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A B S T R A C T

Coprophagy is an innate behavior of rabbits, and rabbit meat is favored by consumers for its distinctive nutri
tional characteristics. However, the relationship between coprophagy and meat quality in rabbits remains un
clear. Therefore, this study investigated the effects of coprophagy prevention on growth performance and meat 
quality using a coprophagy-prevention model. The results showed that coprophagy prevention reduced growth 
performance and several meat quality parameters while increasing muscle fiber density. In addition, coprophagy 
prevention altered the nutritional composition of skeletal muscle by reducing unsaturated fatty acids (UFAs) and 
essential amino acids (EAAs), while increasing total lipid content and the proportion of saturated fatty acids 
(SFAs). Tandem mass tag (TMT)-based quantitative proteomic analysis identified 267 differentially expressed 
proteins (DEPs) in skeletal muscle following coprophagy prevention, which were mainly enriched in pathways 
related to muscle development, energy metabolism, fatty acid transport, and lipid metabolism. Further analyses 
suggested that alterations in lipid deposition and fatty acid composition may be associated with changes in 
mitochondrial oxidative phosphorylation and ATP production; however, these mechanistic relationships require 
further validation. Although several cognition-related pathways and reduced serum dopamine (DA) and 5-hy
droxytryptamine (5-HT) levels were observed, the functional significance of these findings remains unclear 
due to the lack of behavioural assessments. Overall, the present study suggests that coprophagy prevention is 
associated with impaired growth performance and altered meat quality in rabbits. These findings provide pre
liminary insights into the potential metabolic changes associated with coprophagy prevention and highlight the 
biological importance of coprophagy in rabbit production.

1. Introduction

In recent years, rabbit meat has attracted increasing consumer in
terest due to its desirable sensory qualities and favorable nutritional 
profile. It is characterized by a high content of polyunsaturated fatty 
acids (PUFAs), high-quality protein, and essential amino acids (EAAs), 
while containing relatively low levels of fat and cholesterol, making it an 
excellent source of animal protein (Li et al., 2018). However, over the 
long course of natural selection and evolution, rabbits have developed 
and maintained the behavior of ingesting soft feces as an adaptation to 
adverse living conditions (Soave & Brand, 1991; Thacker & Brandt, 
1955). Due to their digestive physiology and limited food availability, 
many small herbivores, including rabbits, have expanded the size of 

their foregut or hindgut regions to facilitate the fermentation of indi
gestible dietary fibers and engaged in coprophagy to meet their nutri
tional requirements (Ebino, 1993).

Studies have shown that coprophagy enables rabbits to reabsorb 
nutrients, including EAAs, short-chain fatty acids (SCFAs), and trace 
elements, and to replenish cecal microbiota, thereby maintaining gut 
microbial homeostasis (Bo et al., 2020; Combes et al., 2014; Hu et al., 
2021; Savage, 1986). Notably, butyrate can enhance the integrity of 
the mucus layer and improve intestinal barrier function by upregulating 
MUC2 expression and promoting the differentiation and secretion of 
goblet cells (Burger-van Paassen et al., 2009; Hays et al., 2024). A 
healthy intestinal barrier facilitates the absorption of nutrients, elec
trolytes, and water, while effectively preventing the transepithelial 
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transport of toxins and antigens (Stoeva et al., 2021). Therefore, SCFAs 
play a crucial regulatory role in maintaining intestinal health as well as 
the normal growth and development of livestock. Furthermore, accu
mulating evidence indicates that both dietary amino acids and intestinal 
microbiota play important roles in regulating meat quality, including its 
nutritional value and sensory attributes (Koyun et al., 2022; Liao et al., 
2025). In our recent studies, we established a coprophagy-prevention 
model in rabbits using collars to inhibit the behavior. The results 
showed that preventing coprophagy altered gut microbiota composition, 
reduced short-chain fatty acid levels in cecal contents, and affected 
hepatic lipid metabolism (Li, Feng, & He, 2020; Wang et al., 2019; Wang 
et al., 2023).

Based on these findings, we hypothesize that preventing coprophagy 
may inhibit the reabsorption of EEAs and SCFAs, thereby affecting 
growth performance and meat quality in rabbits. Therefore, this study 
aimed to investigate the effects of coprophagy prevention on meat 
quality and nutritional composition using an established coprophagy- 
prevention model, and to identify key protein pathways and potential 
regulatory mechanisms associated with this behavior through proteomic 
profiling. Collectively, this study provides a theoretical foundation for 
elucidating the potential mechanisms by which coprophagy influences 
meat quality.

2. Materials and methods

2.1. Animal ethics

All procedures involving rabbits in this study was designed and 
performed in strict accordance with the guidelines of the Institutional 
Animal Care and Use Committee of College of Animal Science and 
Technology of Henan Agricultural University, China (No: 11–0085).

2.2. Animals

Eighteen healthy male New Zealand white rabbits, 46 days old, with 
similar body weight (1.79 ± 0.21 kg, mean ± SD) were provided by 
Mengfei Rabbit Breeding Co., Ltd. (Zhengzhou, China). After being 
assigned to groups, the rabbits were housed individually in a wire cage 
(50 × 40 × 40 cm3). During the experiments, rabbits were housed in 
animal rooms at 24 ± 1 ◦C, with a photoperiod of 16Light: 8Dark. 
Rabbits had ad libitum access to water and granular diets. The compo
sition and nutritional components of the diets are shown in Table S1. 
The pretrial and experimental periods were 7 and 42 days, respectively.

2.3. Animal treatment and sampling

Rabbits were assigned into three groups (n = 6): the control group 
(CON), the sham-coprophagy prevention group (SCP), and the 
coprophagy prevention group (CP). As shown in Fig. 1A, rabbits in the 
CON group were fed normally without a collar, rabbits in the sham- 
coprophagy prevention group were fitted with a narrow collar (5.0 cm 
in width) that did not prevent them from coprophagy, and rabbits in the 
coprophagy prevention group were fitted with an 8.5 cm width collar 
that prevented them from eating their own soft feces. Feed intake was 
recorded daily, and body weight (BW) was measured once a week. After 
the experimental period, rabbits were deprived of food and water for 24 
h before slaughter. Subsequently, rabbits were euthanized under deep 
anesthesia with an overdose of isoflurane (Abbott, Chicago, IL, USA), 
followed by exsanguination via the carotid artery to collect tissue 
samples. Slaughter order followed a fixed cyclic sequence 
(CON–SCP–CP; two animals per group per cycle) rather than full ran
domisation. While this ensured temporal interspersion of treatments, it 
does not eliminate potential systematic order effects associated with 
processing time. The leg muscles of rabbits were collected for meat 
performance detection and tandem mass tag (TMT) proteomic analysis.

