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Simple Summary: Rabbit farming is increasingly requiring non-antibiotic alternatives to improve
rabbit gut health to maintain high feeding efficiency and excellent production index. Thus, using a
friendly alternative is an appropriate way to protect rabbits from pathogens while also enhancing
their performance and welfare. Lysozyme, an enzyme derived from avian egg white, aids in nutrient
digestion and absorption and provides protection against bacterial diseases while lowering pollutants’
excretion, such as ammonia. Thus, the aim of this study was to evaluate the effect of lysozyme
supplementation in rabbits’ diets on growth performance, caecal fermentation, bacteria population,
and blood constituents. The results demonstrated an improvement in rabbit performance, caecal
fermentation, blood lipid profile, and antioxidant status due to an increase in beneficial bacteria in
lysozyme-treated rabbits. Therefore, supplementing the rabbit diet with lysozyme up to 150 mg/kg
is recommended.

Abstract: The effects of exogenous lysozyme supplementation (LYZ) on growth performance, caecal
fermentation and microbiota, and blood characteristics were investigated in growing rabbits. A total
of 420 growing male V-Line rabbits (30 d old; weighing 528 ± 16 g) were randomly divided into
four groups of 105 rabbits each, and monitored for 42 days. Experimental groups included a control
group (LYZ0) fed a basal diet without LYZ supplementation, and three treated groups fed the same
basal diet supplemented with LYZ at 50, 100, and 150 mg/kg diet, respectively. The results showed a
quadratic improvement in the final body weight, daily growth rate, FCR, and digestibility of DM,
while the digestibility of OM, CP, EE, NDF, and ADF improved linearly when LYZ supplementation
was increased. The dressing percentage increased quadratically when LYZ levels were increased
in the rabbit diets. In rabbits fed LYZ diets, L. acidophilus counts increased linearly (p < 0.05) and
L. cellobiosus, and Enterococcus sp. counts increased quadratically, whereas E. coli counts decreased.
In the LYZ-supplemented groups, the caecal pH value and NH3-N concentration declined quadrati-
cally, whereas total VFA, acetic, and butyric acids increased. Total lipids decreased linearly, whilst
triglycerides and cholesterol decreased quadratically with LYZ supplementation. Total antioxidant
capacity, superoxide dismutase, glutathione S-transferase, and catalase increased quadratically, while
malondialdehyde decreased linearly in the LYZ-supplemented groups. In conclusion, exogenous
lysozyme administration improved rabbit growth performance and antioxidant status while low-
ering the blood lipid profile, altering the bacterial population, and regulating caecal fermentation.
Therefore, LYZ up to 150 mg/kg can be used as a potential supplement in rabbit feed.
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1. Introduction

Rabbit farming is gaining popularity as an alternative agricultural enterprise that can
be adopted in both rural and urban areas due to rabbits’ small body size, rapid growth rate,
short gestation interval, high prolificacy, and ability to utilise forages and by-products as
major dietary ingredients [1]. Rabbit meat has a high commercial value and is a popular,
nutritious, and a healthful protein source [2]. Rabbits, on the other hand, are suscepti-
ble to pathogenic microorganisms, especially when raised in stressful conditions [3]. In
the rabbit sector, there is an increasing interest in using natural feed additives for con-
sumer safety [4]. A variety of nutritional treatments, including commercial amino acid
and enzyme supplementation, have been employed to promote nutrient utilisation while
maintaining economic efficiency with low-protein diets [5]. Exogenous enzymes have
been introduced into the animal’s feed as natural alternative products to complement
the endogenous enzymatic capability, which increases feed nutritional value [6], and can
promote caecal fermentation and vary concentrations of volatile fatty acid, affecting the
colonization of beneficial bacteria in the cecum, thus contributing to the maintenance of the
animal’s good health. It is common practice to add enzyme preparations to conventional
diets to improve feed digestibility, efficiency, and performance in animals [7,8]. Lysozyme
extracted from avian egg whites has been applied in rabbit and broiler production as
an effective natural growth promoter and antibacterial agent [9–11], and it plays an im-
portant defense role in the innate immune system in most mammals [12]. Lysozyme is
a 1,4-β-N-acetylmuramidase with antimicrobial effects due to its ability to break down
the peptidoglycan found in bacterial cell walls, which results in the loss of cellular mem-
brane integrity, causing cell death [13]. Lysozyme is one of the most promising techniques
for enhancing rabbit and broiler health and growth by increasing the diversity of gut
microbial balance and antioxidative responses [11,14], making it an excellent candidate
to replace antibiotics in the animal production industry [15]. Treatment with lysozyme
created an abundance of beneficial bacteria and decreased harmful populations in animal
guts [10,16–18]. Dietary lysozyme also increased rabbit growth rate, blood health, and
antibacterial capacity [10,19]. Furthermore, weaned pigs given dietary lysozyme had better
growth performance, diversity of beneficial gut microbiota, health of intestinal barriers,
and immunological response [12,16,17]. Based on the aforementioned studies and related
information, it can be hypothesized that lysozyme would improve the performance, cae-
cal fermentation and microbiota, and antioxidant status of growing rabbits. Therefore,
this study was carried out to evaluate the growth performance, carcass characteristics,
blood constituents, caecal fermentation, and microbial population of growing rabbits fed
lysozyme-supplemented diet.

2. Materials and Methods

This study was conducted at “Baldi Farm”, a private commercial farm in Intelligence
Land, Fayoum governorate, Egypt, and was approved and permitted by the Institutional
Animal Care and Use Committees (Protocol No. 32-2A-0621) of City of Scientific Research
and Technological Applications, Alexandria, Egypt.

2.1. Experimental Design, Animals, and Diets

A total of 420 growing male V-Line rabbits, 30 d old and weighing 528 ± 16 g, were ran-
domly distributed into four groups of 105 rabbits in a completely randomised experimental
design. The control group was fed a basal diet without exogenous LYZ supplementation
(LYZ0, control), while the other three groups (LYZ50, LYZ100, and LYZ150) received LYZ
supplementation at 50, 100, and 150 mg/1 kg diet, respectively, from weaning to slaugh-
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tering (30 to 72 days of age). Exogenous LYZ supplementation was a product with 10%
lysozyme and enzyme activity of 500,000 IU/g (Zhejiang Aegis Biotech Co., Ltd., Zhejiang,
China). The ingredients of the experimental diets were combined with lysozyme in the
presence of molasses before being pelleted to avoid the loss of the additive concentration
and biological function. Rabbits were housed individually in double flat galvanised wire
batteries (50 cm L × 40 cm H× 35 cm W), in a well-ventilated building and maintained
under similar hygienic and environmental conditions, with an ambient temperature of
23 ± 2 ◦C, 55–65% humidity, and a photoperiod of 16 h light: 8 h dark. Rabbits were fed
a pelleted diet to meet their requirements, as according to de Blas and Mateos [20]. The
composition of the experimental diet is shown in Table 1. No antibiotics or coccidiostats
were supplemented during the experimental period. All cages were equipped with feeding
hoppers and drinking nipples, and feed and fresh water were available ad libitum.

Table 1. Ingredients and chemical composition of the experimental diet (% as dry matter basis).

