similarly, in broilers, Molinetti et al. (2017), comparing the effects of a diet supplemented with M. vulgare infusion (IMV) at concentrations of 2%, 4%, and 6% versus a diet with an antibiotic growth promoter (tylosin 1%), found a significant improvement in FCR and increased weight gain in subjects that received dietary IMV.

Interestingly, Schlemper et al. (2021) examined the productive performance and meat sensory characteristics of broilers after administration of an infusion of M. vulgare and L. sibiricus water extracts. The authors found that groups receiving plant infusions showed improved final body weight (FBW) and FCR, without any alteration in meat color or sensory qualities. The same authors concluded that the influence of M. vulgare on productive parameters was probably due to multiple modes of action linked to the antioxidant, anti-inflammatory, gastroprotective, and antimicrobial properties of phytobiotic compounds, mainly phenols (Batiha et al., 2020; Mahfuz et al., 2021). In particular, these compounds may operate through a synergistic mechanism that simultaneously acts on feed utilization, the stimulation of digestive secretions, and on gut microenvironment and morphology—ultimately optimizing nutrient utilization and growth indices (Paula de Oliveira et al., 2011; Zarai et al., 2011; Ghedadba et al., 2016).

The literature reports that bioactive compounds from herbs may enhance digestion and absorption by influencing the motility of the stomach and intestine (Dhama et al., 2015; Mendel et al., 2017; Ademolue et al., 2024). Gastrointestinal (GI) motility plays a pivotal role in animal digestive physiology, especially in rabbits. GI transit is governed by both the enteric nervous system and hormonal networks (Fukui et al., 2018). Moreover, since contractions of intestinal smooth muscles are Ca2+ dependent, it is hypothesized that the effects produced by plant extracts might also be due to interference with Ca2+ influx or Ca2+ release from intracellular stores (Brading, 1981; Zarga et al., 1995; Schlemper et al., 1996).

In vitro studies have found that hydroalcoholic (50% ethanol) extracts of roots or aerial parts of M. vulgare exert significant antispasmodic activity on several smooth muscles, including those of guinea pig ileum and rat duodenum (Schlemper et al., 1996). Analysis of the gathered data revealed that the spasmolytic effect of M. vulgare extracts may be mediated by inhibition of neurotransmitters or via calcium channel blockade, and that these effects may be attributed to the presence of steroids and terpenes, particularly marrubiin (Lodhi et al., 2017). For instance, tests conducted on isolated rabbit jejunum found that marrubiin exhibits strong spasmolytic and Ca2+ antagonistic activity (Hussain et al., 2011). Additionally, there is some evidence that GI contractility may be regulated by plant secondary metabolites, such as flavonoid compounds, which might exert a Ca2+ channel-blocking activity on gut smooth muscles (Capasso et al., 1991; Schlemper et al., 1996). Thus, it is reasonable to assume that the effects on rabbit weight gain observed in this trial may be attributed, among other factors, to a regulatory influence of the plant extract on GI motility and intestinal transit, thereby improving nutrient absorption (Schlemper et al., 2021).

Notably, many studies have reported that one of the core modes of action of bioactive compounds in certain plant extracts in improving digestion rates and growth consists in enhancing the production of digestive secretions such as saliva (Rodriguez Villanueva and Martin Esteban, 2016; Büyükkartal et al., 2016), digestive enzymes (Arram et al., 2018; Zaikina et al., 2022), bile, and mucus (Ferdous et al., 2019; Elwan et al., 2020; Alagawany et al., 2021; Abdel-Wareth et al., 2022; Reda et al., 2025). The activity of intestinal digestive enzymes is a reliable indicator of digestive and metabolic processes (Wang et al., 2024). In the GI environment, the actions of digestive enzymes such as trypsin, lipase, and amylase on dietary particles increase the availability of essential nutrients for absorption, thereby optimizing nutrient utilization in the digestive tract (Hashemi and Davoodi, 2011; Yang et al., 2017; Bedford and Apajalahti, 2022; Pugliese et al., 2024). For instance, pancreatic enzyme activity (i.e., amylase, lipase, and protease) may be linked to body and intestinal weight gain due to its significant role in the breakdown of macromolecules at the small intestinal level (Sklan and Noy, 2000; Choct, 2009). In the same manner, the stimulation of α-amylase activity improves the hydrolysis of glycosidic bonds present in starch, while enhanced protease activity promotes protein digestion and assimilation (Abdel-Wareth et al., 2018; Gourich et al., 2023).