2.4. pH and meat color of the rabbit hind leg muscle

The pH of the biceps femoris was measured 45 min and 24 h after 
slaughter (six biological replicates, n = 6). After slaughter, the biceps 
femoris was stored at 4 ◦C for 24 h. The measurement was carried out by 
directly inserting the electrode of a pH meter (Testo206-Ph3, Testo SE & 
Co. KGaA, Lenzkirch, Germany). The pH meter was calibrated with pH 
4.00 and 6.86 buffers at 25 ◦C (ambient temperature). The electrode was 
inserted sufficiently into the sample to ensure stable measurement. Each 
sample was tested three times, and the final result was calculated as the 
average.

The biceps femoris samples (six biological replicates, n = 6) were 
allowed to bloom at ambient temperature (25 ◦C) for 45 min. The color 
of the meat was recorded 45 min and 24 h after slaughter using a 
colorimeter (Opto-Star, Matthäus GmbH, Eckelsheim, Germany) based 
on the CIE LAB trichromatic system, which includes L* (lightness), a* 
(redness), and b* (yellowness). Before measurement, the colorimeter 
was calibrated with an illuminant of D65, an observer angle of 10◦, and 
an aperture size of 5.0 mm. The average color values were obtained by 
measuring the same muscle sample three times at three different 
locations.

2.5. Measurement of cooking loss percentage

Cooking loss was measured in accordance with a previous study 
(Kokoszyński et al., 2019). Biceps femoris samples (six biological rep
licates, n = 6) were cut parallel to the muscle fiber direction into pieces 
measuring approximately 4 cm × 2 cm × 1 cm and weighed precisely 
(8.5 ± 0.5 g). Each sample was placed in a resealable plastic bag and 
heated in a water bath at 85 ◦C until the internal temperature reached 
70 ◦C. The liquid released during heating was then discarded, the bag 
was resealed, and the sample was rinsed under running water to cool. 
After cooling, the surface moisture was gently removed with a paper 
towel, and the sample was weighed again. Cooking loss was calculated 
as the difference between the weights of the raw and heat-treated 
samples and expressed as a percentage of the initial weight. All sam
ples were processed in a single cooking batch.

2.6. Measurement of drip loss percentage

Biceps femoris samples (six biological replicates, n = 6) were trim
med into a particular shape (4 cm × 2 cm × 1 cm) and weighed accu
rately (8.5 ± 0.5 g). Then, the samples were suspended in a plastic box. 
After being stored at 4 ◦C for 24 h, the samples were dried with filter 
paper and weighed again. The drip loss was calculated as the difference 
between the weights before and after chilling and presented as a per
centage of the initial weight.

2.7. Measurement of shear force

Biceps femoris samples (six biological replicates, n = 6) were pre
pared and cooked as previously described by Hopkins and Thompson 
(Hopkins & Thompson, 2001). Cut three samples with a cross-sectional 
area of 1 cm2 along the direction of the muscle fibers for testing. Shear 
force was measured by a meat tenderness tester (C-LM3B, TENOVO, 
Beijing, China). The peak force was recorded as the shear force when 
cutting the rabbit leg samples. The mean value obtained from three 
repeated measurements was used as the muscle shear force value for 
each individual.

2.8. Chemical composition of the rabbit hind-leg muscle

The contents of moisture and ash in the biceps femoris of rabbits 
were measured in accordance with a previous study (Jin et al., 2021). 
Briefly, muscle samples (six biological replicates, n = 6; 20 ± 0.1 g each) 
were placed into a weighing bottle and dried to a constant weight in an 
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Fig. 1. Effects of CP on growth performance in rabbits. (A) Schematic diagram showing the study design. The daily food intake (B), final body weight (C), serum 
ghrelin level (D), average daily gain (ADG) (E) and feed conversion ratio (FCR) (F) of the CON, SCP and CP groups. Hematoxylin and eosin staining and quantitative 
index of muscle fiber (G) and oil red O staining of lipid droplet secretion and accumulation (H) in rabbit hind-leg muscle (scale bar = 50 μm). CON = control, SCP =
sham-coprophagy prevention, CP = coprophagy prevention; n = 6. Values are presented as mean ± SEM. The asterisks symbol indicates significant differences 
(*0.01 < p ≤ 0.05, **0.001 < p ≤ 0.01, ***p ≤ 0.001). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)
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oven maintained at 105 ◦C to obtain total solids. The total protein and 
triglyceride contents were measured by using the total protein (A045–2- 
2, Jiancheng, Nanjing, China) and triglyceride assay kits (A110–1-1, 
Jiancheng, Nanjing, China), respectively.

2.9. Determination of fatty acid and amino acid contents

The composition and content of fatty acids (six biological replicates, 
n = 6) of rabbit hind-leg muscle were measured according to the pre
vious study (Souza Vilela et al., 2021). Briefly, meat samples (0.2 g) 
were ground with liquid nitrogen and transferred into 15 mL centrifuge 
tubes, 2.0 mL of triglyceride undecanoate solution (dissolved in meth
anol) was added as an internal standard (0.02 mg/mL), followed by the 
addition of 2 mL concentrated sulfuric acid/methanol solution (5%) and 
10 μL BHT methanol solution (4 mg/mL), then the tubes were mixed 
with a vortex mixer for 1 min. Then the tubes were kept at 90 ◦C for 30 
min, and cooled to room temperature. 2 mL normal hexane and 2 mL 
saturated sodium chloride solution were added to the mixture and mixed 
for 1 min. After standing for 15 min, the supernatant was collected and 
subjected to fatty acid composition analysis by using gas chromatog
raphy (Agilent 6890 N, Agilent Technologies, Santa Clara, CA, USA). 
The capillary column was 30 m × 0.25 mm, with a film thickness of 0.25 
μm. (SGE Analytical Science, Ringwood, Victoria, Australia). The inlet 
temperature was 270 ◦C, it's pressure was 107.8 kPa, nitrogen was used 
as the carrier gas, the split ratio was 100:1, and the injection volume was 
1.0 μL. The initial oven temperature was set to 100 ◦C and held for 13 
min; increased at 10 ◦C per min to 180 ◦C, held for 6 min; increased at 
1.0 ◦C per min to 200 ◦C, held for 20 min; then increased at 4 ◦C per min 
up to 230 ◦C where this temperature was maintained for 10.5 min. FID 
temperature was 280 ◦C with instrument air at 350 mL per min, and 
nitrogen make-up gas at 30 mL per min. Prior to sample analysis, the 
chromatographic peaks in the mixed fatty acid methyl ester standard 
solution were identified. The samples were then analyzed, and quanti
fication was performed based on the peak areas.