Feed Ingredients (%)

Soybean meal (44% CP) 17.5
Wheat bran 15.0
Yellow corn 10.0

Barley 18.0
Alfalfa hay 35.0
Molasses 3.0

DL-Methionine 0.1
Di- Ca- phosphate 0.8

NaCl 0.3
Premix * 0.3

Total 100

Chemical composition (% as dry matter basis):

Dry matter 90.3
Organic matter 92.1

Nitrogen-free extract 58.6
Crude protein 17.8

Crude fiber 13.4
Ether extract 2.3

Neutral detergent fiber 32.1
Acid detergent fiber 17.1

Digestible energy (MJ/Kg DM) 10.5
Lysine 0.9

Methionine 0.3
Ash 7.9

Calcium 0.9
Phosphors 0.6

* Every 1 kg of vitamins and minerals premix contains (per ton of feed): vitamin D3 450 IU; vitamin A, 6000 IU;
vitamin E, 40 mg; vitamin K3, 1 mg; vitamin B12, 1200 mg; vitamin B6, 39 mg; vitamin B1, 3 mg; vitamin B2, 1 mg;
pantothenic acid, 10 mg; niacin, 180 mg; biotin, 10 mg; folic acid 2.5 mg; manganese, 15 mg; copper, 5 mg; iron,
2.5 mg; zinc, 35 mg; iodine, 0.2 mg; selenium, 0.05 mg; choline chloride, 38 mg.

2.2. Sampling and Measurements
2.2.1. Performance Measurements

The daily growth rate (DGR) was calculated as DGR = (the final live body weight (g)—
the initial body weight (g)/days). Final body weight (FBW) was recorded weekly, but
feed intake (FI) was recorded daily as follows: FI = feed offered (g) − feed left (g). Feed
conversion ratio (FCR; g feed/g gain) was calculated. The mortality rate was recorded
daily, and the percentage was recorded for each group at the end of the experiment.

2.2.2. Nutrient Digestibility

A digestibility trial was performed from 60 d to 72 days of age to determine the
nutrient digestibility coefficients as according to Perez [21]. Twelve rabbits from each
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treatment group were housed individually in metabolic cages and fed the experimental
rations for 7 days (preliminary period), for adaptation. Then faeces were collected every
24 h prior to feeding in the morning for 5 consecutive days (collection period). Daily faecal
samples were taken from each rabbit, oven-dried at 70 ◦C for 48 h, then ground and stored
for proximate chemical analyses. Samples of feed and dried faeces were analysed for dry
matter (DM), organic matter (OM), crude protein (CP), crude fiber (CF), neutral detergent
fiber (NDF), and acid detergent fiber (ADF). AOAC [22] procedures were used to determine
the CP (Method No. 954.01) and ash (Method No. 942.05) contents. The EE was determined
as according to the Soxhlet extract method using petroleum ether as an extracting agent
(40–60 ◦C) (Method No. 930.09) [22]. The contents of NDF and ADF were determined using
a Tecator Fibretic System, according to the method described by Van Soest [23].

2.2.3. Carcass Traits

At the end of the experiment, twelve rabbits from each group were randomly selected
and starved for 12 h with the provision of water ad libitum. Slaughter weight was recorded
immediately before slaughter. After slaughtering and bleeding was completed, carcass
traits were evaluated and the weights of the heart, liver, spleen, lung, kidneys, and total
fat were recorded. The dressing percentage was calculated as carcass weight to slaughter
weight ratio.

2.2.4. Caecal Microbiota and Fermentation Patterns

At the end of the experiment (72 days of age), an additional twelve rabbits were
taken from each group to measure caecal weight and length, caecal fermentation, and the
count of bacteria. After the rabbits were slaughtered, the caecum was carefully excised
and emptied with gentle pressure to remove any digesta remaining in the caecum, to
determine its weight and length. Caecum length (cm) and full and empty weights (g/g
body weight) were calculated. Caecal content samples were transferred to buffered peptone
water (Oxoid, Basingstoke, UK), which was immediately used to enumerate the caecal
bacteria. Ten-fold dilutions of each sample were performed with buffered peptone water
and directly inoculated on de Man–Rogosa–Sharpe (MRS) agar for Lactobacillus acidophilus,
Lactobacillus cellobiosus, and Enterococcus sp. Counting, and incubated anaerobically at
37 ◦C using gas generating kits (Oxoid) for 48 h. E. coli were subcultured on MacConkey
agar and incubated aerobically at 37 ◦C for 24 h. Bacterial colonies were counted on
plates using an optical colony counter (Gallenkamp, UK), and the overall population was
expressed as log cfu/g. Immediately thereafter, caecal contents were strained through
two layers of sterile gauze and the resultant strained liquors were used for measuring
pH values by an electronic digital pH meter (GLP 21 model; CRISON, Barcelona, Spain).
The contents were then centrifuged at 7000× g for 10 min at 20 ◦C. The supernatant fluid
was divided into two parts. One part was treated with a solution of 5% orthophosphoric
acid (v/v) plus 1% mercuric chloride (w/v) (0.1 mL-ml−1 sample) for determination of
total VFA concentrations and individual VFA proportions, while the other was acidified
with 0.2 M hydrochloric acid solution (1 mL-ml−1 sample), to be used for determination
of ammonia nitrogen (NH3-N) concentration. Total VFA concentrations were measured
by steam distillation according to Eadie [24]. The concentration of VFA was analysed
using High Performance Liquid Chromatography (HPLC; Model Water 600; UV detector,
Millipore Crop. Molsheim, France) according to the method of Mathew et al. [25]. After the
results of the concentration of the particular VFA had been received, the concentrations
(mmoll−1) of acetic, propionic, and butyric acids were calculated. The concentration of
NH3-N in the caecum was determined by using spectrophotometry, as described by Chaney
and Marbach [26].

2.2.5. Blood Sampling, Biochemistry and Antioxidant Status

At the end of the experiment, blood samples were collected from 12 slaughtered rabbits
per treatment into clean tubes and centrifuged at 3000× g for 15 min. Sera were separated
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and stored at −20 ◦C until total lipids (TL), triglycerides (TG), total cholesterol (TC), low-
density lipoproteins (LDL), high-density lipoproteins (HDL), very low-density lipoproteins
(vLDLs), and phospholipids (PL) were determined. Antioxidant enzymes in serum were
also measured, including total antioxidant capacity (TAC), superoxide dismutase (SOD),
and glutathione S-transferase activity (GST). Blood biochemistry and antioxidant enzymes
were determined calorimetrically using standard kits (Biodiagnostic, Cairo, Egypt) and
according to the manufacturer’s instructions.

2.2.6. Statistical Analysis

Data were subjected to statistical analyses in a randomized complete block design
using general linear model procedures of SAS/STAT (Statistical Analysis System, version
15.1, SAS Institute Inc., Cary, NC, USA) with cage as the experimental unit [27]. Linear
and quadratic polynomial contrasts were performed to determine the effect of lysozyme
supplementation in the diet. Statistical significance was considered when the p-value was
less than 0.05. Data obtained were tested by analysis of variance with a one-way design to
test the treatment at each sampling, according to the following model:

Yij = µ + Ti + εij

where yij denotes the measured value, µ is the overall mean effect, Ti is the ith treatment
effect, and εij denotes the random error associated with the jth rabbits allocated to the ith
treatment. The mortality rate was statistically analyzed using a binomial distribution, and
the link function was the logit transformation, in (µ/1−µ), where µ was the corresponding
rate’s mean value. Results are presented as least-squares means.

