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Rabbit meat offers excellent nutritive and dietetic properties, but digestive distur-
bances, mainly during the post-weaning period, induce important economic losses for
rabbit farmers. Recently, many studies have focused on feed additives which are able to
improve the intestinal health and productivity of broiler rabbits. The main objectives of
animal agriculture production are to produce safe food products, eliminating antibiotics
with a low impact on environmental pollution. A great deal of interest has been expressed
for safe and natural rabbit food with increased nutritional value without inducing bacterial
resistance and potential side effects for animals. Natural feed additives such as prebiotics,
beneficial microorganisms, organic acids, bacteriocins, and phytogenic compounds are able
to match these requirements and can satisfy the increasing consumers’ demand for natural
substances; however, because they represent novel valuable substances, their research is an
ongoing discipline.

This Special Issue covers a total of eight articles, including seven original studies and
one review, with a focus on the effects of natural substances, bioactive compounds, and
bacteriocins/enterocins on rabbit production, performance, gastrointestinal microbiota,
intestinal immunity and morphology, health parameters, and metabolic processes in rabbits.

Martinez et al. [1] evaluated the effect of Agave tequilana stem powder on the growth
performance and the intestinal integrity in broiler rabbits, and confirmed the beneficial
biological activities of polyphenols and saponins, the main secondary metabolites of this
plant. Obtained results justified the utilization of agave powder in rabbit production.

Pogany Simonova et al. [2] tested the preventive effect of a dipeptide enterocin A/ P,
produced by Enterococcus faecium (Ent) EK13 strain against the methicillin-resistant Staphy-
lococcus epidermidis SE P3 /Tr2a strain in a rabbit model, determining its effect on the growth
performance, phagocytic activity, concentration of secretory immunoglobulin IgA, and gut
microbial composition. Good health and increased weight gain reflect the beneficial effect
of Ent A/P on the growth performance of rabbits. The obtained results also showed that
the methicillin-resistant S. epidermidis SE P3/Tr2a strain did not have any pathogenic effect
on rabbits” health status. The preventive effect of Ent A/P was recorded due to improved
zootechnical parameters, stimulated non-specific immunity, and the stabilized intestinal
microbial environment of rabbits.

Roman et al. [3] demonstrated the impact of environmental conditions (laboratory,
summer and winter; and outdoor, summer and winter); and dietary supplementation with
ethyl esters of linseed oil on the quality of rabbit coat hair. The environmental conditions
had a considerable impact on the quality of the rabbit coat; the best results of hair thickness
and their heat protection were obtained during the outdoor period. The administration
of linseed oil ethyl esters had a positive effect on the hair fatty acids profile; increases in
omega-3 acids and decreases in the ratio of omega-6 to omega-3 acids were observed.

Elazab et al. [4] focused their attention on the use of phytogenic feed additives, es-
sential oils (EOs) of rosemary and ginger, as environmentally friendly supplementation
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to improve rabbit growth performance, feed utilization, meat nutritive value, physiolog-
ical, and redox status. The authors recommended both EOs for improving sustainable
production in the rabbit industry, seeing that body weight gain and feed conversion ratio
were improved; cholesterol level in muscle and plasma, as well as triglycerides in plasma,
were significantly reduced; muscle fat was decreased; and the oxidant/antioxidant balance
was attenuated.

Cremonesi et al. [5] investigated the effect of goji berry, the fruits of the Lycium barbarum
plant used in traditional Chinese medicine, on the microbiota composition of different parts
of the rabbit digestive tract. The obtained results suggested that goji berries could modulate
the microbiota by increasing the growth of bacterial families, such as Ruminococcaceae,
Lachnospiracae, Lactobacillaceae, and particularly, the genus Lactobacillus. To use goji
berries as innovative feeds for rabbits, the authors suggested that further studies should
evaluate their impact on productive performance, gut immune system maturation, as well
as resistance to gastrointestinal disorders.

Bacova et al. [6] showed that to establish suitable concentrations of phytoadditives
for a beneficial effect on animal health, metabolic processes of plant compounds in animal
organisms should be understood at the molecular level. The metabolic path of thymol, a
major constituent of Thymus vulgaris L., in the rabbit organism was determined for the first
time in their study. The intensive absorption of thymol from the gastrointestinal tract, its
metabolism and accumulation in the kidney, and intensive metabolic and excretion pro-
cesses in the liver were observed. As a consequence of thymol conversion into hydrophilic
metabolite and grater elimination in the rabbit organism, thymol was only found in trace
amounts in fat and muscle tissues.