Amino acid (six biological replicates, n = 6) composition and content 
of rabbit hind leg muscle were measured with the L-8900 automatic 
amino acid analyzer (HITACHI, Tokyo, Japan) as described by Huo et al. 
(2021). In short, 1.0 g muscle sample was ground into mud and then 
moved into the glass bottle, followed by addition of 10 mL HCl (6 mol/ 
L). Following filling with nitrogen, the mixture was hydrolyzed at 110 ◦C 
for 24 h. Ultimately, the hydrolysate was transferred into a 50 mL 
volumetric flask and diluted with ultrapure water in a calibrated tube. 
The solution was filtered into the autosampler vial using a 0.22 μm 
membrane filter. Inject equal volumes of the mixed amino acid standard 
working solution (100 nmol/mL) and the sample solution into the amino 
acid analyzer, and determine the concentration of amino acids in the 
sample solution by calculating the peak area using the external standard 
method.

2.10. Histological staining

The hematoxylin and eosin (HE) staining of the hind leg muscle was 
performed in accordance with a previously reported method (Zhu et al., 
2017) by the Servicebio Co., Ltd. (Wuhan, China). Visualization was 
carried out using an optical microscope (Eclipse Ci-L, Nikon, Tokyo, 
Japan). The biceps femoris (six biological replicates, n = 6) was fixed 
with paraformaldehyde, embedded in paraffin, and then cut into 5 μm 
sections. Oil Red O staining was performed on these sections under a 
Nikon optical microscope (Eclipse E100, Nikon, Tokyo, Japan) to mea
sure the accumulation of lipid droplets. Use grid sampling to select fields 
of view for each slice; select four fields of view from each slice and 
calculate the average as the final result. The Image-Pro Plus 6.0 software 
(Media Cybernetics, Houston, TX, USA) was used for analysis.

2.11. Protein extraction, digestion, and TMT labeling

Based on the criterion of proximity to the group mean, four repre
sentative samples were selected from each group for proteomic analysis. 
All meat samples were homogenized in lysis buffer (4% SDS, 1 mM DTT, 
150 mM Tris-HCl pH 8.0, protease inhibitor). After protein extraction, 
the bicinchoninic acid (BCA) protein assay reagent (P0010S, Beyotime, 
Shanghai, China) was used to determine the protein content. Then, the 
samples were stored at − 80 ◦C until use. Protein digestion was per
formed in accordance with the FASP procedure described by Wísniewski 
et al. (2009); the resulting peptide mixture was labeled using the 
TMTpro™ 16plex Label Reagent Set (Thermo Fisher Scientific, Wal
tham, MA, USA) according to the manufacturer's instructions (Applied 
Biosystems). For labeling, each TMT reagent was dissolved in 70 μL 
ethanol, and then added to the peptide mixture. Samples were labeled as 
(CON)-126, 127 N, 127C, 128 N, (CP)-128C, 131 N, 131C, 132 N, (SCP)- 
132C, 133 N, 133C, and 134, multiplexed, and vacuum-dried.

2.12. Peptide fractionation with strong cation exchange (SCX) 
chromatography

TMT-labeled peptides were fractionated by SCX chromatography 
using the AKTA Purifier system (GE Healthcare Life Sciences, Marl
borough, MA, USA). The dried peptide mixture was reconstituted and 
acidified with 2 mL buffer A (10 mM KH2PO4 in 25% ACN, pH 3.0). 
Then, it was loaded onto the PolySULFOETHYL 4.6 × 100 mm column 
(5 μm, 200 Å, PolyLC Inc., Columbia, MD, USA). The elution process and 
fraction collection were carried out according to the previous study 
(Zhao et al., 2015). The liquid chromatography gradient program was 
set as follows: solvent B (10 mM KH2PO4 and 500 mM KCl in 25%ACN, 
pH 3.0) was linearly increased from 0% to 10% over 0–25 min, from 
10% to 20% over 25–32 min, from 20% to 45% over 32–42 min, and 
from 45% to 100% over 42–47 min. Solvent B was then maintained at 
100% from 47 to 60 min. After 60 min, solvent B was returned to 0% for 
column re-equilibration. Elution was monitored by measuring absor
bance at 214 nm, and fractions were collected at 1-min intervals. The 
collected fractions were lyophilized and subsequently desalted using C18 
cartridges. All samples were stored at − 80 ◦C until LC-MS/MS analysis.

2.13. Liquid chromatography (LC)–electrospray ionization (ESI) tandem 
MS (MS/MS) analysis by fusion orbitrap

The specific assay method and procedure are the same as those in a 
previous study (Zhou et al., 2018). Each fractionated sample was sepa
rated using a nano-flow HPLC system (Easy-nLC, Thermo Fisher Scien
tific, Waltham, MA, USA). The mobile phases consisted of solvent A 
(0.1% formic acid in water) and solvent B (0.1% formic acid in aceto
nitrile–water, containing 84% acetonitrile). The analytical column was 
equilibrated with 95% solvent A prior to sample loading. Samples were 
injected by an autosampler onto a trap column (Thermo Scientific EASY 
Column, 100 μm × 2 cm, 5 μm, C18), and subsequently separated on an 
analytical column (Thermo Scientific EASY Column, 75 μm × 10 cm, 3 
μm, C18) at a flow rate of 250 nL/min. The gradient program was as 
follows: solvent B was increased linearly from 0% to 35% over 0–50 min, 
from 35% to 100% over 50–58 min, and then maintained at 100% from 
58 to 60 min.