3. Results
3.1. Growth Performance

The effect of LYZ supplementation on growth performance is summarised in Table 2.
The initial body weight of rabbits did not differ among treatment groups. Quadratic
increases in the FBW (p = 0.021) and DGR (p = 0.001) were observed when LYZ supple-
mentation were increased in rabbit diets. Rabbits in the LYZ50 and LYZ100 groups had
linearly lower FI (p = 0.012) than those in other groups, whereas there were no significant
differences in FI between the LYZ50 and LYZ100 groups, or between the LYZ0 and LYZ150
groups. In addition, supplementing rabbit diets with LYZ resulted in a linear improvement
in FCR (p = 0.015). During the trial, ten rabbits died (three for group LYZ0, two for group
LYZ50, three for group LYZ100 and two for group LYZ150), and no significant differences
were detected in the mortality rate".

Table 2. Growth performance in growing rabbits fed diet supplemented with different levels of
lysozyme.

Parameters
Lysozyme, mg/kg Diet

SEM
p-Value

LYZ0 LYZ50 LYZ100 LYZ150 Linear Quadratic

Initial body weight, g 528 528 528 528 24 0.969 0.907

Final body weight, g 1747 d 1832 c 1931 b 2035 a 32 0.003 0.021

Daily growth rate g/d 29.1 d 31.1 c 33.4 b 35.9 a 0.5 <0.001 0.001

Feed intake, g/d 115 a 105 b 105 b 111 a 2 0.002 0.012

Feed conversion ratio 3.95 a 3.3 b 3.13 b 3.10 b 0.27 0.015 0.024

Mortality rate % 2.66 2.00 2.66 2.00 0.73 0.765 0.844
a–d Means within a row with different superscripts are significantly different (p < 0.05). Number of observation = 420;
105 rabbits per experimental group.
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3.2. Nutrient Digestibility

The digestibility coefficient of DM improved quadratically (p = 0.025) in rabbits fed
LYZ-supplemented diets. However, with LYZ dietary supplementation, the digestibility
coefficients of OM (p = 0.01), CP (p = 0.011), EE (p = 0.020), NDF (p = 0.023) and ADF
(p = 0.012) all improved linearly (Table 3). OM and CP digestibility reached the highest
value in the LYZ100 group. There was a linear increase in the digestibility coefficient of
CF (p = 0.003) in the LYZ100 and LYZ150 groups compared to the other groups, but there
were no significant differences in the digestibility coefficients of CF between the LYZ0 and
LYZ50 groups or between the LYZ100 and LYZ150 groups. The LYZ150 group exhibited
the highest NDF digestibility.

Table 3. Nutrients digestibility in growing rabbits fed diets supplemented with different levels of
lysozyme. Digestibility trial performed from 60 to 72 days of age.

Parameters
Lysozyme, mg/kg Diet

SEM
p-Value

LYZ0 LYZ50 LYZ100 YZ150 Linear Quadratic

Nutrients digestibility %

Dry matter 63.4 b 64.8 a 64.8 a 64.9 a 0.11 0.017 0.025
Organic matter 65.1 c 66.9 b 67.8 a 66.9 b 0.89 0.010 0.845
Crude protein 70.9 d 73.8 c 78.5 a 76.1 b 1.46 0.011 1.185

Crude fiber 44.2 b 44.6 b 46.6 a 46.9 a 0.34 0.003 0.335
Ether extract 67.3 b 70.8 a 71.a 69.7 a 1.85 0.020 0.097

Neutral detergent fiber 60.5 c 62.5 b 62.1 b 63.0 a 0.27 0.023 0.374
Acid detergent fiber 49.2 c 52.7 b 53.1 a 53.8 a 0.58 0.012 0.528

a–d Means within a row having different superscripts are significantly different (p < 0.05). Number of observation = 48;
12 rabbits per experimental group.

3.3. Carcass Traits

The results of the carcass traits are shown in Table 4. The slaughter weight, as well
as the proportion of heart, liver, spleen, lung, kidneys, and total fat were not significantly
different among the treatment groups. The dressing percentage exhibited a quadratic
increase in rabbits fed diets supplemented with LYZ.

Table 4. Carcass characteristics in growing rabbits fed diets supplemented with different levels of
lysozyme at 72 days of age.

Parameters
Lysozyme, mg/kg Diet

SEM
p-Value

LYZ0 LYZ50 LYZ100 LYZ150 Linear Quadratic

Slaughter weight, g 1895 1915 2010 2035 124 0.762 0.733
Dressing percentage, % 54.0 d 56.4 c 57.3 b 58.7 a 0.42 <0.001 0.001

Lungs, % 1.11 1.10 1.20 1.20 0.20 0.743 0.622
Liver, % 3.09 3.14 3.22 3.27 0.83 0.276 0.835
Heart, % 0.31 0.33 0.40 0.34 0.11 0.243 0.352
Spleen, % 0.01 0.12 0.11 0.10 0.01 0.252 0.267
Kidney, % 1.05 1.15 1.09 1.21 0.06 0.185 0.264
Total fat, % 2.39 2.41 2.43 2.38 0.48 0.871 0.365

a–d Means within a row with different superscripts are significantly different (p < 0.05). Number of observation = 48;
12 rabbits per experimental group.

3.4. Caecal Microbiota and Fermentation Patterns

The effect of supplementation of LYZ on the caecal microbiota and fermentation profile
is shown in Table 5. The LYZ150 group had the longest quadratic caecum length and the
heaviest empty caecum weight, followed by the LYZ100 and LYZ50 groups, although
full caecum weight increased linearly compared with the control group. The count of
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L. acidophilus increased linearly (p < 0.05) in rabbits fed LYZ diets, whereas the count of
L. cellobiosus, and Enterococcus sp. increased quadratically. However, the count of E. coli
showed a quadratic decrease (p < 0.05) with the supplementation of LYZ to the rabbit
diets. The caecum pH, NH3-N concentration, total and proportions of volatile fatty acids
were changed when lysozyme was added to the diet. The LYZ supplementation caused a
quadratic decrease (p < 0.05) in the pH and NH3-N concentration. The LYZ100 and LYZ150
groups were similar and had the lowest pH values, followed by the LYZ50 group compared
to the control group. Total VFA, as well as butyric and acetic acids proportions increased
with LYZ supplementation. Total VFA and butyric proportion reached the highest values in
the LYZ100 group, followed by the LYZ150 group. Acetic acid levels increased dramatically
in response to increased LYZ levels in rabbit diets, with the LYZ150 group having the
highest proportion of acetic acid.

Table 5. Caecal microbiota and fermentation of growing rabbits fed diets supplemented with different
levels of lysozyme at 72 days of age.

