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	Oxidative stress is a major factor adversely affecting semen quality in male rabbits. L-carnitine (LC) is an antioxidant that neutralizes harmful free radicals, protecting cell membranes (particularly mitochondrial membranes) from oxidative stress. This study investigated the effects of dietary LC supplementation (0, 75, 150, 300 and 450mg/kg) on sperm kinematic analysis, antioxidant capacity, membrane integrity, acrosome integrity, mitochondrial membrane potential (MMP) and anti-apoptotic changes in 50 Fujian Yellow male rabbits over an 8-week period. Semen samples were subjected to CASA, conventional assay kit, SYBR14/PI double staining, PNA-FITC/PI double staining, JC-1 assay kit and PE/7-AAD double staining. Finally, the relative expression levels of NRF-2, KEAP-1, Bax, Bcl-2, and caspase-3 in sperm were detected using quantitative real-time polymerase chain reaction (qRT-PCR). The results showed that dietary supplementation of LC at 300mg/kg increased ejaculate volume, sperm concentration, progressive motility and key sperm kinematic parameters including VCL, VAP and ALH (P<0.05). It concurrently increased seminal plasma antioxidant markers (SOD, GSH-Px, T-AOC) and LC content and reduced MDA and ROS levels. It also increased SOD, T-AOC and CAT levels in sperm (P<0.05). Supplementation with LC at 150 and 300mg/kg improved sperm acrosomal and plasma membrane integrity (P<0.05), while supplementation at 450mg/kg reduced early and late apoptosis rates (P<0.05). Furthermore, LC supplementation upregulated Bax mRNA expression, downregulated Bcl-2 mRNA expression, and reduced the Bcl-2/Bax ratio (P<0.05) without affecting caspase-3 expression. Additionally, LC300 specifically increased the expression of NRF-2 and KEAP-1 (P<0.05). Furthermore, LC300 also improved post-thaw sperm progressive motility and velocity parameters including VSL, VAP and ALH (P<0.05). These results suggest that dietary LC supplementation could improve fresh semen quality via antioxidant induction, membrane stabilization and anti-apoptotic effects, and enhanced post-thaw sperm motility.
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1
INTRODUCTION

Despite its high production efficiency, feed conversion rate and superior meat quality, global rabbit production is largely based on small-scale and un-intensive (Cullere and Zotte, 2018). To accelerate the pace of intensive production, the rapid development and application of artificial insemination technology is necessary. Semen quality is critical to artificial insemination success in commercial rabbit production (Farhadi et al., 2025). However, male rabbit spermatozoa exhibit particular vulnerability to oxidative stress (OS) owing to their limited cytoplasmic antioxidant reserves and inefficient DNA repair mechanisms, which collectively contribute to cellular damage and diminished fertilizing capacity (Brecchia et al., 2023). This susceptibility, compounded by high polyunsaturated fatty acid (PUFA) contents in sperm plasma membranes (Di Nisio et al., 2023), leads to lipid peroxidation (LPO), which compromises membrane integrity, results in ATP leakage, and impairs flagellar motility, ultimately leading to impaired sperm function (Ofosu et al., 2021). Substantial evidence from multiple studies confirms the profoundly negative effect of oxidative stress on both semen quality and fertility potential (Makris et al., 2023; Abdelnour et al., 2024; Lahimer et al., 2025) with elevated reactive oxygen species (ROS) levels in reproductive tissues showing strong correlation with reduced sperm viability, motility, and fertilization capacity (O'Flaherty and Scarlata, 2022; Wang et al., 2025).
[bookmark: OLE_LINK2]L-carnitine (LC), an amino acid derivative and essential metabolic cofactor, addresses these challenges through multiple protective mechanisms. As a crucial transporter of long-chain fatty acids into mitochondria (Vaz et al., 2002), LC not only supports energy metabolism but also reduces LPO substrate availability, thereby functioning as an effective antioxidant (Neuman et al., 2002). Its importance in male reproduction is well-established, with seminal LC levels directly correlating with sperm quality (Hafezi et al., 2022). Across species, dietary LC supplementation has demonstrated consistent benefits, improving sperm concentration in roosters (Neuman et al., 2002), motility in quails (Ahangari et al., 2014), morphology in pigs (Tatemoto et al., 2022), and overall quality in humans (Lin et al., 2020). In rabbits specifically, LC enhances both production performance and sperm cryo-resistance (Abdelnour et al., 2022).
Given the vulnerability of rabbit spermatozoa to oxidative damage (Brecchia et al., 2023), this study investigated whether dietary LC could mitigate this impairment. It was hypothesized that dietary LC supplementation would improve semen quality and cryo-resistance in rabbits by enhancing antioxidant capacity and reducing oxidative damage and apoptosis. To test this hypothesis, the study aimed to: (1) establish dose-response relationships across five LC concentrations (0–450mg/kg); (2) evaluate comprehensive semen quality parameters in both fresh and post-thaw samples; and (3) elucidate underlying protective mechanisms through antioxidant profiling and molecular analyses.