After chromatographic separation, the samples were analyzed using 
a Thermo Scientific Q Exactive mass spectrometer. The total analysis 
time was 60 min. Data were acquired in positive ion mode with a full MS 
scan range of m/z 300–1800. The resolution for MS1 was set to 70,000 at 
m/z 200. The automatic gain control (AGC) target was 3 × 106, and the 
maximum injection time (Maximum IT) was 10 ms. The dynamic 
exclusion duration was set to 40.0 s. Peptide precursors and their frag
ment ions were acquired using a data-dependent acquisition (DDA) 
method. After each full scan (MS1), the top 10 most intense precursor 
ions were selected for MS/MS (MS2) analysis. The MS2 activation type 
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was higher-energy collisional dissociation (HCD), with an isolation 
window of 2 m/z. The MS2 resolution was set to 17,500 at m/z 200. The 
normalized collision energy (NCE) was 30 eV, and the underfill ratio was 
0.1%.

2.14. Sequence database searching and data analysis

The MASCOT engine 2.2 (Matrix Science, London, UK) embedded 
into the Proteome Discoverer 1.4 Thermo Electron, San Jose, CA, USA 
was used to search the MS/MS spectra against the UniProt Oryctolagus 
cuniculus database (43,512 sequences, downloaded on November 11, 
2021) and decoy databases. For protein identification, the following 
options were: peptide mass tolerance = 20 ppm; MS/MS tolerance = 0.1 
Da; enzyme = trypsin; missed cleavage = 2; fixed modification: Carba
midomethyl (C), TMT16 (K), and TMT16 (N-term); variable modifica
tion: Oxidation (M). A decoy database strategy was applied for false 
discovery rate (FDR) estimation, and proteins were identified using an 
FDR threshold of ≤0.01. The protein ratios are calculated as the median 
of only unique peptides of the protein.

2.15. Bioinformatics analysis

Differentially expressed proteins were identified using the criteria of 
a fold change greater than 1.2-fold (an increase of more than 1.2-fold or 
a decrease of less than 0.83-fold) and a p-value of less than 0.05; the 
results are presented in a volcano plot. The hierarchical clustering al
gorithm performs cluster analysis on differentially expressed proteins 
from the comparison groups and presents the data in the form of a 
heatmap. The Gene Ontology (GO) program Blast 2 GO (https://www. 
blast2go.com/) and the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) (http://www.genome.jp/kaas-bin/kaas_main) were used to 
annotate the differentially expressed proteins (DEPs) and bioinformatics 
analysis. GO was used to create histograms of GO annotations, including 
cell component, biological process, and molecular function. KEGG was 
used for pathway analysis.

Principal component analysis (PCA) was performed by linearly 
combining of protein expression data, extracting the constituent prin
cipal components, and visualizing the data in the form of score plots. In 
this study, the original data was imported into R language, where the 
ropls package was used for PCA analysis. Then, the data was normalized 
to UV, and the ggplot2 package was used for visualization. Protein–
protein interaction (PPI) networks were constructed using the publicly 
available program STRING (http://string-db.org/), with the minimum 
required interaction score set at 0.400. The STRING is a database of 
known and predicted PPIs. PPIs included direct (physical) and indirect 
(functional) associations and were derived from four sources, i.e., 
genomic context, high-throughput experiments, coexpression, and pre
vious knowledge.

2.16. Enzyme-linked immunosorbent assay (ELISA)

ELISA kits were used to measure the levels of ghrelin, dopamine (DA) 
(MM-82511O2, Meimian, Jiangsu, China), and 5-hydroxytryptamine (5- 
HT) (MM-37203O2, Meimian, Jiangsu, China) in the serum and the 
contents of lecithin, adenosine triphosphate (ATP) (MM-36796O2, 
Meimian, Jiangsu, China), ATP synthase (ATPase) (MM-82714O2, 
Meimian, Jiangsu, China), nicotinamide adenine dinucleotide (NADH) 
(MM-82717O2, Meimian, Jiangsu, China), cytochrome C (CytC) (MM- 
82719O2, Meimian, Jiangsu, China), CytC oxidase (COX) (MM- 
82725O2, Meimian, Jiangsu, China), and CytC reductase (CCR) (MM- 
82723O2, Meimian, Jiangsu, China) reductase in the hind leg muscle. 
The experimental procedures were conducted strictly in accordance 
with the protocol, with six biological replicates per group and three 
technical replicates per biological replicate.

2.17. Western blotting

Total protein of muscle samples was extracted with RIPA Lysis buffer 
(P0013B, Beyotime, Shanghai, China). Protein concentration was 
determined using a BCA kit (P0010S, Beyotime, Shanghai, China). 
Western blot was performed by using an appropriate dilution of the 
primary and secondary antibodies listed in Table S2. Glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) (Bioworld, Bloomington, MN, USA) 
was used as an internal control. The procedure is as follows: Equal 
amounts of protein (30 μg per sample) were separated by SDS-PAGE on 
an 8–12% polyacrylamide gel and then transferred to a PVDF mem
brane. After washing and blocking the PVDF membrane, it was incu
bated overnight at 4 ◦C with the primary antibody. After overnight 
incubation, the PVDF membrane was washed and incubated with the 
secondary antibody for 1 h at room temperature. Finally, the Chem
iluminescence Imaging system (Monad, Wuhan, China) was used to scan 
the polyvinylidene fluoride (PVDF) membranes. The relative expression 
of the target protein was normalized by GAPDH. The same set of four 
biological replicates used for TMT proteomics analysis was also used for 
Western blot validation, with two technical replicates performed. All 
values were presented as mean ± SEM.

2.18. Statistical analysis

Imported data into the cloud platform (https://www.genescloud.cn/ 
chart/chartOverview) for Spearman correlation analysis (|r| > 0.6, p <
0.05). Statistical analysis was performed using the SPSS 27.0 software. 
The Image-Pro Plus 6.0 software was used for the quantitative analysis 
of images. The GraphPad Prism 8.0 software was used for mapping. 
Results were presented as mean ± SEM. Prior to statistical analysis, the 
assumptions of normality and homogeneity of variance were assessed 
using the Shapiro–Wilk test and F test, respectively. When the data 
satisfied the assumptions of normal distribution and equal variances, 
differences among multiple groups were analyzed using one-way anal
ysis of variance (ANOVA). When a significant main effect was detected, 
post hoc multiple comparisons were performed using Tukey's multiple 
comparison test. A value of p < 0.05 was considered statistically sig
nificant. An independent samples t-test was used to identify differen
tially expressed proteins between the two groups. Fisher's exact test was 
performed for GO functional enrichment analysis, and a p < 0.05 was 
considered statistically significant.