Parameters
Lysozyme, mg/kg Diet

SEM
p-Value

LYZ0 LYZ50 LYZ100 LYZ150 Linear Quadratic

Caecum length, cm 40.7 c 45.7 b 47.3 a 47.7 a 0.71 0.011 0.013
Full caecum weight, g 95.1 c 114.4 b 115.8 b 119.8 a 1.64 0.011 0.053

Empty caecum weight, g 23.3 c 26.7 b 27.9 ab 28.5 a 1.47 0.005 0.027

Caecal microbial count, log cfu/g caecal digesta

Lactobacillus acidophilus 1.36 c 3.47 b 4.91 a 4.97 a 0.05 0.031 0.054
Lactobacillus cellobiosus 1.52 c 1.98 b 2.89 a 2.94 a 0.16 0.016 0.021

Enterococcus Sp. 3.57 c 4.21 b 5.75 a 5.95 a 0.19 0.011 0.014
E. coli 4.76 a 3.43 b 2.97 c 2.21 c 0.69 <0.001 0.001

Caecal fermentation patterns

Caecum pH 5.98 a 5.53 b 5.38 c 5.41 c 0.03 <0.001 0.007
NH3-N, mmol·L−1 13.5 a 12.4 b 12.3 b 12.1 b 0.63 0.002 0.042
TVFA, mmol·L−1 55.6 d 62.1 c 65.9 a 63.7 b 0.57 0.016 0.038

Acetic acid, mol/100 mol 44.5 c 48.9 b 49.6 ab 50.1 a 0.55 0.019 0.024
Propionic acid, mol/100 mol 3.34 3.61 3.77 3.32 0.17 0.452 0.898
Butyric acid, mol/100 mol 7.79 c 9.65 b 12.47 a 10.26 b 0.49 0.013 0.052

a–d Means within a row with different superscripts are significantly different (p < 0.05).TVFA, Total volatile fatty
acid. Number of observation = 48; 12 rabbits per experimental group.

3.5. Blood Biochemistry and Antioxidant Status

The effect of different LYZ doses on blood biochemistry and antioxidant status in
growing rabbits is shown in Table 6. Total lipids (p = 0.03), the LDL: TC ratio (p = 0.05) and
LDL: HDL ratio (p = 0.05) decreased linearly, whereas TG (p = 0.03), TC (p = 0.02), LDL
(p = 0.01), vLDL (p = 0.03) decreased quadratically with LYZ supplementation. However,
LYZ supplementation showed quadratic increases in PL (p = 0.05) and HDL (p = 0.03). LYZ
supplementation resulted in linear increases in HDL: TC ratio (p = 0.05) and HDL: LDL
ratio (p = 0.05). Quadratic increases in serum TAC (p = 0.01), SOD (p = 0.01), GST (p = 0.01),
and CAT (p = 0.01) due to LYZ supplementation were observed compared to the control
group. The LYZ100 and LYZ150 groups had the highest levels of TAC (p = 0.01), SOD
(p = 0.01), GST (p = 0.01), and CAT (p = 0.01). The LYZ groups had a linear decrease in MDA
(p = 0.03) compared to the control group, with the LYZ150 group having the lowest level.
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Table 6. Serum biochemical indices and antioxidant status of growing rabbits fed diets supplemented
with different levels of lysozyme.

Parameters
Lysozyme, mg/kg Diet

SEM
p-Value

LYZ0 LYZ50 LYZ100 LYZ150 Linear Quadratic

Serum biochemical indices

TL, mg/dL 354.8 a 348.5 b 349.0 b 341.2 b 3.85 0.03 0.05
PL, mg/dL 138.3 b 141.9 a 146.7 a 144.2 a 2.16 0.05 0.05
TG, mg/dL 71.9 a 63.3 b 58.4 bc 55.2 c 4.52 0.02 0.03
TC, mg/dL 99.2 a 93.9 b 90.2 b 91.9 b 3.06 0.01 0.02

HDL, mg/dL 34.2 b 45.3 a 47.5 a 45.7 a 5.58 0.05 0.03
LDL, mg/dL 50.6 a 35.9 b 30.9 c 35.1 b 5.37 0.05 0.01

vLDL, mg/dL 14.4 a 12.7 b 11.7 c 11.1 c 0.58 0.02 0.03
HDL:TC ratio 0.35 b 0.44 a 0.43 a 0.43 a 0.05 0.05 0.13
LDL:TC ratio 0.51 a 0.38 b 0.34 b 0.38 b 0.14 0.05 0.13

HDL:LDL ratio 0.68 c 1.26 b 1.53 a 1.30 b 0.11 0.05 0.07
LDL:HDL ratio 1.48 a 0.79 b 0.65 c 0.77 b 0.02 0.05 0.07

Antioxidant enzymatic activity

TAC, mmol/L 2.20 c 2.75 b 3.15 a 3.10 a 0.16 0.001 0.01
SOD, U/L 1.46 c 1.85 b 2.27 a 2.89 a 0.37 0.001 0.01
GST, U/L 116.24 c 136.74 b 156.85 a 153.28 a 6.42 0.001 0.01
CAT, U/L 0.22 c 0.24 b 0.24 a 0.24 a 0.01 0.001 0.01

MDA, µmol/L 2.06 a 1.51 b 1.21 bc 1.11 c 0.68 0.002 0.03
a–c Means within a row with different superscripts are significantly different (p < 0.05). TL, Total lipids; PL,
Phosolipids; TG, Triglyceride; TC, Total cholesterol; HDL, High-density lipoprotein; LDL, Low-density lipopro-
tein; vLDL, very low-density lipoproteins; TAC, Total antioxidant capacity; SOD, Superoxide dismutase; GST,
Glutathione S-transferase; CAT, Catalase; MDA, Malondialdehyde. Number of observation = 48; 12 rabbits per
experimental group.

4. Discussion

A healthy gut is necessary to maintain high feed efficiency and growth performance in
farm animals. The present study revealed that the supplementation of lysozyme improved
the growth performance, caecal fermentation and bacterial populations, antioxidant status,
and overall health status in growing rabbits. Dietary LYZ supplementation enhanced
FBW and DGR, with improved FCR. The findings are consistent with those of El-Deep
et al. [10], who found that lysozyme at 100–200 mg/kg is efficient for improving growing
rabbit performance. Similar studies on rabbits [28,29], poultry [11], and pigs [12,30,31]
observed that feeding them lysozyme increased growth performance while improving
the gut barrier function and modulated intestinal microbes, resulting in the activation of
intestinal immunity with high absorption capacity. The positive effect of LYZ on FBW, DGR,
and FCR in this study may be due to the improvement in antioxidants, caecal fermentation,
and beneficial microbial abundance in L. acidophilus, L. cellobiosus, and Enterococcus Sp.,
as well as enhanced nutrient digestibility, which can be attributed to increased nutrient
absorption in the rabbit intestine [12,31]. Additionally, the improved growth performance
may be attributed to the regulation of metabolism and modulation of the immune response
by beneficial microorganisms [32]. Brundig et al. [33] found that dietary LYZ raised 18
known metabolites in the blood that are responsible for protein synthesis through the
binding of methionine, threonine, and hydroxyproline, resulting in increased feed utilisation
and growth performance. In the present study, the improvement in FCR and growth
performance could be explained by the richness of LYZ with amino acids as well as its
antioxidant and antibacterial properties, which could increase bacterial activity and feeding
efficiency in rabbits [10]. The lysozyme additive had antimicrobial properties with increased
protection against harmful microorganisms in the gut of animals [15,34]. Indeed, a high
concentration of beneficial bacteria improved feed digestion and nutrient absorption [35].
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The size of the caecum and the parameters of caecal fermentation were within the
ranges described by Garcia et al. [36]. Caecal size, N-ammonia, and the proportion of
butyric and acetic acids were all different among the LYZ-treated and control groups. The
VFA produced by fermentation and absorbed in the rabbit’s hindgut is an important source
of energy, providing up to 30 to 40% of the energy required for survival [37]. High relative
abundances of the beneficial microbiota could indicate more active caecum fermentation,
which leads to higher butyrate proportion and improved growth performance [38]. The
caecum occupies 40% of the whole-tract content size, and the rabbit ecosystem contains a
highly active microbiota that plays an important role in their digestive physiology [39,40].
A variety of factors, including the volume and composition of the rabbits’ diet, influ-
ence their pH. Changes in organic acid accumulated in the ingesta could be causing the
pH fluctuations.