MATERIALS AND METHODS

[bookmark: _Hlk210171262]Ethical approval and experimental animals: The experimental protocol was reviewed and approved by the Animal Care and Use Committee of the Institute of Animal Husbandry and Veterinary Medicine, Fujian Academy of Agricultural Sciences, Fuzhou, China (Approval No. 202402FJ004). Fifty healthy 32-week-old Fujian Yellow male rabbits with an average body weight of 3.2±0.2kg were used. The animals were individually housed in galvanized wire cages (40×60×45cm) under standard management conditions with natural ventilation. All rabbits had free access to clean drinking water and were fed a commercial pellet diet formulated to meet NRC (1997) nutritional requirements.

Experimental design and semen collection: The composition and nutrient levels of the rabbit diet are presented in Table 1. The basal commercial diet was first mashed into powder, thoroughly mixed with the corresponding concentration of LC, and then prepared into pellet form. Male rabbits were randomly divided into five groups (n=10 per group) receiving different dietary LC supplementation levels: 0(LC0, control), 75(LC75), 150(LC150), 300(LC300) and 450mg/kg (LC450). The feeding trial lasted for 8 weeks, with the first 4 weeks serving as an adaptation period. Semen collection began on day 29 using the rabbit artificial vagina and teaser rabbit doe, as described by Ewuola et al. (2014), with subsequent collections were performed at 3-day intervals. During the 4-week formal experiment, semen was collected a total of 8 times. Immediately after collection, ejaculate volume was measured, and gel plugs were removed before analysis. Ejaculates collected from 10 rabbits of each group on each collection session were pooled. The mean±SD values of semen volume for 10 rabbits of each group before treatment are shown in Table 2. After semen samples collected each time from 10 rabbits of a group were pooled together, approximately 3mL aliquot of this pooled sample was taken for further analysis of various indicators. 

Semen quality and kinematic analysis: Sperm concentration was determined using a calibrated Photometer (SDM1, Minitube, Germany). Briefly, 2μL of fresh semen was diluted with Tris-citric acid-glucose (TCG) semen diluent at a 1:9 ratio. Subsequently, 2μL of the diluted sample was used for estimation of the sperm cell concentration. Computer-assisted sperm analysis system (CASA; Hamilton Thorne IVOS II) was used to assess sperm motility parameters including total motility (TM), progressive motility (PM), curvilinear velocity (VCL), straight-line velocity (VSL), average path velocity (VAP), amplitude of lateral head displacement (ALH), beat-cross frequency (BCF), straightness (STR), linearity (LIN) and wobble (WOB). At least 500 sperm per sample were evaluated across five microscopic fields. 

Table 1:  Composition and nutrient levels of the commercial pellet diet (air-dry basis, %)
	Ingredient
	Content 
	Nutrient levels2
	Content

	Corn
	30
	Digestible energy (MJ/kg)
	10.25

	Peanut meal
	10
	Crude protein (%)
	14.46

	Bran
	20
	Ether extract (%)
	2.93

	Alfalfa meal
	25
	Crude fibre (%)
	16.46

	Peanut seedling powder
	10
	Crude ash (%)
	8.93

	CaHPO4
	0.6
	Calcium (%)
	0.99

	Salt
	0.4
	Phosphorus (%)
	0.62

	Premix1
	4.0
	
	

	Total
	100
	
	



Table 2: Mean values (±SD) for semen volume (mL) per group of 10 rabbits for samples collected at 8 different times
	Treatment groups
	Sample Number*

	
	1
	2
	3
	4
	5
	6
	7
	8

	LC0
	0.56±0.04
	0.62±0.02
	0.48±0.04
	0.42±0.03
	0.52±0.01
	0.53±0.04
	0.64±0.03
	0.43±0.02

	LC75
	0.56±0.05
	0.67±0.03
	0.57±0.01
	0.49±0.02
	0.57±0.01
	0.47±0.04
	0.45±0.03
	0.64±0.01

	LC150
	0.94±0.06
	0.92±0.04
	0.84±0.06
	0.96±0.04
	1.1±0.15
	0.95±0.07
	0.74±0.12
	0.86±0.07

	LC300
	0.76±0.05
	0.88±0.06
	0.73±0.04
	0.85±0.07
	0.75±0.02
	0.72±0.04
	0.85±0.06
	0.87±0.05

	Lc450
	0.86±0.04
	0.88±0.06
	0.88±0.05
	0.88±0.04
	0.82±0.06
	0.71±0.05
	0.92±0.06
	0.78±0.04


*Samples 1-8 were collected at different time points.