In monogastric species, Windisch et al. (2008) reported that the use of phytogenics as dietary supplements can boost the production of endogenous digestive enzymes, such as trypsin and amylase, thereby fostering nutrient utilization. Existing literature reports a positive association between the promotion of growth indices and the stimulation of digestive enzymes (Wenk, 2003; Hashemi and Davoodi, 2011). Alagawany et al. (2021) stated that medicinal plants may exert a marked stimulation of many digestive enzymes in the small intestine and pancreas, and that the increased activity of endogenous enzymes may be related to improved nutrient digestibility and increased productive performance.

Notably, some natural digestive enhancers can promote both the synthesis and activity of enzymes and increase the production of bile acids (Abd-El-Hady, 2014). In particular, some herb extracts may exert choleretic and/or cholagogue effects by promoting the synthesis and/or secretion of bile acids that facilitate nutrient solubilization through strong emulsifier activity on liberated lipids (Choct, 2009; Dhama et al., 2015).

Traditionally, M. vulgare juice and infusion have been used to promote gastric and bile secretion due to the presence of bitter constituents, particularly marrubinic acid (Rodriguez et al., 2016; Lodhi et al., 2017; Acmovic et al., 2020). Indeed, the sesquiterpenes marrubiin and premarrubiin have shown the ability to stimulate the secretion of saliva and gastric juice (Büyükkartal et al., 2016). Moreover, M. vulgare is also used as a choleretic and cholagogue agent (Capasso, 2003; Al-Snafi et al., 2021). In particular, marrubiinic acid, which arises from the breakdown of marrubiin in the intestine, has demonstrated a strong choleretic effect (Sahpaz et al., 2002; Lodhi et al., 2017). Thus, the bioactives found in this herb may offer multiple advantages for the digestive system, simultaneously promoting digestive and metabolic processes (Placha et al., 2022).

In the current study, dietary HP inclusion exerted a favorable influence on digestive enzyme secretion, as shown by the significant increases in α-amylase, lipase, maltase, and trypsin levels in treated rabbits (Table 6). To the best of our knowledge, no previous research has explored the influence of dietary HP on digestive enzyme stimulation in livestock species. This improvement could be associated with some of the identified chemical components in the HP extract. Although the mode of action is still not clearly established, it may be supposed that the active ingredients in HP—such as phenols, flavonoids, and tannins—could trigger digestive enzyme activity under certain conditions. These effects may be linked to their influence on the functional units of gut epithelial architecture, namely villus enterocytes (Shehata et al., 2022), and their modulatory effects on gut microbiota balance, which in turn regulate metabolism and improve local epithelial proliferation (Feng et al., 2021; Shehata et al., 2022; El-Sabrout et al., 2023).

In this regard, Peng et al. (2021) stated that ursolic acid—found in significant amounts in our herb—may be effective in supporting gut homeostasis and increasing digestive enzyme secretion by strengthening the intestinal barrier function and influencing gut microbial ecology. Notably, the antioxidant activity of phenolic compounds in M. vulgare may protect digestive tract cell membranes from oxidative damage, thereby improving the gut environment and enzyme capacity (Mutwedu et al., 2022). Furthermore, the choleretic and cholagogue effects of HP phytochemicals may have influenced lipid metabolism and feed utilization by increasing the availability of bile acids. The improvements in both feed efficiency and enzymatic activity found in this trial support the hypothesis that HP bioactive molecules favorably modulate digestive activity and gut function, resulting in a regulatory effect on rabbit growth performance.