3. Results

3.1. Growth performance evaluation of rabbits

As shown in Fig. 1A, an experiment was designed to measure the 
effects of coprophagy prevention on the growth performance of New 
Zealand white rabbits. The daily feed intake of each rabbit was recorded 
during the whole experimental period. Our results indicated no differ
ence in food intake among the three groups (Fig. 1B). Compared with the 
CON and sham-coprophagy prevention groups, the final body weight of 
rabbits in the coprophagy prevention group was significantly decreased 
(Fig. 1C, p < 0.05). The higher levels of ghrelin in the rabbits of the 
coprophagy prevention group suggested a higher appetite (Fig. 1D). 
However, the average daily gain of rabbits in the coprophagy prevention 
group was significantly lower than that in the other two groups (Fig. 1E, 
p < 0.05). As a result, the FCR was significantly increased by coprophagy 
prevention (Fig. 1F, p < 0.01). Furthermore, histological staining results 
indicated that the density of muscle fiber was increased by the 
coprophagy prevention treatment (Fig. 1G), and oil red O staining re
sults showed that lipid droplet accumulation in the rabbit meat of the 
coprophagy prevention group increased significantly (Fig. 1H, p <
0.001). Together, these results indicated that coprophagy prevention 
treatment affected the growth performance and muscle morphology in 
rabbits.
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3.2. 3.2 Meat quality evaluation of rabbits

The meat quality-related parameters of rabbits were evaluated after 
treatment with coprophagy prevention (Fig. 2). Meat color and pH 
values at 45 min and 24 h after slaughter were measured. Significant 
differences in meat color (i.e., a* and b* values) and pH at 45 min after 
slaughter among three groups were observed (Fig. 2A). a* of the The 
meat quality-related parameters of rabbits were evaluated after treat
ment with coprophagy prevention group remained significantly higher 
than the other two groups after 24 h (Fig. 2B, p < 0.05). Although 
cooking loss was not affected by The meat quality-related parameters of 
rabbits were evaluated after treatment with coprophagy prevention 

treatment (Fig. 2C, p > 0.05), the drip loss of the The meat quality- 
related parameters of rabbits were evaluated after treatment with 
coprophagy prevention group was significantly higher than that of the 
CON group (Fig. 2D, p < 0.05), and the coarse ash content of the The 
meat quality-related parameters of rabbits were evaluated after treat
ment with coprophagy prevention group was significantly lower than 
those of the CON and sham-coprophagy prevention groups (Fig. 2E, p <
0.05). Consistent with the Oil red O staining results of rabbit meat shown 
in Fig. 1H, the triglyceride content in the coprophagy prevention group 
increased significantly (Fig. 2F, p < 0.05). The shear force was also 
reduced by coprophagy prevention treatment (Fig. S1).

The fatty acid composition and content of rabbit meat were listed in 

Fig. 2. Effects of CP on meat quality of rabbits. The color [lightness (L*), redness (a*), and yellowness (b*)] and pH value at 45 min (A) and 24 h (B). The cooking loss 
(C), drip loss (D), coarse ash (E), triglyceride content (F), butyric acid content (G), palmitic acid content (H), fatty acid content (I) and amino acid content (J) of rabbit 
meat. SFA = saturated fatty acid, USFA = unsaturated fatty acid, TFA = total fatty acid, EAA = essential amino acid, NEAA = nonessential amino acid, TAA = total 
amino acid. CON = control, SCP = sham-coprophagy prevention, CP = coprophagy prevention; n = 6. Values are presented as mean ± SEM. The asterisks symbol 
indicates significant differences (*0.01 < p ≤ 0.05, **0.001 < p ≤ 0.01).
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Table S3. Compared with the CON and sham-coprophagy prevention 
groups, the contents of butyric acid (Fig. 2G) and palmitic acid (PA, 
Fig. 2H) in the hind leg muscle of the coprophagy prevention group 
increased significantly (p < 0.05). Coprophagy prevention treatment 
caused a drastic increase in the content of saturated fatty acids (SFAs) 
and a significant decrease in the content of unsaturated fatty acids 
(USFAs; Fig. 2I, p < 0.05). The content and composition of amino acids 
were listed in Table S4. Our results suggested that coprophagy preven
tion treatment resulted in a remarkable decrease of EAAs while increase 
the content of nonessential amino acids (NEAAs; Fig. 2J, p < 0.05). In 
addition, the content of lecithin in rabbit meat increased under 
coprophagy prevention treatment (Fig. S2). Collectively, these results 
suggested that coprophagy prevention treatment had a negative influ
ence on the meat quality of rabbits.

3.3. TMT quantitative proteomic analysis

TMT proteomics was performed to undertake an in-depth investi
gation and reveal the molecular mechanism of coprophagy prevention 
on meat quality and composition in rabbits. The heat map (Fig. 3A) 
showed a good overlap among muscle samples of three different treat
ments, PCA map (Fig. 3B) and the number of DEPs (fold change >1.2 or 
< 0.83 and p value <0.05, Fig. 3C) were listed in Fig. 3. In particular, the 
PCA plot revealed a clear separation between the coprophagy preven
tion group and both the CON and sham-coprophagy prevention groups. 