Flow Cytometric assessments: Acrosomal membrane integrity, plasma membrane integrity, mitochondrial membrane potential (MMP), and apoptosis rate were each assessed using 200μL of fresh semen. After centrifugation of the fresh semen at 300×g for 5 minutes, the supernatant was discarded. The sperm pellet was washed twice with PBS and finally resuspended the cells in 1×PBS at a concentration of 1×106 cells/mL. Subsequently, the required tests were performed according to the specified indicators. Acrosomal membrane integrity was evaluated using dual-fluorescence methodology and the flow cytometry according to the description of Hu et al. (2022), and it was assessed via dual staining with PNA-FITC (PNA-FITC, 1mg/mL, Sigma-Aldrich, USA) and propidium iodide (PI, 50μg/mL, Sigma-Aldrich). Plasma membrane integrity was examined using SYBR-14/PI (Live/Dead® Sperm Viability Kit, Sigma-Aldrich, USA) staining according to Li et al. (2024). Mitochondrial membrane potential (MMP) was measured using JC-1 dye (JC-1 Mitochondrial Membrane Potential Assay Kit, Beyotime, China), where high MMP (orange fluorescence) and low MMP (green fluorescence) were quantified (Abdelnour et al., 2022). Apoptotic changes were detected using Annexin V PE/7-AAD (eBioscience™ Annexin V Apoptosis Detection Kit PE, Invitrogen, USA) staining to distinguish early and late apoptotic sperm (Peña et al., 2003). 

Oxidative stress and antioxidant capacity: After centrifugation of the fresh semen at 300×g for 5 minutes, seminal plasma and sperm were collected separately, 200uL of sperm and seminal plasma were separately used to measure the level of ROS. The remaining samples were stored at -80℃for the subsequent detection of antioxidant capacity. Then the levels of ROS in both sperm and seminal plasma were measured separately according to the method described by Liu et al. (2014) and Mane et al. (2022). The optical density (OD) values of each group at 650nm were determined using a microplate reader, and the results were expressed as NBT reduction. This assay kit was purchased from Genmed Scientifics, USA. Malondialdehyde (MDA) contents were determined as a lipid peroxidation marker, as described earlier (Zhang et al., 2022). Antioxidant enzyme activities (SOD, CAT, GSH-Px) and total antioxidant capacity (T-AOC) were analyzed using commercial kits (Nanjing Jiancheng Bioengineering Institute), based on the method described by Jimoh et al. (2023). For the assays of MDA, SOD, CAT, GSH-Px, and T-AOC, seminal plasma was tested directly using sample volumes of 100, 20, 100, 200 and 10μL, respectively. Sperm samples were adjusted to a concentration of 1×106 sperm/mL using PBS prior to testing, and the same corresponding volumes were used for each assay as indicated for seminal plasma.

L-carnitine content and gene expression: Seminal plasma was obtained by centrifugation of 200μL of fresh semen at 300×g for 5 minutes at room temperature under standardized conditions. The collected seminal plasma was stored at –80 °C until further analysis for LC content. The LC contents were determined using a validated enzymatic assay kit (Abcam, UK) according to the manufacturer’s protocol. The remaining sperm pellet was cryopreserved in liquid nitrogen for subsequent RNA extraction and gene expression analysis. Total RNA was extracted using TRIzol, reverse transcribed, and analyzed via qRT-PCR (Bio-Rad CFX384), with GAPDH as the reference gene. Primer sequences and amplification conditions are presented in Table 3. The relative mRNA levels of KEAP-1, NRF-2, Bax, Bcl-2 and Caspase-3 were investigated.

Sperm cryopreservation and post-thaw evaluation: Fresh semen samples (300uL, >65% motility) from LC0 and LC300 groups were diluted at a 1:8 ratio with TCG-egg yolk extender (4% DMSO, 10% egg yolk) in a 34℃water bath. The diluted semen was loaded into 0.25mL French straws (IMV Technologies, France), equilibrated at 4℃for 2h, and subsequently cryopreserved by exposure to liquid nitrogen vapor positioned 3cm above the liquid nitrogen surface for 10 minutes, followed by final immersion in liquid nitrogen (-196°C) for storage. After 7 days, straws were thawed (37°C, 30 sec) and assessed for post-thaw motility using CASA.

[bookmark: OLE_LINK3]Statistical analysis: All experimental data were analyzed using SPSS Statistics 17.0 (SPSS Inc., USA). A mixed-effects linear model was employed to handle the repeated measures design, with treatment groups as a fixed effect and individual animal as a random effect to account for within-animal correlation. For fresh semen parameters, repeated measures ANOVA evaluated the effects of dietary LC supplementation, with collection day included as a repeated factor. Post-hoc comparisons were conducted using the Least Significant Difference (LSD) test with Bonferroni correction when ANOVA indicated significant effects (P<0.05). Post-thaw sperm quality between LC0 and LC300 groups was compared using independent t-test. Sample size (n=10 per group) was determined by power analysis (β=0.80, α=0.05) based on previous LC studies in rabbits (Abdelnour et al., 2022). Data are presented as least squares means±SEM, with statistical significance set at P<0.05.