It is noteworthy that the meat FA profile may be influenced by feeding treatments aimed at maximizing the content of FAs that provide nutritional benefits (Saini and Keum, 2018; Jachimowicz et al., 2022). In particular, rabbit meat is a valuable source of polyunsaturated fatty acids (PUFA), and it has been found that manipulating the rabbit diet is a viable strategy to optimize its meat lipid profile (Dalle Zotte, 2002; Dalle Zotte and Szendro, 2011; Elazab et al., 2022). For instance, it has been reported that rabbits fed a diet enriched with n-3 or n-6 precursors (C18:3 n-3, α-linolenic acid, ALA; C18:2 n-6, linoleic acid, LA) exhibit meat with higher levels of long-chain PUFA (Dal Bosco et al., 2004; Li et al., 2012; Zubiri-Gaitán et al., 2022).

In this study, the effect of dietary HP on the FA composition of L. lumborum muscle in the examined rabbits is presented in Table 4. Although no significant differences were found for total SFA, a significant decrease in C18:0 (stearic acid) was observed in the HP-fed group. Additionally, differences were found in total MUFA and C16:1 cis (palmitoleic acid), which were significantly higher in the control group. Conversely, muscles of HP-fed rabbits exhibited a significant increase in C18:2 n-6 (linoleic acid, LA), total PUFA, and PUFA n-6, along with a significant reduction in C20:3 n-6 (dihomo-γ-linolenic acid, DGLA) and C22:5 n-3 (docosapentaenoic acid, DPA), resulting in increased n-6 PUFA content and a higher n-6/n-3 ratio.

Dietary recommendations for human health suggest restricting SFA intake and increasing PUFA content in animal-derived products to reduce the risk of cardiovascular diseases (Palazzo et al., 2020; Adli et al., 2024). As reported by Adli et al. (2024), the use of plant extracts contributes to the production of healthier rabbit meat, increasing PUFA levels at the expense of SFA. Winiarska-Mieczan et al. (2024) demonstrated in poultry that a ΣPUFA/ΣSFA ratio higher than 0.45 is a quality requirement for meat, as lower values are associated with hypercholesterolemic effects in humans. In the present research, although the HP-enriched diet did not significantly reduce total SFA, the ΣPUFA/ΣSFA ratio was above this value (0.81). This finding aligns with Peiretti et al. (2011), who reported that consumption of meat enriched with MUFA and PUFA reduces the atherogenic index and the risk of cardiovascular and metabolic disorders.

On the other hand, as mentioned above, rabbit meat is naturally rich in PUFA, which makes the intramuscular fat more susceptible to oxidative processes occurring both in vivo and postmortem. This trait negatively impacts the nutritional value, physical properties, and stability of rabbit meat (Dalle Zotte, 2002; Emami et al., 2020; Prates, 2025). To counter these effects, previous studies have reported that dietary supplementation with plant extracts may be an effective strategy for introducing natural antioxidants into phospholipid membranes, thereby modulating tissue oxidative stability (Botsoglou et al., 2004; Vizzarri et al., 2017; Untea et al., 2022; Bešlo et al., 2023) and stimulating the endogenous antioxidant systems of animal tissues (Lee et al., 2017; Amer et al., 2022).

In this feeding trial, the HP group showed a significant increase in n-6 LA, ΣPUFA, and total n-6 PUFA, along with a lower MUFA content. These findings suggest that the UFA content observed in the experimental group may be related to the antioxidant activity of HP bioactives and their capacity to directly inhibit lipid peroxidation or indirectly enhance endogenous antioxidant enzyme activity. Notably, in vitro assays on M. vulgare revealed an antioxidant activity twice as high as that of the synthetic antioxidant butylated hydroxytoluene (BHT) (Abadi and Hassani, 2013; Acmovic et al., 2020). It was assumed that the antioxidant activity of HP polyphenols halted the lipid peroxidation cascade in L. lumborum muscle lipids, particularly targeting the more oxidation-sensitive PUFAs (Rezgui et al., 2021; Bešlo et al., 2023).