Moreover, the greater dispersion observed within the coprophagy pre
vention group suggests that the effects of coprophagy prevention 
treatment may vary among individuals. As shown in Fig. 3D, the 
Spearman correlation analysis of DEPs with meat quality-related pa
rameters and nutritional compositions was performed. These correla
tions may initially reflect potential associations between DEPs and meat 
quality traits. Our results revealed that the a* (45 min) value was 
positively correlated with myosin-7 (MYH7), NADH: ubiquinone 
oxidoreductase subunit (NDUFAB1), fatty acid binding protein 3 
(FABP3), malate dehydrogenase 1 (MDH1), AB1acetyl-CoA acetyl
transferase 1 (ACAT1), acyl carrier protein, and NAD(P)H quinone de
hydrogenase 1 (NQO1) (r = 0.74, 0.76, 0.81, 0.76, 0.86, and 0.83, 
respectively; p = 0.04, 0.03, 0.01, 0.03, 0.01, and 0.01, respectively). 
However, the a* (45 min) values was negatively correlated with the 
expression of myosin-4 (MYH4), CytC oxidase subunit 7A1 (COX7A1), 
and holocytochrome c-type synthase (HCCS) (r = − 0.76, − 0.98, and −
0.90, respectively; p = 0.03, < 0.01, and < 0.01, respectively). Notably, 
drip loss was positively correlated with MYH7, FABP3, apolipoprotein 
A-I (APOA1), and NQO1 (r = 0.76, 0.81, 0.83, and 0.79, respectively; p 
= 0.03, 0.01, 0.01, and 0.02, respectively). Cooking loss was negatively 
correlated with FABP3, MDH1, ACAT1, and NQO1 (r = − 0.79, − 0.74, 
− 0.86, and − 0.83, respectively; p = 0.02, 0.04, < 0.01, and 0.01, 
respectively). The contents of triglyceride and SFAs (especially butyric 
acid and PA) were positively correlated with MYH7 (r = 0.81 and 0.79, 
respectively; p = 0.01 and 0.02, respectively), FABP3(r = 0.81 and 0.93, 

Fig. 3. TMT proteomics sequencing. (A) Heat map of correlation between samples. (B) Principal component analysis (PCA). (C) Number of DEPs. (D) Spearman 
correlation analysis between the DEPs and meat quality-related parameters and compositions. CON = control, SCP = sham-coprophagy prevention, CP = coprophagy 
prevention; n = 4. The asterisks symbol indicates significant differences (*0.01 < p ≤ 0.05, **0.001 < p ≤ 0.01).
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respectively; p = 0.01 and < 0.01, respectively), and APOA1 (r = 0.86 
and 0.76, respectively; p = 0.01 and 0.03, respectively). Pentadecenoic 
acid (USFA) and Lys (EAA) were positively correlated with COX7A1 (r =
0.71 and 0.88, respectively; p = 0.05 and < 0.01, respectively) and 
HCCS (r = 0.74 and 0.76, respectively; p = 0.04 and 0.02, respectively). 
Moreover, pentadecenoic acid (USFA) and EAAs (i.e., Val and Lys) were 
negatively correlated with MYH7 (r = − 0.86 and − 0.81, respectively; p 
= 0.01 and = 0.01, respectively), FABP3 (r = − 0.90 and − 0.79, 
respectively; p < 0.01 and = 0.02, respectively), APOA1 (r = − 0.81 and 
− 0.76, respectively; p = 0.01 and = 0.03, respectively), MDH1(r =
− 0.76 and − 0.88, respectively; p = 0.03 and < 0.01, respectively), and 
NQO1(r = − 0.79 and − 0.71, respectively; p = 0.02 and 0.05, 
respectively).

Based on the volcano plots (Fig. 4A) and hierarchical cluster analysis 
(Fig. 4B) of DEPs, 267 proteins were differentially abundant between 
CON and coprophagy prevention groups. The coprophagy prevention 
group had 159 up-regulated proteins and 108 down-regulated proteins 
relative to the CON group. Details of DEPs among these three treatments 
are listed in Supplementary File 2. Hierarchical clustering analysis 
indicated good reproducibility and high similarity of protein expression 
profiles among biological replicates within each group (Fig. 4B).

3.4. Bioinformatics analysis of DEPs

GO enrichment and KEGG pathway analyses were performed to 
identify the functional terms of DEPs. A total of 267 proteins were 
categorized by molecular functions, cellular components, and biological 
processes (Fig. 4C). For the molecular functions of DEPs between CON 
and coprophagy prevention groups, binding proteins (such as actin 
filament binding, tubulin binding, potassium ion binding, oxygen 
binding) were mostly enriched, and the phosphatase activity and 
structural constituent of extracellular matrix were also involved. The 
major cellular components affected by coprophagy prevention were 
myofibrils (including Z disc, basement membrane, and myosin complex) 
relative to the CON group. The most significantly enriched biological 
processes were involved in the process of transportation (including 
mitochondrial electron transport, CytC to oxygen, protein import into 
nucleus, and muscle tissue morphogenesis). The biological pathways 
associated with the identified DEPs by using the KEGG pathway analysis 
are shown in Fig. 4D. The most significant pathway terms included 
oxidative phosphorylation, non-alcoholic fatty liver disease, Parkinson's 
disease, muscle contraction, carbon metabolism, and pyruvate meta
bolism signaling pathways. PPI networks were constructed to investi
gate the interactions of these DEPs by coprophagy prevention (Fig. 4E). 
The top cluster was enriched in calcium-, muscle growth-, development-, 
and contraction-related proteins, whereas the second cluster was neu
rocognitive and energy metabolism-related proteins. The third cluster 
was involved in fatty acid transport and lipid metabolism, and this 
cluster was interlinked between the top two clusters.

Furthermore, the analysis results of the sham-coprophagy preven
tion/coprophagy prevention group (Fig. S3 and Fig. S4) were similar to 
the CON/coprophagy prevention group. The most significant pathway 
terms included oxidative phosphorylation, fat digestion and absorption, 
and diabetic cardiomyopathy (Fig. S4B). Based on the combined results 
of the sham-coprophagy prevention/coprophagy prevention and CON/ 
coprophagy prevention comparisons, we suggest that oxidative phos
phorylation may represent a key pathway associated with lipid deposi
tion in the skeletal muscle of the coprophagy prevention group.

3.5. Verification of TMT quantitative proteomics analysis

To validate the reliability of the results obtained TMT quantitative 
proteomics analysis, especially for the metabolic pathways of cognition, 
skeletal muscle energy metabolism, oxidative phosphorylation, and 
lipid metabolism, validation experiments were carried out. Our findings 
indicated that the concentration of serum DA and 5-HT in rabbits of the 

coprophagy prevention group was significantly lower relative to those of 
the CON group (Fig. 5A, p < 0.05). Moreover, compared with those of 
CON and sham-coprophagy prevention groups, oxidative phosphoryla
tion (Fig. 5C) and energy metabolism (Fig. 5B) in the skeletal muscle of 
the coprophagy prevention group were markedly decreased. However, 
the lipid synthesis and accumulation processes were activated in the 
coprophagy prevention group. This is evidenced by the significant in
crease in the expression of key proteins involved in lipid synthesis, such 
as CEBPA, PPARG, and Acrp 30 (Fig. 5D, p < 0.05). In summary, the 
impact of coprophagy prevention treatment on the total lipid content 
and fatty acid profiles was likely attributed to alterations in the oxida
tive phosphorylation and lipid synthesis pathways. A schematic model 
was drawn to summarize our research findings (Fig. 6).