RESULTS

[bookmark: _Hlk210171270]Effects of dietary LC supplement on semen characteristics and sperm motility kinetics in fresh semen: As presented in Table 4, dietary supplementation with LC300 significantly increased ejaculate volume, sperm concentration, and nearly all assessed sperm kinetic parameters compared to the LC0 group (P<0.05), with the exceptions of BCF and STR. Lower-dose (LC75) supplementation specifically improved VAP, ALH and LIN (P<0.05), while LC150 supplementation induced broader effects, enhancing ejaculate volume, PM, VCL and ALH compared to control group (P<0.05). Notably, high-dose (LC450) supplementation elicited the most pronounced responses, significantly increasing ejaculate volume, PM, VCL, VAP, ALH, and LIN compared to control group (P<0.05).

[bookmark: _Hlk210181793]Semen antioxidant capacity: As presented in Table 5, dietary LC300 supplementation significantly elevated seminal plasma levels of SOD, T-AOC, CAT, GSH-Px, and LC contents, while reducing MDA and ROS compared to the LC0 group (P<0.05). Similarly, LC75 supplementation significantly increased CAT activity and decreased ROS levels compared to control group (P<0.05). Both LC150 and LC450 supplementation enhanced CAT and GSH-Px activities, while reducing MDA and ROS levels in seminal plasma compared to control group (P<0.05).
In sperm, dietary LC300 supplementation significantly increased sperm levels of SOD, T-AOC, and CAT, while decreasing MDA and ROS compared to the LC0 group (P<0.05). LC150 supplementation significantly elevated T-AOC, CAT, and GSH-Px activities and reduced ROS levels in sperm compared to control group (P<0.05). Both LC75 and LC450 supplementation enhanced T-AOC activity, while reducing ROS levels in sperm compared to control group (P<0.05).
[bookmark: OLE_LINK7]
Spermatozoa characteristics using flow cytometry: As shown in Fig. 1, supplementation with both dietary LC150 and LC300 significantly increased sperm acrosomal integrity compared to the LC0 group (P<0.05). However, other LC concentrations had no effect on this parameter when compared with LC0 group (Fig. 1A). Results of Flow cytometric assessment of spermatozoa acrosomal integrity using PNA-FITC/PI dual staining are shown in Fig. 1B.
   As indicated in Fig. 2, dietary supplementation with LC150 or LC300 significantly increased sperm plasma membrane integrity compared to the LC0 group (P<0.05). Conversely, other LC concentrations had no effect on this parameter (Fig. 2A). Flow cytometric assessment of spermatozoa plasma membrane integrity using SYBR-14/PI dual staining is shown in Fig. 2B). 
The results presented in Fig. 3 show that compared with the LC0 group, dietary LC150 supplementation significantly improved the MMP (P<0.05). However, other LC concentrations had no effect on the MMP (Fig. 3A). Fig. 3B shows the Flow cytometric assessment of spermatozoa MMP using JC-1 staining.
As shown in Fig. 4, LC450 supplementation significantly decreased both early (Fig. 4A) and late (Fig. 4B) apoptosis rates compared to the LC0 group (P<0.05). Conversely, other LC concentrations had no effect on sperm apoptosis. Flow cytometric assessment of spermatozoa apoptosis using dual Annexin V PE and 7-AAD staining is shown in Fig. 4C).  

Gene expression: Dietary LC300 supplementation significantly upregulated the mRNA levels of sperm KEAP-1 (Fig. 5A), while NRF-2 expression was upregulated by both LC300 and LC450 (Fig. 5B) compared to LC0 group (P<0.05). However, other LC concentrations had non-significant effects on the mRNA levels of KEAP-1 and NRF-2. The mRNA level of caspase-3 gene was not affected by any LC treatment when compared with control (Fig. 5C). 
Dietary LC supplementation across all tested doses significantly upregulated Bax gene mRNA (Fig. 5E) levels compared to the LC0 group (P<0.05). On the other hand, all LC concentrations downregulated Bcl-2 mRNA expression (Fig. 5D) and reduced the Bcl-2/Bax mRNA ratio (Fig. 5F) compared to LC0 group (P<0.05).  
Effects of dietary LC supplement on sperm motility kinetics in post-thaw semen: Dietary LC300 supplementation significantly improved the PM, VCL, VSL, VAP, WOB, and ALH compared to the LC0 (P<0.05). However, the inclusion of LC300 had no significant effects on TM, BCF, STR, or LIN compared to LC0 group (Table 6).