The present study showed that the caecal microbiota of Lactobacillus acidophilus, Lac-
tobacillus cellobiosus, and Enterococcus were significantly increased when LYZ was added
to the rabbit diet, while the count of E. coli decreased. The increased Lactobacillus count
generated by LYZ feeding could be related to LYZ’s antimicrobial, antioxidant, and im-
munomodulatory properties, which acted as a health indicator for the rabbits [10,11].
Lactobacillus, a defensive bacteria, provides a variety of health benefits to the host, including
improving the digestion of nutrients [41] and promoting the response of the gut-associated
immune system [42]. The antibacterial activities of dietary LYZ suppressed the prolifera-
tion of pathogenic bacteria such as E. coli in the digestive tract, resulting in improved pig
health [12,17]. The current findings are consistent with those of El-Deep [10], who found
that using LYZ reduced the count of E. coli in growing rabbits. Furthermore, lysozyme
acts as an antibacterial agent by hydrolyzing the peptidoglycan in pathogenic microbial
cell walls [43].

The present results showed that total VFA concentrations were higher in the LYZ
groups than in the control group. According to García et al. [36], total VFA concentrations
could reach 99.8 mmoll−1 depending on the rabbit’s age, physiological health status, and
feed ingredients. Fermentation within the caecum appears to have proceeded normally
following LYZ administration, as VFA concentrations amounted to 65.86 mmoll−1. The
concentration of total VFA in the caecum has been used to estimate microbial activity
indirectly since total VFA is the principal product of microbial fermentation. The VFA is
rapidly absorbed in rabbits’ hindgut and provides a regular supply of energy for herbivo-
rous animals that use bacterial fermentation as part of their digestion [44]. Lowering total
VFA would be nutritionally detrimental to the animal because it stimulates colon mucosal
growth [45], a protective factor against pathogenic microbiota [46,47]. Acetate dominates in
the rabbit’s caecum, followed by butyrate and then propionate [48]. The molar proportion
of butyrate exceeded that of propionate in the rabbit VFA profile, which is in contrast
to most herbivorous and omnivorous mammals, which produce more propionate than
butyrate in their digestive tracts [49]. The present study revealed that production of acetic
and butyric acids increased with LYZ supplementation in the diet at the expense of pro-
pionic acid. In contrast, the increased acetogenesis associated with LYZ supplementation
may result in the higher production of acetates, at the expense of propionates. Reduced
acetogenesis (microbial synthesis of acetate from CO2 and H2) characterises rabbit caecal
fermentation, which is gradually replaced by methanogenesis with age [50]. Acetates
contribute to lipogenesis and cholesterologenesis and activate gluconeogenesis from lactate
and pyruvate [51]. Lactate is produced by bacterial fermentation in the caecotroph of
the stomach, and it is then subsequently consumed during the caecotroph’s digestion in
the small intestine [44]. Supplementing with LYZ was also associated with an increase in
butyrate, an essential precursor for lipogenesis [51].

Concerning NH3-N concentration, LYZ supplementation induced a decremental effect
compared to control. According to Macfarlane and Gibson [52], NH3-N concentration in
the caecum could be influenced by a series of factors, such as H2 pressure, chyme reaction,
and carbohydrate availability. Proteolytic activity is relatively higher in the rabbit caecum
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than in ruminants [53], and ammonia concentrations fluctuate between 1.86–23.9 mmoll−1,

as reported by Garcia et al. [36]. Additionally, LYZ supplementation reduced the pH of
the caecum. When VFA concentration rises and ammonia concentration falls in rabbit
caecal chyme, the pH value lowers [36], and so the pH drop associated with LYZ groups
coincided well with VFA and NH3-N concentrations. Lipid profiles (TL, PL, TG, TC, HDL,
LDL, and vLDL), and the LDL: TC ratio, LDL: TC ratio, HDL: LDL ratio, and LDL: HDL
ratio in LYZ-fed rabbits were considerably lower than those in the control group, indicating
a correlation between lysozyme consumption and lipid profiles. The PL plays an important
role in transporting cholesterol and excess TG from the body to the liver, where it is released
into the bile juice rather than being deposited on arterial walls or accumulating fat [54].
The decreased TC, TG, TL, and carcass fat deposition in the LYZ-treated rabbits could be
explained by the higher PL levels in these rabbits. The capacity of PL to reduce intestinal
cholesterol absorption, improve biliary cholesterol excretion, and modify the expression
and activity of transcriptional factors and enzymes involved in lipoprotein metabolism
could explain these positive effects [55]. HDL is known as “good” cholesterol because
it aids in the removal of other, more dangerous types of cholesterol from the circulation.
This finding also supports LYZ’s role in rabbits as a health-promoting supplement [55].
Lysozyme reduced fat percentage in carcass components and lowered serum lipid profile
compared to the control group, indicating that dietary LYZ had a beneficial effect on
lipid-reduction in rabbits.

The TAC is a biomarker for reducing agents in the blood and their ability to scavenge
oxidative free radicals [56]. SOD levels were higher in rabbits fed a diet supplemented
with lysozyme, indicating that lysozyme improves antioxidant status efficiency. Despite
the fact that GST is essential for xenobiotic detoxification within cells, excessive amounts in
the blood indicate cell damage [57]. Higher blood total antioxidant activity in LYZ-treated
groups may have resulted in improved health as well as higher total antioxidant activity
or a reduction in other forms of free radical stress. In both cases, enhanced antioxidant
activity reduces oxidative stress exposure. The levels of TAC, SOD, and GST in the serum of
rabbits fed dietary LYZ were considerably greater, indicating that these rabbits’ antioxidant
defence systems’ ability to scavenge oxidative stress processes had improved. Lysozyme is
a good source of antioxidants that can protect cells from free radicals, minimise toxicity,
and potentially protect the liver [58]. According to Lin and Yen [59], beneficial gut bacteria
create a variety of substances that suppress cytotoxicity, eliminate free radicals, and capture
reactive oxygen species. El-Deep et al. [10] and Fritz et al. [60] revealed that lysozyme
supplementation enhanced immunity due to changes in immunological and antioxidant
status, which is consistent with our findings. Oliver et al. [31] reported that supplementing
lysozyme to pig diets resulted in a similar rise in immune responses.