4. Discussion

Studies focusing on the behavior of coprophagy of different species 
including horses (Ralston, 1986), dogs (Hart et al., 2018), voles (Kenagy 
& Hoyt, 1979), and rabbits (Li, Li, et al., 2020), have attracted increasing 
attention in recent years. Coprophagy is closely associated with nutri
tion intake (Savage, 1986), microflora implantation (Hu et al., 2021), 
chemical metabolism (Watarai et al., 2018), neural cognition (Bo et al., 
2020), and other metabolic pathways. Regarding coprophagy in rodents 
(such as mice, voles, etc.), previous research has primarily focused on 
aspects such as energy metabolism, digestion and absorption, as well as 
gut microbiota (Cranford & Johnson, 1989; Ohta et al., 1996; Sha et al., 
2023; Sukemori et al., 2003). Many rodents, along with rabbits, are 
typical laboratory and model animals. However, distinct from rodents, 
rabbits also possess unique economic attributes, with their fur and 
carcass holding significant economic value. Based on unique economic 
characteristics of rabbits, this study selected New Zealand white rabbits 
to investigate the effects of coprophagy prevention on muscle meta
bolism, meat quality, and the underlying molecular mechanism.

First, we evaluated whether the coprophagy prevention model 
affected normal feed intake in rabbits by recording daily feed intake and 
subsequently measuring serum ghrelin levels. We found that during the 
first four days, both the sham-coprophagy prevention and coprophagy 
prevention groups exhibited reduced feed intake due to stress caused by 
the collars. However, after an adaptation period, no significant effect of 
the collars on feed intake was observed. Moreover, the serum ghrelin 
results further supported this conclusion. During the initial stage of the 
experiment, only mild and transient discomfort associated with collar 
wearing was observed. After the adaptation period, no obvious signs of 
persistent distress or injury were detected. In the subsequent experi
mental period, no significant body weight loss, sustained anorexia, or 
severe distress was observed among the three groups of rabbits, except 
for an effect on grooming behavior, which was attributable to the 
physical restriction imposed by the collars.

Under efficient production systems, rabbits exhibit a high efficiency 
of protein utilization, converting approximately 20% of dietary protein 
into meat, which is only slightly lower than that of poultry (22–23%) 
(Kumar et al., 2025). Rabbit meat contains approximately 67–75% 
moisture and about 22% protein, which is consistent with our findings 
(Dalle Zotte & Szendrő, 2011). Drip loss and cooking loss are key in
dicators of muscle water-holding capacity and are therefore closely 
associated with meat texture and tenderness. In the present study, the 
increased drip loss observed in the leg muscle of the coprophagy pre
vention group indicates a reduced water-holding capacity. This may 
lead to decreased product yield during subsequent meat storage and 
processing (due to increased loss of intrinsic water and weakened water 
retention capacity), thereby adversely affecting meat quality to some 
extent. Rabbit meat is a highly nutritious functional food, and regular 
consumption may help control cardiovascular and other chronic dis
eases, partly due to its high content of polyunsaturated fatty acids (Dalle 
Zotte & Szendrő, 2011). It is characterized by high protein content, low 
cholesterol levels, and a greater proportion of essential amino acids. 
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Fig. 4. Comparison, enrichment analysis and PPI network of DEPs affected by CP. (A) Volcano plot of the CON/CP group. (B) Hierarchical clustering analysis of the 
DEPs between CON and CP group (Blue, red and white indicate decrease, increase and no detectable changes in the expression abundance of DEPs, respectively). Go 
(C) and KEGG (D) functional annotation classification of the DEPs in CON/CP group. (E) PPI network of the total differentially expressed proteins of rabbit under CP 
treatment. PPI: protein-protein interaction. CON = control, SCP = sham-coprophagy prevention, CP = coprophagy prevention; n = 4. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)
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Compared with other meats, rabbit meat is particularly rich in essential 
amino acids such as lysine, sulphur-containing amino acids, threonine, 
valine, isoleucine, leucine and phenylalanine; it is therefore a healthy 
choice of meat (Chen et al., 2021; Hernandez & Dalle Zotte, 2010). This 
high and balanced content of essential amino acids confers rabbit meat 
with significant nutritional value. Adequate intake of amino acids, 
particularly EAAs, which cannot be synthesized by the body and must be 

obtained from the diet, is crucial (Wang et al., 2025). However, 
coprophagy prevention processing reduces the levels of essential amino 
acids in leg muscles (primarily leucine, phenylalanine, and valine), 
thereby diminishing their nutritional value to some extent. From the 
perspective of fatty acid composition, coprophagy prevention treatment 
leads to a significant increase in saturated fatty acids, which is incon
sistent with consumers' expectations for healthier dietary.

Fig. 5. Verification of TMT quantitative proteomics analysis. Effects of CP on neurocognitive ability (A), ATP production (B), oxidative phosphorylation (C) and 
expression of lipid accumulation-related proteins (D). CON = control, SCP = sham-coprophagy prevention, CP = coprophagy prevention; Fig. A-C, n = 6; Fig. D, n =
4. Values are presented as mean ± SEM. The asterisks symbol indicates significant differences (*0.01 < p ≤ 0.05, **0.001 < p ≤ 0.01).
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Fat content and fatty acid composition are important economical 
traits that are closely related to the flavor and nutritional value of meat. 
However, lipid synthesis and accumulation metabolism are regulated 
and affected by multiple factors (Li, Feng, & He, 2020). According to our 
previous studies, coprophagy prevention treatment significantly altered 
the gut microbiota of rabbits and reduced the levels of SCFAs in the 
caecum contents (Li, Li, et al., 2020; Wang et al., 2023). However, 
whether the declines in growth performance and meat quality observed 
in the present study are caused by changes in the gut microbiota and 
their metabolites remains unclear. Many other studies showed that gut 
microbiota is important for maintaining the metabolic health and elicit 
disease (Fan & Pedersen, 2021; Wang & Zhao, 2018), and changes in the 
gut microbiota are reported to be involved in lipid metabolism (Schoeler 
& Caesar, 2019). This finding is also evidenced by our previous study 
describing that coprophagy plays an important role in fat intake (Wang 
et al., 2019). Previous studies have shown that supplementation with 
probiotics can improve growth performance and meat quality in rabbits 
(Elbaz et al., 2025). SCFAs, as metabolites of the gut microbiota, have 
potential regulatory effects on muscle development and metabolism, 
and may influence meat quality through the “gut–muscle” axis (Liu 
et al., 2026; Malhi et al., 2025; Morrison & Preston, 2016). Previous 
studies have shown that supplementing rabbit diets with sodium buty
rate can improve meat quality (Ni et al., 2025). Based on this, we hy
pothesize that the declines in growth performance and meat quality are 
at least partially attributed to gut microbiota changes after coprophagy 
prevention treatment, and further research is needed.