Table 3: Information about the genes and qRT-PCR primers used in the study
	Gene
	Genbank Accession
	Primer Sequences (5'to3')
	Size (bp)
	Annealing (℃)

	KEAP-1
	XM_008251548.3
	GCCAAGCAGGAGGAGTTCT
	135
	60

	
	
	CTGCTCGCAGTCGTACTTGA
	
	

	NRF-2
	XM_051849399.1
	CCAGCTGAGCGTGAACTCAA
	94
	60

	
	
	GCTGTTGCTGACACTGGGTT
	
	

	Bax
	XM_008252361.3
	GCCGACGGCAACTTCAACT
	73
	60

	
	
	GGGCCTTGAGTACCAGCTT
	
	

	Bcl-2
	XM_008261439.3
	GCACACCTGGATCCAGGAT
	89
	60

	
	
	CCCAGGAGAAGTCTGACAGA
	
	

	Caspase3
	NM_001082117.1
	GTCCCTGTGTGCCATGCTGAA
	86
	60

	
	
	CTGTCGCTACCTTCCGGTTCA
	
	

	GAPDH
	NM_001082253.1
	CCGCCTGGAGAAAGCTGCTAA
	105
	60

	
	
	ACGACCTGGTCCTCGGTGTA
	
	



Table 4: Effects of diets supplemented with various concentrations of LC on fresh semen quality in Fujian Yellow rabbits 
	Parameter
	Treatments
	p-value

	
	LC0
	LC75
	LC150
	LC300
	LC450
	

	Ejaculate volume (mL)
	0.53±0.08b
	0.53±0.09b
	0.91±0.10a
	0.80±0.07a
	0.84±0.07a
	0.002

	Sperm concen. (×109)
	2.32±0.13bc
	2.30±0.11c
	2.73±0.17ab
	3.02±1.57a
	2.31±1.80bc
	0.010

	TM (%)
	60.93±5.63b
	69.87±5.76ab
	65.06±6.46ab
	81.86±3.22a
	77.4±5.84ab
	0.018

	PM (%)
	34.98±1.79d
	37.00±1.53cd
	42.86±2.99bc
	52.37±4.20a
	46.22±1.82b
	<0.001

	VCL (μm/s)
	204.13±13.49b
	242.06±14.75ab
	253.5±12.46a
	249.45±17.10a
	265.77±12.55a
	0.003

	VSL (μm/s)
	49.46±4.83b
	67.57±5.72ab
	64.1±5.79ab
	67.9±9.68a
	63.63±6.59ab
	0.015

	VAP (μm/s)
	86.81±6.64b
	112.79±8.03a
	112.38±7.68ab
	114.5±13.56a
	115.79±9.09a
	0.045

	WOB (%)
	42.47±1.22b
	46.41±1.24ab
	43.97±1.23b
	49.79±1.17a
	43.23±1.77b
	0.006

	BCF (Hz)
	31.58±1.11ab
	29.83±1.17b
	32.05±1.27ab
	33.56±1.81ab
	34.92±1.82a
	0.013

	ALH (μm)
	11.73±0.65b
	14.76±0.84a
	14.84±0.66a
	14.78±0.68a
	15.47±0.77a
	0.005

	STR (%)
	50.31±1.33ab
	52.25±1.50a
	49.42±1.70ab
	51.12±2.30ab
	46.67±1.60b
	0.023

	LIN (%)
	26.06±0.99c
	52.25±1.50a
	49.43±1.70ab
	51.12±2.30a
	46.67±1.60b
	0.001


Values with different superscripts within the same row differ significantly from one another (P<0.05).
Table 5: Effects of diets supplemented with various concentrations of LC on semen antioxidant capacity in Fujian Yellow rabbits
	Semen composition
	 Parameters
	Treatments
	[bookmark: OLE_LINK38]P-value

	
	
	LC0
	LC75
	LC150
	LC300
	LC450
	

	Seminal plasma
	[bookmark: OLE_LINK37]SOD (U/ml)
	288.96±24.69b
	287.94±37.41b
	351.72±29.27ab
	398.37±10.60a
	339.02±6.90ab
	0.038

	
	[bookmark: OLE_LINK40]MDA (nmol/ml)
	0.02±0.001a
	0.02±0.001a
	0.01±0b
	0.01±0b
	0.02±0.001b
	0.005

	
	T-AOC (mM)
	2.11±0.001b
	2.11±0.001b
	2.12±0.001ab
	2.14±0.001a
	2.14±0.001ab
	0.021

	
	CAT (U/ml)
	7.74±0.31d
	15.44±1.24bc
	21.29±1.61a
	17.99±0.82ab
	13.01±1.23c
	0.001