Gulcin et al (2003) stated that polyphenols play a crucial role in stabilizing lipid oxidation due to their antioxidant properties. Palazzo et al. (2015) also reported increased oxidative stability in the Longissimus thoracis and lumborum muscles of rabbits fed plant polyphenols. Furthermore, numerous studies have highlighted a linear correlation between the phenolic content of plants and their antioxidant capacity (Rezgui et al., 2020; Al-Zaban et al., 2021). Therefore, our findings may be explained by the hypothesis that HP polyphenols protect oxidation-sensitive PUFA from peroxidation, rather than the more stable MUFA or SFA (Hashemipour et al., 2013). Similarly, the increased level of LA found in treated rabbits can be attributed to the presence of antioxidants, which protect this FA from oxidation. Remarkably, Rezgui et al. (2021), exploring the antioxidant activity of M. vulgare for potential use as a human dietary supplement, demonstrated its capacity to inhibit the oxidation of LA through the β-carotene bleaching assay.

Rabbits receiving HP showed both greater concentrations of PUFA and elevated serum antioxidant enzyme activities (Table 5). Similar results were reported by Hashemipour et al. (2013), who found that in broilers, a diet supplemented with phenols (thymol and carvacrol) improved endogenous oxidative status and delayed lipid oxidation in thigh muscles, resulting in enhanced tissue levels of UFA. Thus, the active components in the HP diet may affect muscle lipid metabolism by strengthening the endogenous antioxidant defense system, which aids in hindering lipid oxidation and improves the nutritional value, sensory attributes, and shelf life of meat (Elghalid et al., 2020; Prates, 2025).

The blood profile is a relevant marker of biological balance and the proper functioning of rabbits’ metabolic processes (Ogbuewu et al., 2017; Levchehko et al., 2024). This feeding trial investigated the effect of HP on the serum lipid profile and antioxidant capacity in rabbits (Table 5). In agreement with da Silva et al (2024), our study found that serum cholesterol, LDL, HDL, and TG were not affected by dietary treatment, while oxidative capacity was significantly improved by HP supplementation. Indeed, the HP group exhibited enhanced antioxidant enzyme activity, with a significant increase in serum TAC and SOD and a significant reduction in MDA.

According to Elghalid et al. (2020), herbal mixtures rich in phenolic compounds can elicit antioxidant effects by scavenging reactive oxygen species (ROS) and by upregulating endogenous antioxidant activity. Polyphenolic compounds, such as phenols and flavonoids, can protect cells by modulating the primary intracellular antioxidant pool (e.g., SOD, CAT, and GSH-px), increasing the capacity of the antioxidant defense system (Asadi-Samani et al., 2015). Superoxide dismutase (SOD), together with TAC, serves as an indicator of plasma capacity to neutralize free radicals generated by oxidation, thereby preventing or slowing free radical chain reactions in tissues (Habashy et al., 2019; Abdelnour et al., 2020; Sheiha et al., 2020). The greatest levels of SOD and TAC, and the lowest MDA values in rabbits fed HP, suggest that it acts as an effective antioxidant capable of alleviating oxidative stress in plasma.

Moreover, in this study, the improvement of antioxidant biomarkers and the associated decline in MDA levels suggest that HP supplementation may serve as both an exogenous antioxidant and a protective agent against tissue damage. Literature reports that M. vulgare can improve tissue antioxidant status by enhancing TAC and enzymatic defenses against oxidative stress, while reducing MDA concentrations in animal tissues, indicating decreased lipid peroxidation in membranes (Acmovic et al., 2020; Al-Snafi et al., 2021). For example, M. vulgare was found to upregulate GSH, SOD, and CAT enzyme levels and overall TAC, along with a significant decrease in MDA in liver tissues exposed to hepatotoxic agents (Elberry et al., 2010; Akther et al., 2013; Ibrahim et al., 2014; Ettaya et al., 2016; El-Hallous et al., 2018). Investigating the hepatoprotective activity of a methanol extract of M. vulgare, Akther et al (2013) linked the increased activity of primary intracellular antioxidant enzymes with its role in preventing excessive ROS accumulation in the liver. According to Ettaya et al. (2016), the protective effect of M. vulgare on liver tissue may be attributed to the presence of phenolic acids and flavonoids with proven antioxidant properties.