5. Conclusions

The results of the present study demonstrated that the dietary supplementation with
exogenous dietary lysozyme up to 150 mg/kg can improve growth performance, nutrient
digestibility, caecal fermentation, and antioxidant status of growing rabbits.
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2. Dalle, A.; Celia, C.; Cullere, M.; Szendrő, Z.; Kovács, M.; Gerencsér, Z.; Bosco, A.D.; Giaccone, V.; Matics, Z. Effect of an in-vivo

and/or in-meat application of a liquorice (Glycyrrhiza glabra L.) extract on fattening rabbits live performance, carcass traits and
meat quality. Anim. Feed Sci. Technol. 2020, 260, 114333. [CrossRef]

3. Marai, I.F.M.; Habeeb, A.A.M.; Gad, A.E. Rabbits’ productive, reproductive and physiological performance traits as affected by
heat stress: A review. Livest. Prod. Sci. 2002, 78, 71–90. [CrossRef]

4. Alagawany, M.; EL-Hack, M.E.A.; Al-Sagheer, A.A.; Naiel, M.A.; Saadeldin, I.M.; Swelum, A.A. Dietary cold pressed watercress
and coconut oil mixture enhances growth performance, intestinal microbiota, antioxidant status, and immunity of growing
rabbits. Animals 2018, 8, 212. [CrossRef] [PubMed]

5. Rehman, Z.; Kamran, J.; EL-Hack, M.A.; Alagawany, M.; Bhatti, S.; Ahmad, G.; Saleem, A.; Ullah, Z.; Yameen, R.; Ding, C.
Influence of low-protein and low-amino acid diets with different sources of protease on performance, carcasses and nitrogen
retention of broiler chickens. Anim. Prod. Sci. 2017, 58, 1625–1631. [CrossRef]

6. Cachaldora, P.; Nicodemus, N.; Garcia, J.; Carabano, R.; De Blas, J.C. Efficacy of Amylofeed®in growing rabbit diets. World Rabbit Sci.
2004, 12, 23–31. [CrossRef]

7. Zhao, G.-X.; Feng, Z.-H.; Wang, Y.-D.; Li, Y.-Q.; Liu, G.-Z. The effects of supplemental microbial phytase in diets on the growth
performance and mineral excretion of Rex–rabbits. World Rabbit Sci. 2005, 13, 278–286.

8. Garcia-Ruiz, A.I.; Garcia-Palmares, J.; Garcia-rebollar, P.; Chamorro, R.; Carabano, R.; de Blas, C. Effects of protein source and
enzyme supplementation on ileal protein digestibility and fattening performance in rabbits. Span. J. Agric. Res. 2006, 4, 297–303.
[CrossRef]

9. Callewaert, L.; Michiels, C.W. Lysozymes in the animal kingdom. J. Biosci. 2010, 35, 127–160. [CrossRef] [PubMed]
10. El-Deep, M.H.; Amber, K.A.; Eid, Y.Z.; Alrashood, S.T.; Khan, H.A.; Sakr, M.S.; Dawood, M.A.O. The influence of dietary chicken

egg lysozyme on the growth performance, blood health, and resistance against Escherichia coli in the growing rabbits’ caecum.
Front. Vet. Sci. 2020, 7, 579576. [CrossRef]

11. Abdel-Latif, M.A.; El-Far, A.H.; Elbestawy, A.R.; Ghanem, R.; Mousa, S.A.; Abd El-Hamid, H.S. Exogenous dietary lysozyme
improves the growth performance and gut microbiota in broiler chickens targeting the antioxidant and non-specific immunity
mRNA expression. PLoS ONE 2017, 12, e0185153. [CrossRef]

12. Ma, X.; Zhang, S.; Pan, L.; Piao, X. Effects of lysozyme on the growth performance, nutrient digestibility, intestinal barrier, and
microbiota of weaned pigs fed diets containing spray-dried whole egg or albumen powder. Can. J. Anim. Sci. 2017, 97, 466–475.
[CrossRef]

13. Syngai, G.G.; Ahmed, G. Chapter 11—lysozyme: A natural antimicrobial enzyme of interest in food applications. In Enzymes in
Food Biotechnology; Kuddus, M., Ed.; Academic Press: Cambridge, MA, USA, 2019; pp. 169–179.

14. Baksi, S.; Chauhan, P.; Rao, N.; Chauhan, A. Effect of Lysozymes, Antibiotics and Probiotics on Growth Performance and
Biochemical Parameters in Broiler Chickens. Int. J. Livest. Res. 2019, 9, 74–78. [CrossRef]

15. Lee, M.; Kovacs-Nolan, J.; Yang, C.; Archbold, T.; Fan, M.Z.; Mine, Y. Hen egg lysozyme attenuates inflammation and modulates
local gene rxpression in a porcine model of dextran sodium sulfate (dss)-induced colitis. J. Agric. Food Chem. 2009, 57, 2233–2240.
[CrossRef] [PubMed]

16. Nyachoti, C.M.; Kiarie, E.; Bhandari, S.K.; Zhang, G.; Krause, D.O. Weaned pig responses to Escherichia coli k88 oral challenge
when receiving a lysozyme supplement. J. Anim. Sci. 2012, 90, 252–260. [CrossRef]

17. May, K.D.; Wells, J.E.; Maxwell, C.V.; Oliver, W.T. Granulated lysozyme as an alternative to antibiotics improves growth
performance and small intestinal morphology of 10-day-old pigs. J. Anim. Sci. 2012, 90, 1118–1125. [CrossRef] [PubMed]

18. Long, Y.; Lin, S.; Zhu, J.; Pang, X.; Fang, Z.; Lin, Y.; Che, L.; Xu, S.; Li, J.; Huang, Y.; et al. Effects of dietary lysozyme levels on
growth performance, intestinal morphology, non-specific immunity and mRNA expression in weanling piglets. Anim. Sci. J. 2016,
87, 411–418. [CrossRef] [PubMed]

19. EL-Deep, M.H.; Amber, K.A.; Eid, Y.Z.; Aboelenin, S.M.; Soliman, M.M.; Sakr, M.S.; Dawood, M.A.O. The Influence of Chicken
Egg Lysozyme or Zinc-Bacitracin Antibiotic on the Growth Performance, Antibacterial Capacity, Blood Profiles, and Antioxidative
Status of Rabbits: A Comparative Study. Animals 2021, 11, 1731. [CrossRef] [PubMed]

20. de Blas, C.; Mateos, G.G. Feed formulation. In Nutrition of the Rabbit, 3rd ed.; CABI Publishing CAB International: Wallingford,
UK, 2020; pp. 243–253.

21. Perez, J.M.; Lebas, F.; Gidenne, T.; Maertens, L.; Xiccato, G.; Parigi-Bini, R.; Dalle Zotte, A.; Cossu, M.E.; Carazzolo, A.; Villamide,
M.J.; et al. European reference method for in vivo determination of diet digestibility in rabbits. World Rabbit Sci. 1995, 3, 41–43.