Andoni et al. [7] evaluated the effect of goji berry supplementation on the reproductive
and productive performance of rabbits. The authors suggested that integration with goji
berry in the rabbit diet at 1% affects the reproductive activity, influencing the pattern
secretion of luteinizing hormone as well as the sexual receptivity and the productive
performance, inducing higher milk production in rabbit does.

A comprehensive review by Placha et al. [8] provides general information on the ther-
apeutic and preventive effect of thymol on various human and animal diseases, followed
by its bioavailability in human and animal organisms. Information from this review con-
cerning the mode of action of thymol in animals could also be applied to human medicine
and may help in the utilization of herbal medicine in human and veterinary healthcare.

The papers collected in this Special Issue not only present data on the beneficial effects
of natural feed additives in rabbit nutrition, but represent the available scientific information
regarding the urgent need for more studies to understand the metabolic processes of natural
substances on a molecular level, to establish the beneficial dose. The obtained information
could be useful for researchers, the veterinary sector, and pharmaceutical industries.
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Simple Summary: Natural products have been used as an alternative to the indiscriminate use of
subtherapeutic antibiotics for improving the growth of animals. Although these synthetic products
have been used in rabbits to a lesser extent than in other monogastrics, several natural products have
been tested with positive responses in growth performance, immune activity, and antioxidant capacity.
Agaves are plants with chemical compounds that have shown positive effects on performance and
animal health. Specifically, the Agave tequilana stem has a high content of fructans and secondary
metabolites, such as polyphenols and saponins, that are responsible for various biological activities.
The dietary use of up to 1.5% of Agave tequilana stem powder in the diet of rabbits had a natural
growth-promoting effect due to the improvement of their intestinal integrity (with an emphasis
on the concentric layers, villi, and crypts), taken as indicator of intestinal health. Considering the
results of this study and others carried out by this group of authors, this natural product (A. tequilana)
could be utilized in rabbit farming, considering that the stem of the agave is currently not utilized
for anything.

Abstract: This study evaluated the effect of Agave tequilana (Weber var. azul) stem powder on the growth
performance and the intestinal integrity in rabbits. A total of 120 male rabbits [New Zealand x California]
were weaned for 35 days and randomized into four dietary treatments, 15 replicates per treatment, and
two rabbits per replicate. The treatments consisted of a basal diet (T0) and dietary supplementation
with 0.5% (T1), 1.0% (T2) and 1.5% (T3) of Agave tequilana stem powder. The T3 treatment improved
the body weight and average daily gain (p < 0.05) compared to the other groups, without affecting
viability and feed conversion ratio (p > 0.05). Furthermore, the T3 treatment enhanced (p < 0.05) the
thickness of the muscular and mucous layers, and the height, thickness, and number of villi in the
duodenum (p < 0.05). However, this treatment (T3) significantly decreased (p < 0.05) values for the
area and depth of the crypts in the duodenum and the villus/crypt ratio. Likewise, in the cecum, T3
treatment provoked a marked decrease (p < 0.05) in the depth and thickness of the crypts. The results
indicate that the dietary use with 1.5% of A. tequilana stem powder had a natural growth-promoting
effect and enhanced the histomorphometry of the concentric layers (muscle and mucosa), villi, and
crypts as indicators of intestinal health in rabbits.

Keywords: agave; intestinal mucosa; natural products; rabbit
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1. Introduction

The constant consumption of synthetic antimicrobials causes the presence of chemical
residues in products of animal origin, which directly affects human health [1]. Although
preventive antibiotics have been used more in poultry and pig production than in rabbit
production, some reports have focused on controlling the population of Enterobacteriaceae
with bacitracin Zn [2]. Thus, organic acids, prebiotics, probiotics, and medicinal plants
have been used efficiently as viable alternatives to replace or decrease the indiscriminate
use of growth-promoting antibiotics [3].