Liver and gut functional states play a vital role in digestion, metabolism, and nutrient storage in animals (Carabano et al., 1998; Flees et al., 2017). In rabbits, the liver is the primary site of lipogenesis, playing a pivotal role in lipid metabolism, transport, and fat deposition (Gondret et al., 1997; Zubiri-Gaitán et al., 2022). The study of liver and intestinal morphological features provides insight into their structural and functional states (Levchehko et al., 2024). Thus, to support the biochemical findings, this trial also investigated the influence of HP on rabbit gut and liver histological traits.

To sustain animal production, gut and liver tissues bear a substantial workload in handling nutrient metabolism and lipogenesis. These tissues are among the most susceptible to stress-related disorders, such as redox imbalance, oxidative toxicity, or lipid peroxidation. In the liver, hepatocyte degeneration or vacuolization, intracellular glycogen or triglyceride storage, as well as changes in sinusoidal arrangement, are among the initial signs of liver injury and thus indicate metabolic disruption. For instance, it has been reported that oxidative stress reactions induced by heat stress in rabbits impair liver lipid metabolism, promote hepatic lipid aggregation, and alter the availability of precursors for gluconeogenesis (Naji et al., 2017; Abdelnour et al., 2019). Similarly, Lu et al. (2019) detected abnormal hepatic lipid accumulation in broilers exposed to heat stress.

At the cellular level, oxidative metabolism imbalance leads to damage within the cellular system due to excessive free radical production, which binds to the cellular membrane and induces cytologic degeneration (Naji et al., 2017; Wu et al., 2019). These radicals interfere with lipid metabolism, decreasing lipid transport out of the hepatocytes and thereby promoting fat accumulation or hepatic steatosis. Additionally, degradation of reactive radicals produces reactive aldehydes, which increase membrane permeability, induce cellular vacuolization and hydropic degeneration, and may ultimately lead to cell death (Naji et al., 2017).

In the current study, liver histological analysis in treated groups revealed compact parenchyma with a normal arrangement of hepatic cells forming the typical liver functional unit—hepatic lobules—characterized by a normal central vein and hepatocytes with well-preserved cytoplasm and nuclei (Figures 2A, B). Light microscopic examination of H&E-stained samples did not reveal signs of intralobular cord distortion, intracellular degenerative changes such as hepatocyte ballooning, nor dilated or congested central veins or sinusoids.

Furthermore, the histochemical evaluation of PAS-stained sections did not reveal abnormal glycogen deposition or intracellular lipid droplets (Figures 3A, B). Azan-Mallory trichrome staining showed no abnormal connective tissue deposition surrounding hepatic lobules or portal triads (Figures 2C, D).

These liver histological findings appear to support the serum enzyme assay results. Although serum biochemical markers of liver function (e.g., ALT, ALP, AST) were not directly measured, the significant increase in serum TAC and SOD and the reduction in MDA may indicate a positive influence of M. vulgare on tissue antioxidant status.

Consistent with this, available literature reports that HP can counteract oxidative toxicity in liver tissue via its antioxidant and free radical scavenging properties. These effects are attributed to polyphenolic compounds and ursolic acid, which act by inhibiting microsomal enzymes and lipid peroxidation (Asadi-Samani et al., 2015).

Intestinal disorders are a common issue in intensive rabbit farming, especially at weaning, leading to a significant decline in animal performance and welfare (Palazzo et al., 2020). Oxidative stress is known to interfere with intestinal cell function and structure, impair digestive enzyme activity, and shift caecal microbial balance (Xu et al., 2014; Zhu et al., 2012). It is widely reported that the bioactive compounds in plant extracts have demonstrated the ability to modulate gut microbiota populations. Moreover, as described in various studies, phytogenic compounds with antioxidant properties may exert beneficial effects on gut morphology by protecting the intestinal mucosal layer, thereby impacting villus height (VH), crypt depth (CD), and the total intestinal absorptive surface (Kamboh and Zhu, 2014; Darmawan et al., 2022).