	
	GSH-Px (U/ml)
	177.35±1.76b
	172.16±15.15b
	199.61±1.91a
	193.95±1.84a
	191.53±4.73a
	0.004

	
	ROS
	0.25±0.03a
	0.17±0.02b
	0.14±0.03b
	0.15±0.02b
	0.17±0.02b
	0.041

	
	[bookmark: OLE_LINK42]LC content (nmol/ml)
	0.03±0b
	0.03±0b
	0.03±0b
	0.06±0.01a
	0.04±0ab
	0.047

	Sperm
	SOD (U/mg prot)
	47.46±1.05bc
	39.78±3.14c
	53.24±2.60b
	122.24±4.25a
	44.46±2.3c
	0.001

	
	MDA (nmol/mgprot)
	14.80±0.96a
	12.40±1.40a
	13.27±1.24a
	5.58±1.17b
	15.92±1.55a
	0.001

	
	T-AOC (mM)
	14.69±1.33b
	29.63±3.80a
	31.87±3.17a
	29.94±2.05a
	30.62±2.18a
	0.016

	
	CAT (U/mg prot)
	124.81±5.25c
	105.18±8.57c
	179.90±10.69b
	362.72±14.84a
	133.31±14.58c
	0.001

	
	GSH-Px (U/mg prot)
	2041.21±239.94b
	3061.83±240.05ab
	4020.18±542.58a
	3118.07±228.15ab
	2626.08±379.88b
	0.011

	
	ROS
	0.26±0.03a
	0.18±0.02b
	0.18±0.02b
	0.18±0.01b
	0.18±0.018b
	0.047


Values with different superscripts within the same row differ significantly from one another (P<0.05).

Table 6: Effects of diets supplemented with different doses of LC on sperm motility kinetics in post-thaw semen
	Parameter
	Treatments
	P-value

	
	LC0
	LC300
	

	TM (%)
	33.17±8.40a
	38.62±3.47a
	0.48

	PM (%)
	19.57±3.69b
	25.08±4.94a
	0.021

	VCL (µm/s)
	159.12±17.60b
	194.94±7.59a
	0.043

	VSL (µm/s)
	26.27±3.94b
	47.41±5.02a
	0.021

	VAP (µm/s)
	59.6±7.10b
	83.11±4.63a
	0.013

	WOB (%)
	36.14±1.96b
	43.48±1.98a
	0.033

	BCF (Hz)
	30.35±2.49a
	35.84±1.41a
	0.056

	ALH (µm)
	9.44±1.11b
	13.03±0.88a
	0.021

	STR (%)
	41.86±2.49a
	46.00±2.29a
	0.29

	LIN (%)
	21.33±2.00a
	23.13±1.60a
	0.50


Values with different superscripts within the same row differ significantly from one another (P<0.05).


[bookmark: _Hlk210181986][image: 微信图片_20250906093945]

Fig. 1: Effects of supplementation with LC on spermatozoa acrosomal integrity. (A): Histogram of effects of different LC doses on the spermatozoa acrosomal integrity. (B): Flow cytometric assessment of spermatozoa acrosomal integrity using PNA-FITC/PI dual staining. Here, spermatozoa displaying negative PI staining and negative FITC-PNA staining were categorized as viable cells with an intact acrosomal membrane. Different superscript letters indicate significant differences between treatments (P<0.05).

[image: ]

Fig. 2: Effects of supplementation with LC on spermatozoa membrane integrity. (A)Histogram of effects of different LC doses on the spermatozoa membrane integrity. (B): Flow cytometric assessment of spermatozoa plasma membrane integrity using SYBR-14/PI dual staining. Here, spermatozoa exhibiting negative PI staining but positive SYBR-14 staining were classified as viable cells with intact plasma membranes. Different superscript letters indicate significant differences between treatments (P<0.05).


[image: ]

Fig. 3: Effects of dietary LC supplementation on spermatozoa MMP. (A): Histogram of the effects of different LC doses on spermatozoa MMP. (B): Flow cytometric assessment of spermatozoa MMP using JC-1 staining. Here, JC-1 aggregates were indicative of the sperm with normal MMP (emitting red fluorescence), while JC-1 monomers showed the sperm with a reduced MMP (emitting green fluorescence). Different superscript letters indicate significant differences between treatments (P<0.05).