In animals, studies are carried out with natural products to evaluate intestinal health
indicators, which are important for justifying the growth-promoting effect and the bacteri-
cidal, anti-inflammatory and antioxidant activities of these foods—three key considerations
for nutraceuticals [4]. Furthermore, intestinal integrity, pH, and gut microbiology are
known to be specifically influenced by diet and gut health [5]. In this sense, dietary use
of nutraceutical products such as prebiotics and probiotics can increase the height of the
villi in the small intestine, without changing the crypts depth and the natural promotion of
growth in farm animals [6-9].

Plants of the genus Agaves have been used by the inhabitants of Mesoamerica for
9000 years, especially in Mexico where it originated. Of the 310 reported species, 272 of
them are endemic to Mexico [10]. Among the most recognized and economically important
species is the Agave tequilana Weber var. azul [11]. Agaves are plants with a high content of
fructans synthesized and stored in the stems, and made up of polymers of fructose derived
from the sucrose molecule and with glucose as a terminal monomer (generally). Moreover,
the structure of fructans is used as a taxonomic marker in agaves. Specifically, the stem
of the Agave tequilana Weber var. azul has mainly 3 (2—1) fructooligosaccharide linkages;
and some ramifications of (3 (2—6) are considered to be a very complex chemical structure
whose quantification will depend on the plant material (Agave spp.) under study [12]. Due
to the high levels of fructans in Agave tequilana, prebiotic nutraceutical products have been
obtained for their dietary use in human beings and animals [13].

Studies on farm animals reported that Agave tequilana stem powder acted as a natural
growth promoter in diets by increasing the population of beneficial cecal bacteria and by
modifying harmful serum lipids in pigs and poultry [14,15]. Likewise, authors such as
Iser et al. [16] and Iser et al. [17] have demonstrated that dietary supplementation of up
to 1.5% Aguave tequilana stem powder increased productivity and meat quality, decreased
harmful serum lipids, and left blood indicators of fattening rabbits unchanged. However,
the study of how A. tequilana stem powder influences intestinal histomorphology as indica-
tors of intestinal health could justify the growth-promoting effect of this natural prebiotic in
rabbit farming. Therefore, the objective of this experiment was to evaluate the performance
and histo-morphometry of the concentric layers (muscle and mucosa), villi, and crypts of
the duodenum and cecum in broiler rabbits fed with supplementations of Agave tequilana
(Weber var. Azul) powder.

2. Materials and Methods
2.1. Experimental Location

The experiment with the name CINV.106/12 was approved by the Animal Care
Committee of the Faculty of Veterinary Medicine and Zootechnics of the University Center
for Biological and Agricultural Sciences, University of Guadalajara (CUCBA), Mexico. It
should be noted that the Mexican animal welfare guidelines and the experimental protocol
were followed. The animals were housed in an open shed, and temperature (21 °C =+ 2) and
relative humidity (63% = 2) were measured daily using a hygro-thermometer (Jumbo Dig).

2.2. Animals, Treatments, Experimental Conditions, and Diets

From a total of 350 rabbits, 120 male rabbits (New Zealand x California) that had
been weaned for 35 days were selected and randomized into 4treatments, 15 replicates per
treatment, and 2 rabbits per cage. The experimental treatments consisted of a basal diet
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formulated according to the nutritional requirements of the species under study (T0) and
dietary supplementation with 0.5% (T1), 1.0% (T2), and 1.5% (T3) of Agave tequilana stem
powder. This natural product was offered by the Veterinary Division of the Centro Universi-
tario de Ciencias Bioldgicas y Agropecuarias (CUCBA), University of Guadalajara, Mexico. The
product has the following ingredients: 93.15% dry matter; 5.08% crude protein; 1.38% crude
fat; 5.15% ash; 15.98% neutral detergent fiber; 7.70% acid detergent fiber; 8.28% cellulose;
and 43.24% fructans (inulin type), according to AOAC 2001.11 [18], Van Soest et al. [19],
and high-performance liquid chromatography (HPLC Varian ProStar System, Palo Alto,
CA, USA). Supplementation levels from a previous experiment by Iser et al. [17] were also
considered for this experiment. A basal diet was prepared according to the nutritional
requirements reported by Blas and Mateos [20] for fattening rabbits (Table 1).

Table 1. Ingredients and nutritional contributions of the diet for broiler rabbits (35 to 95 days old).