Hence, intestinal architecture evaluation may provide a reliable indicator of gut health status and offer further insight into the potential benefits of horehound. To date, no previous studies have assessed the influence of M. vulgare on gut morphology and the intestinal microenvironment. In this study, duodenal histological features were comparable between rabbit groups. The intestinal mucosa exhibited a well-organized architecture, consisting of villi and basal crypts, both covered by regular enterocytes and dispersed mucus-secreting goblet cells. Morphometric evaluation revealed that HP significantly increased VH and CD in the duodenum, resulting in an improved VH/CD ratio.

The VH, CD, and VH/CD ratio are indirect markers of the functional capacity of the enteric mucosa (Martínez et al., 2022; Tufarelli et al., 2025). Taller villi increase the intestinal absorptive surface, while deeper crypts promote rapid villus renewal—both supporting nutrient digestion and absorption (Patra et al., 2019). Additionally, increased VH is associated with enhanced brush border enzyme activity and improved nutrient transport (Murugesan et al., 2014, Murugesan et al., 2015). It is possible to argue that HP biocompounds exerted a positive influence on gut architecture enhancing the small intestine absorptive efficiency, thus explaining the increased growth performance and digestive enzyme content in rabbits.

Improvement of the gut environment in HP-treated rabbits was also confirmed by caecal microenvironment evaluation. Although no significant differences were observed in caecal characteristics between groups, microbiota counts revealed that dietary HP supplementation significantly increased Lactobacillus spp. and significantly reduced E. coli populations. The caecal microbial population plays a pivotal role in the regulation of animal growth and health. It is important to consider that some phytogenic feed additives beneficially affect gut microflora, either directly or indirectly (Hashemi and Davoodi, 2011). For example, polyphenols may exhibit prebiotic properties, promoting the development of beneficial gut microorganisms (e.g., Bacillus spp. and Lactobacillus spp.) at the expense of certain pathogenic bacteria, thus positively modulating gut microbiome activity (Hashemi and Davoodi, 2011; Qiao et al., 2014; Serra et al., 2018; Scott et al., 2022; Bešlo et al., 2023; Simitzis, 2017).This favorable influence on caecal microbiota balance may, in turn, promote intestinal morphology by supporting villus cell regeneration and enhancing absorptive capacity and enzymatic activity (Elghalid et al., 2020). It is worth noting that, in this study, the chemical profile of HP revealed the presence of the triterpenoid ursolic acid (UA), which has been reported to exert antioxidant and anti-inflammatory properties (Mancha-Ramirez and Slaga, 2016; Seow and Lau, 2017; Wan et al., 2019). In particular, Peng et al. (2021) investigated the effects of UA on intestinal health and gut flora in mice, finding that dietary supplementation improved intestinal morphology and mucosal barrier integrity, regulated the expression of nutrient transport carriers, and positively influenced microbiota structure. Finally, the same authors argued that UA had positive effects on growth performance through its positive impact on gut health and resident microbial flora. Taking into account these findings, our results highlight that HP had a beneficial effect on multiple aspects of intestinal digestive efficiency and cecal environment.




5 Conclusions

From the results of the present study, it can be stated that horehound dietary inclusion in rabbits exerted a positive influence on growth performance, gut health, and oxidative metabolism, as confirmed by serum antioxidant capacity. In addition, the balancing effect on redox status resulted in reduced lipid oxidation susceptibility in the muscle tissue of rabbits fed the herb. Feeding rabbits with horehound also had a remarkable effect on duodenal digestive enzyme activity, histomorphometry, and caecal microenvironment.

The effect of horehound on oxidative balance suggests that our data on liver health status could be enhanced by specific assays, such as antioxidant markers and enzymes. Further studies are needed to gain insight into the mechanisms of action and the specific role of bioactives in M. vulgare through in vivo studies. Moreover, additional in vivo research may delve into the long-term influence of horehound supplementation on rabbit productive traits and welfare at different physiological stages, as well as determine the appropriate inclusion rate to achieve consistent results.