[image: 微信图片_20250906094018]

Fig. 4: Effects of dietary LC supplementation on spermatozoa apoptosis. (A): Histogram of the effects of different LC doses on spermatozoa early apoptosis. (B): Histogram of the effects of different LC doses on spermatozoa late apoptosis. (C): Flow cytometric assessment of spermatozoa apoptosis using dual Annexin V PE and 7-AAD staining. Here, spermatozoa with negative 7-AAD staining but positive Annexin V-PE staining were classified as early apoptotic, while those with positive 7-AAD and Annexin V-PE staining were defined as late apoptotic. Different superscript letters indicate significant differences between treatments (P<0.05).
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Fig. 5: The qRT-PCR of mRNA levels in semen after dietary LC supplementation: (A): KEAP-1, (B): NRF-2, (C): Caspase-3, (D): Bcl-2, (E): Bax, (F): Bcl-2/Bax ratio. Different superscript letters indicate significant differences between treatments (P< 0.05).


DISCUSSION

[bookmark: _Hlk210171278]Dietary supplementation is commonly employed in intensive livestock production, particularly when enhanced animal growth and reproductive performance are required (Wu et al., 2020). Inadequate nutrition has the potential to impair fertility and exert adverse effects on production economics (Dong et al., 2016). Thus, incorporating key nutrients that are essential for spermatogenesis into the feed may contribute to the improvement of semen quality. These nutritional interventions are likely to improve the function of the reproductive axis in male rabbits, ultimately resulting in improved reproductive performance (Blagojević et al., 2024). Numerous studies have demonstrated that supplemented diets containing antioxidants, trace elements, omega-3 fatty acids, and other bioactive compounds can positively influence buck semen quality, including sperm motility, viability, and DNA integrity (Díaz-Cano et al., 2021; El-Ratel et al., 2021; Dhaigude et al., 2025). In the present study, LC300 supplementation exerted significant beneficial effects, not only increasing semen volume, sperm concentration, improving total and progressive sperm motility but also improving sperm kinematic parameters such as VCL, VAP, BCF, ALH, STR, and LIN.
Overproduction of ROS, triggered by physiological or environmental factors, impairs male fertility by causing oxidative stress, sperm DNA damage, and membrane dysfunction, ultimately compromising reproductive performance (Martin-Hidalgo et al., 2019). To address the imbalance between natural defense systems of the body and ROS and improve fertility, antioxidants play a key role in restoring balance and reducing oxidative damage (Cilio et al., 2022). Commonly used antioxidants are divided into enzymatic (such as SOD, GSH-Px and CAT, which catalyzes the dismutation of superoxide radicals) and non-enzymatic, such as Vitamin C, Vitamin E, which are endogenous or dietary free radical scavengers (Cilio et al., 2022). L-carnitine (LC) is a powerful free radical scavenger and can regulate mitochondrial β-oxidation, thereby reduce ROS production and enhances endogenous antioxidant defenses of the body in mammals (Vaz et al., 2002; Neuman et al., 2002) It is mainly sourced 75% from diet (such as meat, milk, fish) and 25% from endogenous synthesis in the liver and kidneys using amino acids. Studies indicate that stress, vegetarian diets, or excessive exercise may reduce LC synthesis, potentially causing muscle weakness, metabolic disorders, and reproductive dysfunction (Karlic and Lohninger, 2004; Pekala et al., 2011). The content of free LC in seminal plasma is positively correlated with sperm count and motility (Jeulin and Lewin, 1996). In the present study, the activity of antioxidant enzymes in seminal plasma and sperm increased to varying degrees in all LC treatment groups, while ROS levels decreased significantly. The effect was most obvious in the 300mg/kg LC group, where the activities of SOD, CAT, and GSH-Px increased significantly compared to LC0 group (P<0.05), indicating enhanced enzymatic antioxidant capacity. In addition, in each LC treatment group, the increase in antioxidant enzyme activity and the decrease in ROS were closely associated with varying degrees of improvement in semen quality parameters, confirming a link between LC supplementation, redox regulation, and improved reproductive performance. 
NRF-2 serves as a master regulator of endogenous antioxidant responses, orchestrating a gene network essential for maintaining cellular redox homeostasis (Signorini et al., 2024). Under oxidative stress, NRF-2 dissociates from its cytoplasmic repressor KEAP-1, translocates to the nucleus, and binds antioxidant response elements (AREs). This activates downstream cytoprotective genes, including heme oxygenase-1 (HO-1), enhancing ROS scavenging capacity and mitigating oxidative damage (Kensler et al., 2007). Critically, reduced NRF-2 expression in sperm from oligospermic patients underscores its pivotal role in spermatogenesis and male fertility (Han et al., 2022; Ghareghomi et al., 2022). LC counteracts oxidative stress partly through NRF-2 interaction (Aydos et al., 2021). By activating this pathway, LC upregulates genes involved in ROS elimination, improving spermatogenesis, sperm motility, and DNA repair, thereby supporting male reproductive function (Cao et al., 2015; Han et al., 2022). Supporting this mechanism, it has been demonstrated that LC treatment elevates NRF-2, HO-1, and γ-glutamyl cysteine synthetase (γ-GCS) while suppressing KEAP-1 expression in retinal cells, indicating that LC modulates the KEAP-1-NRF-2 axis to improve antioxidant defenses (Cao et al., 2015; Aydos et al., 2021). Consistent with this, our study found LC300 supplementation significantly upregulated both NRF-2 and KEAP-1 mRNA expression in sperm. It appears that sustained NRF-2 activation under LC300 may induce compensatory KEAP-1 upregulation via feedback mechanisms involving other transcription factors, ultimately maintaining redox homeostasis (Wakabayashi et al., 2010).