Ingredients Basal Diet (%)
Wheat straw 17.4
Alfalfa hay 12.0
Barleycorn 19.0
Wheat bran 24.0
Sunflower meal 12.0
Soymeal 11.0
Soy oil 2.88
Sodium chlorine 0.50
Monocalcium phosphate 0.50
L-lysine 0.09
L-threonine 0.08
DL-methionine 0.05
Premix ! 0.50

Calculated nutritional contributions

Crude protein (%) 16.70
Digestible energy (MJ/kg) 9.92
Neutral detergent fiber (%) 35.78
Detergent acid fiber (%) 19.21
Lysine (%) 0.77
Methionine + cystine (%) 0.59
Threonine (%) 0.65
Ashes (%) 5.37

1 Each kg contains: vitamin A 12,000 IU, vitamin D3 2000 IU, vitamin B2 4160 IU, Niacin 16,700 IU, pantothenic
acid 8200 IU, vitamin B6 3420 IU, folic acid 0.980 g, vitamin B12 16 mg, vitamin K 1560 IU, Vitamin E 16 g, BHT
8.5 g, cobalt 0.750 g, copper 3.5 g, iron 9.86 g, manganese 6.52 g, sodium 0.870 g, zinc 4.24 g, and selenium 6.67 g.

The A. tequilana stem powder was added homogeneously to the mash feed, and the mix-
ture obtained was pelleted using a rotary pelletizer (Macreat, LDS-300, Zhengzhou, China)
with a particle size of 2.5 mm as established for this animal species [20].

The broiler rabbits were placed in metal cages with dimensions of 76 cm long, 76 cm
wide, and 45 cm high. In two frequencies at 7:00 a.m. and 4:00 p.m., feed was supplied ad
libitum, tubular galvanized sheet feeders were used, and availability adjustments were
made based on the difference between supply and rejection according to Iser et al. [16].
Moreover, automatic nipple drinkers were used to offer ad libitum water to the rabbits.

2.3. Growth Performance

During the study, body weight (BW) was determined at the beginning (35 days) and at
the end (95 days) of the experiment using an OSBORNE® (model 37473%, Kansas, MI, USA)
digital scale with a precision of £0.1 g. Overall mortality was calculated by comparing the
number of dead animals to those that started the study. The feed supplied and rejected for
a period of 24 h was used to calculate the daily feed intake (FI). The initial body weight
(BW), final body weight, and the experimental days were used to determine the average
daily gain (ADG). Likewise, the feed conversion ratio (FCR) was recorded as the kg of feed
consumed to gain 1 kg of BW.
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2.4. Intestinal Integrity

At 95 days old, 10 rabbits were randomly selected for each treatment. An electrical
stun was performed with two electrodes under the following specifications: electricity
125V, power 160 mA, 0.3 amps, frequency 50 Hz, and duration 2-3 s. After unconsciousness
was verified, they were slaughtered, and six samples of intestinal tissue were taken [21].

After the tissues were washed, representative sections (1 cm? samples) were taken from
the middle longitudinal part of the duodenum (the area that corresponds to the junction
with the stomach and up to the first intestinal loop) and from the middle longitudinal part
of the cecum. Note that one section per intestinal segment (duodenum and cecum) was
evaluated. Next, they were placed in 10% formalin in phosphate-buffered saline (pH 7.4)
at 4 °C, which was subjected to the histological technique [8], dehydrated in a graduated
series of ethanol, and embedded in paraffin. Subsequently, thick samples of 4 to 5 microns
were taken with a longitudinal orientation to ensure that the complete layers of the intestine
were present.

Next, in the tissues, a routine of deparaffinization, hydration, and staining (hematoxylin-
eosin) was followed. Five slides per animal were evaluated, with five serial cuts per slide
and five random fields per slide. The thickness of the muscular and mucosal layers in the
duodenum and cecum was calculated. Furthermore, in the duodenum, the height, width,
and number of villi were quantified. In the cecum, the depth, thickness, and number of the
crypts were determined. An Axiostar microscope (Carl Zeiss, Oberkochen, Germany) was
connected to a computer with Opti-AnalySIS Basic software, and 500 x and 100 x images
were used to determine all study measurements. Finally, the ratio of villus height/depth of
the crypt was calculated [8].

2.5. Statistical Analysis

The experimental study considered a completely randomized design. To determine
the data normality and the variance uniformity, the Kolmogorov-Smirnov and Bartlett tests
were used. Next, the data were processed by a simple classification analysis of variance
(ANOVA). Where necessary, a post hoc analysis (Duncan) was used. Likewise, the Kruskal—
Wallis test was performed to determine the number of villi and crypts. All analyzes were
performed according to the statistical software SPSS version 23.0.