These findings contribute to the growing body of evidence supporting the consideration of horehound as a valuable source of phytochemicals, capable of introducing natural antioxidants into the diet and offering a promising way to optimize sustainable rabbit production and welfare.
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VOCs A atty acids % of total me esters
Butanoic acid 0.41 C6:0 045
Hexanoic acid 0.82 C8:0 0.72
Nonanoic acid 0.22 C10:0 0.76
Decanoic acid 0.20 C11:0 0.42
Dodecanoic acid 0.21 C12:0 0.49
Tetradecanoic acid 0.23 C14:0 0.69
2,3-butanediol 1.47 C15:0 0.60
1-butanol-3-methyl 1.07 Cl16:0 10.72
Phenylethyl alcohol 3.60 C17:0 125
Ethyl hexanoate 1.51 Cl18:0 7.19
Ethyl octanoate 1.88 C20:0 0.80
Ethyl decanoate 325 C22:0 571
2-Heptanone 179 C30:0 22.89
2-Nonanone 1.40 X SFA 52.70
Limonene 0.42 Clé:l trans 178
Fenchone 0.01 Cl6:1 cis 1.00

I Estragole nd? C18:1 n-9 7.85
Trans-anethole nd C20:1 n-9 2.02
Trans-caryophyllene 1451 C22:1 n-9 093
Sesquiterpene hydrocarbons 67.00 C24:1 n-9 1.28

Bioactive compounds, ng/g ¥ MUFA 14.86
Chlorogenic acid 77.9 C18:2 n-6 8.63
Caffeic acid 115 C18:3 n-6 12.64
Cumaric acid 6.9 C18:3 n-3 0.65
Ferulic acid 1.6 C20:4 n-6 0.76
Apigenin 1013 C20:3 n3 2.67
Apigenin 7-glucuronide 20.7 C20:5 n-3 1.52

Antioxidant properties C22:5 n3 329
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TAC, mol FeSO, eq/kg 2.83 X PUFA 3245
DPPH, % scavenging activity 61.05 Total PUFA n-6 2202

Total PUFA n-3 10.42
n-6/n-3 2.11

!Percentage concentration on total identified; “not detected; TPC, total phenolic compounds; TAC, total antioxidant capacity; DPPH, 2,2-diphenyl-1-picrylhydrazyl; SFA, saturated fatty acids;
MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids.
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C22:0 0.29 0.26 0.09 ns
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¥ SFA V 41.05 40.32 | 0.39 ns
Cl6:1 trans 0.63 0.70 0.16 ns
Cl6:1 cis 3.19 2.07 0.32 <0.05
Cl17:1 0.12 0.12 0.04 ns
C18:1 n-9 23.09 23.75 ‘ 0.27 ns
C20:1 n-9 0.11 0.13 0.02 ns
V ¥ MUFA 27.14 26.77 | 0.39 <0.05
Cl18:2 n-6 25.92 27.27 | 033 <0.01
C18:3 n-6 1.15 1.19 0.12 ns
Cl18:3 n-3 2.94 2.98 ‘ 0.10 ns
C20:2 n-6 0.22 0.21 0.05 ns
C20:3 n-6 0.62 0.45 0.09 <0.05
C20:5 n-3 EPA 0.34 0.31 0.11 ns
C22:5 n-3 DPA 0.51 0.40 0.10 <0.05
C22:6 n-3 DHA 0.11 0.09 0.02 ns
Y PUFA 31.81 3291 048 <0.05
Total PUFA n-6 2791 29.12 | 0.31 <0.01
Total PUFA n-3 3.90 3.78 0.20 ns
n-6/n-3 7.16 7.69 0.23 <0.05

SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty
acids; ns, not significant; SEM, standard error of the mean.