22. AOAC. Official Methods of Analysis Association, 18th ed.; AOAC International: Rockville, MD, USA, 2005.

http://doi.org/10.5958/2277-940X.2016.00153.4
http://doi.org/10.1016/j.anifeedsci.2019.114333
http://doi.org/10.1016/S0301-6226(02)00091-X
http://doi.org/10.3390/ani8110212
http://www.ncbi.nlm.nih.gov/pubmed/30453625
http://doi.org/10.1071/AN16687
http://doi.org/10.4995/wrs.2004.583
http://doi.org/10.5424/sjar/2006044-207
http://doi.org/10.1007/s12038-010-0015-5
http://www.ncbi.nlm.nih.gov/pubmed/20413917
http://doi.org/10.3389/fvets.2020.579576
http://doi.org/10.1371/journal.pone.0185153
http://doi.org/10.1139/CJAS-2016-0171
http://doi.org/10.5455/ijlr.20190626100638
http://doi.org/10.1021/jf803133b
http://www.ncbi.nlm.nih.gov/pubmed/19231858
http://doi.org/10.2527/jas.2010-3596
http://doi.org/10.2527/jas.2011-4297
http://www.ncbi.nlm.nih.gov/pubmed/22064735
http://doi.org/10.1111/asj.12444
http://www.ncbi.nlm.nih.gov/pubmed/26419503
http://doi.org/10.3390/ani11061731
http://www.ncbi.nlm.nih.gov/pubmed/34200585


Animals 2022, 12, 899 12 of 13

23. Van Soest, P.J.; Robertson, J.B.; Lewis, B.A. Methods for dietary fiber, neutral detergent fiber, and nonstarch polysaccharides in
relation to animal nutrition. J. Dairy Sci. 1991, 74, 3583–3597. [CrossRef]

24. Eadie, J.M.; Hobson, P.; Mann, S. A note on some comparisons between the rumen content of barley-fed steers and that of young
calves also fed on a high concentrate ration. Anim. Sci. 1967, 9, 247–250. [CrossRef]

25. Mathew, S.; Sagathevan, S.; Thomas, J.; Mathen, G. An HPLC method for estimation of volatile fatty acids in ruminal fluid. Indian
J. Anim. Sci. 1997, 67, 805–807.

26. Chaney, A.L.; Marbach, E.P. Modified reagents for determination of urea and ammonia. Clin. Chem. 1962, 8, 130–132. [CrossRef]
[PubMed]

27. SAS. SAS/STAT Software; Release 15.1; SAS Institute Inc.: Cary, NC, USA, 2018.
28. Eiben, C.S.; Mézes, M.; Zijártó, K.; Kustos, N.; Gódor-Surmann, K.; Erdélyi, M. Dose-dependent effect of cellulose supplementation

on performance of early-weaned rabbit. In Proceedings of the 8th World Rabbit Congress, Puebla, Mexico, 7–10 September 2004;
pp. 799–804.

29. Attia, K.A.; Saleh, S.Y.; Abd El-hamid, S.S.; Zaki, A.A.; El-Sawy, M.A. Effects of exogenous multi-enzyme feed additive (kemzyme)
on the activities of certain digestive enzymes and intestinal morphology in growing rabbits. J. Agric. Sci. 2012, 4, 35–44. [CrossRef]

30. Zou, L.; Xiong, X.; Liu, H.; Zhou, J.; Liu, Y.; Yin, Y. Effects of dietary lysozyme levels on growth performance, intestinal
morphology, immunity response and microbiota community of growing pigs. J. Sci. Food Agric. 2019, 99, 1643–1650. [CrossRef]

31. Oliver, W.; Wells, J.; Maxwell, C. Lysozyme as an alternative to antibiotics improves performance in nursery pigs during an
indirect immune challenge. J. Anim. Sci. 2014, 92, 4927–4934. [CrossRef]

32. Petruschke, H.; Schori, C.; Canzler, S.; Riesbeck, S.; Poehlein, A.; Daniel, R.; Frei, D.; Segessemann, T.; Zimmerman, J.; Marinos,
G.; et al. Discovery of novel community-relevant small proteins in a simplified human intestinal microbiome. Microbiome
2021, 9, 1–19. [CrossRef] [PubMed]

33. Brundige, D.R.; Maga, E.A.; Klasing, K.C.; Murray, J.D. Lysozyme transgenic goats’ milk influences gastrointestinal morphology
in young pigs. J. Nutr. 2008, 138, 921–926. [CrossRef]

34. Agnoletti, F.; Bacchin, C.; Bano, L.; Passera, A.; Favretti, M.; Mazzolini, E. Antimicrobial susceptibility to zinc bacitracin of
Clostridium perfringens of rabbit origin. World Rabbit Sci. 2007, 15, 19–22. [CrossRef]

35. Fang, S.; Chen, X.; Ye, X.; Zhou, L.; Xue, S.; Gan, Q. Effects of gut microbiome and short-chain fatty acids (scfas) on finishing
weight of meat rabbits. Front. Microbiol. 2020, 11, 1835. [CrossRef] [PubMed]

36. García, J.; Gidenne, T.; Falcão-e-Cunha, L.; de Blas, C. Identification of the main factors that influence caecal fermentation traits in
growing rabbits. J. Anim. Res. 2002, 51, 165–173. [CrossRef]

37. Marty, J.; Vernay, M. Absorption and metabolism of the volatile fatty acids in the hind-gut of the rabbit. Br. J. Nutr. 1984, 51, 265–277.
[CrossRef] [PubMed]

38. Velasco-Galilea, M.; Piles, M.; Ramayo-Caldas, Y.; Sánchez, J.P. The value of gut microbiota to predict feed efficiency and growth
of rabbits under different feeding regimes. Sci. Rep. 2021, 11, 19495. [CrossRef]

39. Gidenne, T.; Jehl, N.; Lapanouse, A.; Segura, M. Inter-relationship of microbial activity, digestion and gut health in the rabbit: Effect of
substituting fibre by starch in diets having a high proportion of rapidly fermentable polysaccharides. Br. J. Nutr. 2004, 92, 95–104.
[CrossRef] [PubMed]

40. Monteils, V.; Cauquil, L.; Combes, S.; Godon, J.J.; Gidenne, T. Potential core species and satellite species in the bacterial community
within the rabbit caecum. FEMS Microbiol. Ecol. 2008, 66, 620–629. [CrossRef] [PubMed]

41. Angelakis, E. Weight gain by gut microbiota manipulation in productive animals. Microb. Pathog. 2017, 106, 162–170. [CrossRef]
[PubMed]

42. Mukherjee, S.; Joardar, N.; Sengupta, S.; Babu, S.P.S. Gut microbes as future therapeutics in treating inflammatory and infectious
diseases: Lessons from recent findings. J. Nutr. Biochem. 2018, 16, 111–128. [CrossRef]

43. Ibrahim, H.R.; Imazato, K.; Ono, H. Human lysozyme possesses novel antimicrobial peptides within its N-terminal domain that
target bacterial respiration. J. Agric. Food Chem. 2011, 59, 10336–10345. [CrossRef]

44. Varga, M. Rabbit basic science. In Textbook of Rabbit Medicine, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 2014; pp. 271–302.
45. Chiou, P.W.S.; Yu, B.; Lin, C. Effect of different components of dietary fiber on the intestinal morphology of domestic rabbits.