3. Results

Table 2 shows that the dietary use of the Agave tequilana stem powder did not statisti-
cally change the viability and FCR (p > 0.05); however, T3 increased BW, FI, and the ADG
compared to a basal diet (T0), T1, and T2 during the 60 experimental days (p < 0.05).

Table 2. Effect of A. tequilana stem powder on performance of rabbits (35-95 days old).

Treatments
Items TO T1 T2 T3 SEM+  p-Value
Viability (%) 95.00 95.00 95.00 95.00
Initial body weight 774.89 767.75 768.5 771.66 4.430 0.890

Final body weight (g)  2478.89°  2472.35®  246890P  2550.06%  14.728 0.041
Feed intake 12049°  11960P 11950 124812 0437  <0.001

(g/rabbit/day)
Average daily gain b b b a
(g/rabbit/day) 28.40 28.41 28.34 29.64 0.296 0.049
Feed conversion ratio 4.24 421 422 421 0.034 0.059

ab Means with different letters in the same row differ at p < 0.05. T0: basal diet; T1: 0.5% of Agave tequilana stem
powder. T2: 1.0% of Agave tequilana stem powder. T3: 1.5% of Agave tequilana stem powder.

Changes in the intestinal integrity of rabbits (95 days old) when using increasing levels
of A. tequilana stem powder are shown in Table 3. T3 significantly (p < 0.05) enhanced the
thickness of the muscular and mucous layers in the duodenum and cecum. Similar results
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were found for the height and villi thickness in the duodenum compared to TO, T1, and
T2 (p < 0.05). However, these last treatments (T0-T2) showed (p < 0.05) the highest values
for the depth zone of the crypts, without differences (p > 0.05) for the crypts thickness in
the duodenum. Furthermore, T3 decreased (p < 0.05) the depth and crypts thickness in the
cecum significantly in relation to the other treatments.

Table 3. Effect of A. tequilana stem powder on intestinal integrity of rabbits (95 days old).

Treatment
Morphometry ) T1 T2 T3 SEM+  p-Value
(um)
Duodenum
Muscle thickness 119.20 P 121.72b 119.88 P 150.00 2 6.786 <0.001
Mucous thickness ~ 1063.24° 105656  1023.84b 1199.92 31.800 <0.001
Villi height 891.70 P 894.12 0 892.22b  1027.962 25.041 <0.001
Villi thickness 109.00 P 108.03 b 110.52P 149.80 2 6.500 <0.001
Crypt area 321.212 322,152 322242 267.32b 7.589 <0.001
Crypt depth 99552 98.652 98.202 72.68° 7.215 <0.001
Crypt thickness 66.89 65.76 65.77 65.76 4122 0.314
Villi/Crypts * 8.95° 9.06 ° 9.06 ° 14.14 2 1.251 <0.001
Cecum

Muscle thickness ~ 286.79 b 284.00 0 287.32b 396.04 2 28.069 <0.001
Mucosa thickness 42599 P 426.50 P 428.20° 441.002 3.482 <0.001
Crypt depth 244302 243.26 2 245.76 2 228.76 P 4923 <0.001
Crypt thickness 121.36 @ 121.28 @ 121.75@ 97.84 P 5.730 <0.001

ab Means with different letters in the same row differ at p <0.05. * Villus height/crypt depth. TO: basal diet;
T1: 0.5% of Agave tequilana stem powder. T2: 1.0% of Agave tequilana stem powder. T3: 1.5% of Agave tequilana
stem powder.

Figure 1 shows that T3 increased (p < 0.05) the villi number in the duodenum, although
without notable differences among treatments (p > 0.05) for the crypts number in both
intestinal portions (duodenum and cecum).
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Figure 1. Effect of A. tequilana stem powder on the number of villi (SEM + 0.132; p-value 0.001)
and crypts in the duodenum (SEM = 0.494; p-value 0.088) and on the crypts number (SEM = 0.259;
p-value 0.664) in the cecum of rabbits. P Means with different letters among treatments differ at

p <0.05.
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4. Discussion

The fact that supplementation of up to 1.5% of Agave tequilana stem powder did not
change the viability of rabbits (Table 2) confirms that this natural product does not have
toxic elements and/or harmful secondary metabolites. Similar results in mortality (6.25%)
were found by Iser et al. [8] and Iser et al. [16] when they used up to 1.5% of A. tequilana
and A. fourcroydes stem powder as a natural growth promoter. Likewise, Chavez et al. [14]
and Sanchez et al. [15] informed us about a high viability in poultry and pigs when they
carried out dietary experiments with dried-stem powder or Agave tequilana extract, thus
demonstrating the safety of the tested natural product.