While physiological ROS levels are essential for sperm capacitation and fertilization, excessive ROS generation overwhelms antioxidant defenses, leading to LPO and membrane damage (Wright et al., 2014). This process impairs the functional integrity and fluidity of the sperm plasma membrane, which is rich in polyunsaturated fatty acids (PUFAs), and generates toxic byproducts like MDA and 4-hydroxynonenal (4-HNE) that further degrade sperm quality (Gomez et al., 1998; Hosen et al., 2015). LC mitigates oxidative imbalance by transporting long-chain fatty acids into mitochondria (Vaz et al., 2002), reducing LPO substrates and enhancing antioxidant capacity (Neuman et al., 2002), consistent with its role in male fertility (Hafezi et al., 2022. In this study, supplementation with LC at 150 or 300mg/kg to commercial rabbit diet improved the integrity of both the sperm plasma membrane and acrosome. Furthermore, during liquid storage or cryopreservation of human (Ghorbani et al., 2021), boar (Li et al., 2022) and rabbit sperm (Abdelatty et al., 2022), LC exhibited excellent protective effects on the integrity of the sperm plasma membrane and acrosome. It enhances sperm motility and viability through multiple mechanisms, including mitigating plasma membrane lipid peroxidation by inhibiting ROS production, chelating iron ions critical for hydroxyl radical formation, and scavenging free radicals, as well as eliminating toxic metabolites by binding to acyl residues from amino acid intermediary metabolism (Virmani and Cirulli, 2022). It also stabilizes membrane structures via interactions between its tri-methylamino and carboxylic groups and the polar heads of membrane phospholipids, glycolipids, and proteins, potentially through effects on phospholipid acetylation and its amphiphilic properties that enable charge-based interactions with the cell membrane surface (Virmani and Binienda, 2004). Collectively, these actions preserve cellular homeostasis, prevent toxic metabolite accumulation, and support the structural and functional integrity of sperm membranes.
Mitochondria serve as indispensable organelles central to ROS generation, energy metabolism, and cellular apoptosis (Mazat et al., 2020). However, excessive ROS induce mitochondrial damage by targeting PUFAs in mitochondrial membranes, thereby disrupting membrane permeability, reducing MMP, and impairing the electron transport chain and ATP synthesis (Li et al., 2021). Concurrently, ROS trigger the release of cytochrome C into the cytoplasm, initiating apoptotic cascades and overwhelming antioxidant defenses (Hosen et al., 2015; Virmani and Cirulli, 2022). Collectively, these mechanisms destabilize bioenergetic balance, promote sperm apoptosis, and compromise cellular homeostasis, with significant implications for sperm function and fertility (Treulen et al., 2015). LC counteracts these detrimental effects through multifaceted mechanisms. It potently safeguards sperm mitochondria against electron transport chain-derived ROS by scavenging free radicals, chelating iron ions, and upregulating mitochondrial antioxidants such as SOD, GSH, CAT, and GSH-Px (Elokil et al., 2019; Alharthi et al., 2020). Additionally, LC preserves the structural and genetic integrity of sperm mitochondria by stabilizing membrane architecture and protecting DNA, thereby modulating apoptotic signaling pathways in sperm cells (Modanloo and Shokrzadeh, 2019). The protective role of LC in mitochondrial function was validated in this study through multiple lines of evidence. Results from MMP assays, sperm apoptosis rate analyses, and mRNA expression profiling of apoptosis-related genes demonstrated enhanced mitochondrial stability, reduced cell death, and molecular-level confirmation of regulatory effects of LC on apoptotic cascades. Collectively, these findings directly and indirectly corroborate the mitochondrial protective efficacy of LC, underscoring its potential in preserving sperm quality and fertility.

Conclusions: Dietary LC300 supplementation enhances semen quality in Fujian Yellow male rabbits by improving fresh semen parameters, elevating antioxidant capacity in seminal plasma and sperm, preserving sperm membrane integrity, modulating mitochondrial function and apoptosis. Moreover, dietary LC300 supplementation also activates the NRF-2 pathway, improving the cryopreservation resilience. Therefore, LC demonstrates efficacy in mitigating oxidative damage and supporting reproductive function for commercial rabbit production.
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