OEBPS/Images/table3.jpg
Control

Growth performance

Initial live weightl, g 1098 1095 25.5 0.425
Final live weightl, g 2112 ‘ 2213 51.8 0.003
Daily weight gain', g/d = 24.14 26.62 | 097 0.025
Feed intake?, g/d 106 109 | 039 0.052
Feed conversion ratio2,
o 4.39 4.10 0.15 0.002
Carcass traits
Slaughter weight, g 2062 2161 85.67 0.029
Hot carcass weight, g 1243 1344 52.05 0.027
Carcass yield, % | 60.3 62.2 0.95 0.006

Meat nutritional composition, %

Moisture 73.65 73.50 | 0.09 0.107
Protein 2321 23.47 | 040 ‘ 0.155
Lipids 171 ‘ 1.63 0.31 0.101
Ash 1.43 1.40 0.08 0.230

'Individual data; 2Average pen data. SEM, standard error of the mean.
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Villus height, pm 681 729 | 2441 0.002
Villus width, pm 72.8 741 | 302 0.057
Crypt depth, pm 123.6 1465 | 395 0.003
Villus hei

Il hergh/ 551 498 | 1013 0.002
crypt depth

! Each value represents the mean of ten rabbits per group. SEM, standard error of the mean.
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Control

Caecal characteristics

pH 6.03 6.00  0.03 0.097
Ammonia-N, mmol/l 4.01 412 | 098 0.225
Total VFA, mmol/l 71.0 721 | 9.77 0.118
Caecal microbial populations
Total count 17.2 173 | 1.39 0.089
Escherichia coli, log
4.54 297 | 051 0.017
CFU/g
L ill; .1
dctobacillys pps 108 | 5o 305 | 049 0.035

CFU/g

VFA, volatile fatty acid; SEM, standard error of the mean.
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Ingredients, g/kg

Dehydrated alfalfa meal 285.0
Dehydrated beet pulp 285.0
Corn 200.0
Soybean meal, 48% CP 100.0
Wheat middlings V 85.5
Cane molasses 20.0
Vitamin-mineral premix' 5.0
Monocalcium phosphate 5.0
Sodium chloride 40
Calcium propionate 25
L-lysine 255
DL-methionine 2.5
Yeast ‘ 1.0
Magnesium oxide 1.0
Magnesium carbonate 1.0

Chemical composition, g/kg as-fed

Dry matter ‘ 891
Crude protein 154
Ether extract 24
Crude fiber 141
Neutral-detergent fiber 268
Acid-detergent fiber 167
Lignin 39
Ash 69
Digestible energy (MJ/kg) 10.61

! Provided per kg of diet: vitamin A 12,500 IU; vitamin D; 1,500 IU; vitamin E 30 mg; vitamin
B, 1.5 mg; vitamin B, 5 mg; vitamin Be_2 mg; vitamin By, 0.02 mg; vitamin PP 20 mg; vitamin
K3 2.5 mg; folic acid 0.75 mg; pantothenic acid 10 mg; D-biotin 0.1 mg; choline chloride 300
mg; MnSO,_150 mg; FeSO4-5 mg; ZnSO;_75 mg; CuSO,_5 mg; KI 1 mg; CoSO, 0.2 mg;
Na,SeOs 0.1 mg.





OEBPS/Images/table5.jpg
Item Control HP Pooled SEM  P-value

Serum lipids
Cholesterol, mg/dl | 161.12 158.82 | 0.89 0.057
LDL, mg/dl 158.35 156.41 | 0.62 0.069
HDL, mg/dl 60.88 59.35 0.48 0.108
Triglycerides,
72.66 70.89 0.54 0.135
mg/dl

Antioxidant capacity

TAC, ng/ml 1.17 2.38 0.21 0.002
MDA nmol/ml 1.57 1.02 0.424 0.015
SOD, U/ml 313 35.2 5.88 0.002

SEM, standard error of the mean; LDL, low-density lipoprotein; HDL, high-density
lipoprotein; TAC, total antioxidant capacity; MDA, malondialdehyde; SOD,
superoxide dismutase.