On the other hand, in laboratory animals, Agave tequilana fructans have been found to
modulate the intestinal microbiota, the immune response, the anti-inflammatory activity,
and the circulation of harmful serum lipids, which causes a maintenance of or reduction
in body weight [22,23]. However, in the case of using rabbits as laboratory animals, T3
increased their body weight by 2.87% and their ADG by 4.37% when compared to the
control group (Table 2). The growth-promoting effect of these products rich in fructans
will apparently depend on the amount of this carbohydrate in the diet and the category
and species of the animal under experimentation. Moreover, Santos-Zea et al. [24] have
informed us that the Agave tequila stem is rich in secondary metabolites such as polyphenols
and saponins, which are considered anti-nutritional factors. However, in adequate concen-
trations, these chemical compounds have antioxidant and anti-inflammatory effects that
decrease low density lipoprotein (LDL) oxidation and regulate cell growth [25]. Apparently,
the combined effect of fructans and the beneficial secondary metabolites had a positive
effect on rabbits, although more experiments are necessary to verify this approach.

Table 2 also demonstrates that dietary use with dried-stem powder of A. tequilana (T3)
provoked a higher feed intake (3.59%) and no change in feed conversion, which promoted
a higher body weight, suggesting that perhaps favorable conditions in the gastrointestinal
tract (GIT) demanded a higher intake of nutrients and energy (Table 3). Previous studies
with agave stem (fequilana and fourcroydes) reported a higher feed intake associated with an
increased weight gain in rabbits [8,16]. Agave tequilana stem powder also promoted feed
intake due to the moderately sweet taste of this natural product as a result of the high
concentration of fructans and fructose [26]. Furthermore, other studies using prebiotic
compounds in rabbits are contradictory; Mourao et al. [27] and Bovera et al. [28] found that
the dietary use with mannanoligosaccharides as a growth-promoter in rabbits increased
feed intake, but Alvarado-Loza et al. [29] reported lower intake when they used insulin as
part of the rabbit diet. The results (Table 2) demonstrate that dietary supplementation up to
1.5% of Agave tequilana stem powder has a natural growth-promoting effect in rabbits. This
was supported by other research using Agave fourcroydes dried-stem as a prebiotic additive
in broiler rabbits [8].

Additionally, Agave tequilana stem supplementation (1.5%) changed the thickness of
the muscular and mucous layers in broiler rabbits; these intestinal layers are the most
significant in digestive morphophysiology and in the diagnosis of digestive diseases;
the first contributes to peristalsis and the movement of the feed chyme, which directs it
along and out of the intestines, and the second produces mucus, lubricates the passage
of the food chyme, and protects the GIT from the action of digestive enzymes [30]. Thus,
an increase in the thickness of these intestinal layers (muscle and mucosa) with T3 is
associated with higher intestinal health [6]. These results may be associated with a decrease
in intestinal pH due to the increase in the population of cecal lactic acid bacteria (BAL),
already confirmed by Martinez et al. [31] when using Agave fourcroydes stem powder
(with similar chemical characteristics to Agave tequilana) up to 1.5% in rabbit diets. In this
sense, Revolledo et al. [32] have informed us that better intestinal health, due to decreased
adherence of pathogenic bacteria and intestinal damage due to competitive exclusion of
bacteria, has a direct effect on the concentric layers thickness.

Furthermore, de Blas et al. [33] found a reduction in the thickness of the mucous layer
due to the greater presence of Helicobacter spp., Campylobacter spp. and C. perfringens, which
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increased the mortality and decreased the productive response of rabbits. This intestinal
layer is related to tissues involved in the defense of the host against infectious diseases.
This allows for better immune activity and modulation of the intestinal barrier [32], which
directly affect the productive performance of animals [3].