Comp. Biochem. Physiol. Part A Physiol. 1994, 108, 629–638. [CrossRef]
46. Prohaszka, L. Antibacterial effect of volatile fatty acids in enteric Escherfchia coli infections of rabbits. Zent. Vet. Reihe B 1980, 27, 631–639.
47. Peeters, J.E.; Maertens, L.; Orsenigo, R.; Colin, M. Influence of dietary beet pulp on caecal VFA, experimental colibacillosis and

iota-enterotoxaemia in rabbits. Anim. Feed Sci. Technol. 1995, 51, 123–139. [CrossRef]
48. Bellier, R.; Gidenne, T.; Vernay, M.; Colin, M. In vivo study of circadian variations of the caecal fermentation pattern in postweaned

and adult rabbits. J. Anim. Sci. 1995, 73, 128–135. [CrossRef]
49. Bergman, E.N. Energy contributions of volatile fatty acids from the gastrointestinal tract in various species. Physiol. Rev. 1990, 70, 567–590.

[CrossRef] [PubMed]
50. Piattoni, F.; Demeyer, D.; Martens, L. In vitro study of the age-dependent caecal fermentation pattern and methanogenesis in

young rabbits. Reprod. Nutr. Dev. 1996, 36, 253–261. [CrossRef] [PubMed]
51. Remesy, C.; Demigne, C.; Morand, C. Metabolism of short-chain fatty acids in the liver. In Physiological and Clinical Aspects of

Short-Chain Fatty Acids; Cummings, J.H., Rombeau, J.L., Sakata, T., Eds.; Cambridge University Press: London, UK, 1995; pp. 171–190.

http://doi.org/10.3168/jds.S0022-0302(91)78551-2
http://doi.org/10.1017/S0003356100038514
http://doi.org/10.1093/clinchem/8.2.130
http://www.ncbi.nlm.nih.gov/pubmed/13878063
http://doi.org/10.5539/jas.v4n3p35
http://doi.org/10.1002/jsfa.9348
http://doi.org/10.2527/jas.2014-8033
http://doi.org/10.1186/s40168-020-00981-z
http://www.ncbi.nlm.nih.gov/pubmed/33622394
http://doi.org/10.1093/jn/138.5.921
http://doi.org/10.4995/wrs.2007.609
http://doi.org/10.3389/fmicb.2020.01835
http://www.ncbi.nlm.nih.gov/pubmed/32849435
http://doi.org/10.1051/animres:2002011
http://doi.org/10.1079/BJN19840031
http://www.ncbi.nlm.nih.gov/pubmed/6704374
http://doi.org/10.1038/s41598-021-99028-y
http://doi.org/10.1079/BJN20041173
http://www.ncbi.nlm.nih.gov/pubmed/15230992
http://doi.org/10.1111/j.1574-6941.2008.00611.x
http://www.ncbi.nlm.nih.gov/pubmed/19049656
http://doi.org/10.1016/j.micpath.2016.11.002
http://www.ncbi.nlm.nih.gov/pubmed/27836763
http://doi.org/10.1016/j.jnutbio.2018.07.010
http://doi.org/10.1021/jf2020396
http://doi.org/10.1016/0300-9629(94)90349-2
http://doi.org/10.1016/0377-8401(94)00676-Z
http://doi.org/10.2527/1995.731128x
http://doi.org/10.1152/physrev.1990.70.2.567
http://www.ncbi.nlm.nih.gov/pubmed/2181501
http://doi.org/10.1051/rnd:19960303
http://www.ncbi.nlm.nih.gov/pubmed/8766730


Animals 2022, 12, 899 13 of 13

52. Macfarlane, G.T.; Gibson, G.R. Microbiological aspects of the production of short-chain fatty acids in the large bowel. In
Physiological and Clinical Aspects of Short-Chain Fatty Acids; Cummings, J.H., Rombeau, J.L., Sakata, T., Eds.; Cambridge University
Press: London, UK, 1995; pp. 87–105.

53. Gidenne, T. Caeco-colic digestion in the growing rabbit: Impact of nutritional factors and related disturbances. Livest. Prod. Sci.
1997, 51, 73–88. [CrossRef]

54. Sahebkar, A. Effects of resveratrol supplementation on plasma lipids: A systematic review and meta-analysis of randomized
controlled trials. Nutr. Rev. 2013, 71, 822–835. [CrossRef] [PubMed]

55. Martini, C.; Pallottini, V. Cholesterol: From feeding to gene regulation. Genes Nutr. 2007, 2, 181–193. [CrossRef]
56. Kambayashi, Y.; Binh, N.T.; Asakura, H.W.; Hibino, Y.; Hitomi, Y.; Nakamura, H.; Ogino, K. Efficient assay for total antioxidant

capacity in human plasma using a 96-well microplate. J. Clin. Biochem. Nutr. 2009, 44, 46–51. [CrossRef] [PubMed]
57. Sharma, R.; Yang, Y.; Sharma, A.; Awasthi, S.; Awasthi, Y.C. Antioxidant role of glutathione S-transferases: Protection against

oxidant toxicity and regulation of stress-mediated apoptosis. Antioxid. Redox Signal. 2004, 6, 289–300. [CrossRef]
58. Robertson, F.P.; Bessell, P.R.; Diaz-Nieto, R.; Thomas, N.; Rolando, N.; Fuller, B.; Davidson, B.R. High serum aspartate tran

aminase levels on day 3 postliver transplantation correlates with graft and patient survival and would be a valid surrogate for
outcome in liver transplantation clinical trials. Transpl. Int. 2016, 29, 323–330. [CrossRef]

59. Lin, M.Y.; Yen, C.L. Antioxidative ability of lactic acid bacteria. J. Agric. Food Chem. 1999, 47, 1460–1466. [CrossRef] [PubMed]
60. Fritz, J.; Ikegami, M.; Weaver, T.; Akinbi, H. Lysozyme ameliorates oxidant-induced lung injury. Am. Thorac. Soc. 2009, 179, A4005.

[CrossRef]

http://doi.org/10.1016/S0301-6226(97)00111-5
http://doi.org/10.1111/nure.12081
http://www.ncbi.nlm.nih.gov/pubmed/24111838
http://doi.org/10.1007/s12263-007-0049-y
http://doi.org/10.3164/jcbn.08-162
http://www.ncbi.nlm.nih.gov/pubmed/19177187
http://doi.org/10.1089/152308604322899350
http://doi.org/10.1111/tri.12723
http://doi.org/10.1021/jf981149l
http://www.ncbi.nlm.nih.gov/pubmed/10563999
http://doi.org/10.1164/ajrccm-conference.2009.179.1_MeetingAbstracts.A4005

	Introduction 
	Materials and Methods 
	Experimental Design, Animals, and Diets 
	Sampling and Measurements 
	Performance Measurements 
	Nutrient Digestibility 
	Carcass Traits 
	Caecal Microbiota and Fermentation Patterns 
	Blood Sampling, Biochemistry and Antioxidant Status 
	Statistical Analysis 


	Results 
	Growth Performance 
	Nutrient Digestibility 
	Carcass Traits 
	Caecal Microbiota and Fermentation Patterns 
	Blood Biochemistry and Antioxidant Status 

	Discussion 
	Conclusions 
	References