Currently, proteomics technology has been playing a pivotal role in 
studying biological systems and identifying disease-related proteins 
(Rozanova et al., 2021). It is also a powerful post-genomic tool that has 

been widely applied in meat science research to elucidate the complex 
biological mechanisms underlying meat quality traits (Jia et al., 2021). 
Quantitative proteomics has been utilized to assess the meat quality of 
beef and duck (He et al., 2019; Rodríguez-Vázquez et al., 2020). Among 
the identified differential proteins, MYH4 and MYH7 are involved in 
determining muscle composition and influencing contraction–relaxation 
activity in skeletal muscles (Ahn et al., 2018). Research has demon
strated that APOA1 is the main apolipoprotein of high-density lipopro
tein, which is crucial for lipid metabolism and cholesterol transportation 
(Larsen et al., 2021). MDH1, NQO1, COX7A1, and HCCS are enzymes 
involved in energy metabolism. Our results suggested that coprophagy 
prevention induced an inhibition of oxidative phosphorylation, ATP 
synthesis, and energy metabolism (lipid metabolism) in rabbits. In 
previous studies, ATP synthesis reduction caused by oxidative phos
phorylation inhibition is proved to be associated with the pathogenesis 
of a myriad of diseases spanning all organ systems (Nolfi-Donegan et al., 
2020). Neutral lipid fatty acids stored in lipid droplets are absorbed into 
the mitochondria to produce ATP by oxidative phosphorylation (Bradley 
& Swann, 2019). Other studies also showed that changes in the con
centration of NADH (substrate of the electron transport chain in 
oxidative phosphorylation) is a reflection of fat content (Wilson, 2017). 
Therefore, we hypothesize that the inhibition of mitochondrial oxidative 
phosphorylation caused by coprophagy prevention contributes to 
abnormal lipid accumulation. Our further verification results also 
revealed an increase in NADH content and a decrease in complex III 
(CytC reductase), ATP synthase, and ATP concentration. Finally, these 
changes may increase lipid accumulation. In addition, our study sug
gested a significant increase in the content of PA and the expression of 
transporter protein (FABP3) in the coprophagy prevention group and 

Fig. 6. Schematic model summarizing the regulatory mechanism of CP on lipid synthesis and accumulation in rabbit.
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that PA is widely reported to be an inducer of lipid metabolism 
dysfunction (Dong et al., 2020; Frampton et al., 2020). These findings 
provide a basis for further investigation into the molecular regulatory 
mechanisms underlying abnormal lipid accumulation induced by 
coprophagy prevention. This study also suggested a significant increase 
in the lecithin level of the coprophagy prevention group. Lecithin is 
widely accepted to promote lipid oxidation and reduce lipid accumu
lation (Shen et al., 2021). Thus, the increase in lecithin may be a 
compensatory mechanism caused by abnormal lipid accumulation.

Several limitations should be acknowledged in the present study. 
Although a sham-coprophagy prevention group was included for com
parison, the potential influence of the collar itself cannot be completely 
excluded, particularly in the absence of behavioural assessments. In 
addition, although inhibition of oxidative phosphorylation was pro
posed as a potential mechanism underlying lipid deposition induced by 
coprophagy prevention, this hypothesis was not further supported by in- 
depth functional validation. Furthermore, our hypothesis that 
coprophagy prevention affects rabbit meat quality was partly based on 
previously reported alterations in gut microbial structure and hepatic 
lipid deposition. However, direct associations among gut microbiota, 
microbial metabolites, and meat quality traits were not established in 
the current study, and therefore the proposed mechanistic link remains 
speculative. Several limitations are also associated with the proteomics 
analysis. The selection of four samples per group based on proximity to 
the group mean was originally intended to minimise the influence of 
outliers; however, we recognise that this approach was not truly random 
and may have introduced selection bias, potentially underestimating 
intra-group variability while exaggerating inter-group differences. In 
addition, no correction for multiple testing was applied during differ
ential protein expression analysis, which may increase the risk of false- 
positive findings. Although molecular validation was performed for 
pathways related to oxidative phosphorylation and lipid synthesis, the 
remaining proteomic findings should still be interpreted with caution. 
Accordingly, the proteomic results of the present study should be 
considered exploratory and hypothesis-generating rather than confir
matory. Future studies using larger sample sizes, independent randomly 
sampled cohorts, behavioural assessments, and integrated micro
biome–metabolome analyses are needed to further validate and extend 
the present findings.

5. Conclusion

Our research suggests that coprophagy prevention is associated with 
impaired growth performance and altered meat quality in rabbits, as 
reflected by reductions in several meat-related parameters and nutri
tional constituents, together with an increased FCR. In addition, 
coprophagy prevention was associated with reduced serum dopamine 
DA and 5-HT levels, although the functional significance of these 
changes remains unclear in the absence of behavioural assessments. 
Proteomic profiling identified differentially expressed proteins mainly 
enriched in pathways related to muscle development, energy meta
bolism, fatty acid transport, and lipid metabolism. Further analyses 
suggested that the increased lipid accumulation observed in rabbit meat 
may be associated with alterations in mitochondrial oxidative phos
phorylation and ATP production; however, these potential mechanistic 
relationships require further validation. Fig. 6 summarizes the main 
findings of the present study. Overall, these findings provide preliminary 
insights into the biological significance of coprophagy and its potential 
associations with growth performance and meat quality in rabbits. 
Further studies integrating behavioural evaluation and functional vali
dation are needed to clarify the underlying mechanisms involved.
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