On the other hand, Raj et al. [34] reported that there is a close relationship between the
thickness of the intestinal mucosa and the intestinal barrier. These authors reported that a
significant decrease in this intestinal layer can decrease intestinal permeability due to the
unlimited access of toxins, microorganisms, substances, macromolecules, and chemicals,
which could cause gastrointestinal disturbances that directly affect animal productivity. It
should be noted that the mucous layer thickness is greater in the duodenum than in the
cecum due to absorptive activity in this portion. However, the muscle layer thickness is
more significant due to the transport of feces, especially in rabbits due to cecotrophy [20].

Additionally, some authors [35] have suggested that the histo-morphometry of the
villi and crypts are directly related to intestinal health and animal response. Thus, these
results showed that the better conditions of the intestinal environment, due to a higher
proliferation of lactic acid bacteria (LAB) [31] provided by T3, led to an increase (p < 0.05) in
the height and thickness of the villi, and in the thickness of the intestinal mucosa (Table 3),
thus denoting a more developed intestinal tissue. Other experiments with productive
animals using high-fructan diets have reported similar responses in villus height and
width [30,31]. The authors associated these results with greater health and intestinal
absorption area. However, the studies by Mourao et al. [27], when they used diets with
fructooligosaccharides in rabbits, did not find notable changes (p > 0.05) for these indicators.

It has been verified that the use of nutraceutical foods intervenes in the development
of the GIT, especially in “villi height and crypts depth,” as well as in productive efficiency,
nutrient absorption capacity, and reduction of metabolic requirements [35]. In this sense,
the relationship of the villi height/crypts depth is used as a nutritional and health indicator
to estimate the digestive processes and the absorption of nutrients in the gut [36]. Thus,
the greatest capacity for digestion and absorption occurs when this ratio increases [37,38].
According to Vallejos et al. [30], a shortening of the intestinal villi in relation to a greater
depth of the crypt causes a decrease in absorption cells and more secretory cells. On the
other hand, the highest supplementation with Agave tequilana stem powder (1.5%) decreased
the thickness and depth of the crypts in the duodenum (Table 3). According to Cai et al. [6],
in apparently healthy animals, a greater crypt depth is related to the migration of specialized
cells towards the villi, influenced by the shortening and decreased functionality of these
structures due to multifactorial causes, although with greater emphasis due to the microbial
dysbiosis. Likewise, other studies on the dietary use of up to 1.5% Agave fourcroydes
stem powder compared to the control treatment showed a higher ratio of these intestinal
structures [8]. It is noteworthy that the intestine has a rapid epithelial renewal, due to the
shortening of the deep Lieberkiihn crypts [33].

At the same time, in previous research, Iser et al. [8] reported that the dietary use of
Agave fourcroydes stem powder (up to 1.5%) enhanced the number of intestinal villi, due
to better gut health, which promoted the growth of rabbits. To our knowledge, this is the
first study showing the effect of Agave tequilana powder on intestinal histo-morphometry
of rabbits. Moreover, the number and size of the villi will depend on the number of
cells that compose it. In this way, the functional integrity of the villi cells, both in the
luminal membrane and in the base-lateral membrane, are directly related to the absorption
of nutrients [39]. It is important to clarify that each villus corresponds to a crypt; the
numerical difference in the duodenum is due to the cross section made to the tissues for
this analysis [30].

Generally, gastrointestinal problems in human beings and animals provoke changes
in the villi structure (mainly atrophy or shortening), especially due to the presence of
pathogenic bacteria or other associated pathologies [38]. As mentioned above, in these
apparently healthy animals (rabbits), supplementation with Agave tequilana powder (1.5%)
increased the villi thickness and decreased the crypts depth, which provoked a reduction
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in the inter-villus space, with a greater quantification of these filaments (villi) at a field
reading with 100 x and 500x under the microscope. In this sense, Galina et al. [40] found
that various nutraceuticals increased the number of intestinal villi in an apparently healthy
animal model. In a similar vein, Mourao et al. [28] suggested that the diets with mannan-
oligosaccharides provoked a greater height of intestinal villi, associated with the growth
of beneficial cecal bacteria in rabbits. This shows that the number of functional villi in
the duodenum changes due to the effect of the diet supplied, considering that dietary
treatments did not cause enteric problems in these rabbits.

5. Conclusions

The results indicate that the dietary supplementation of 1.5% of A. tequilana (Weber var.
Azul) stem powder in broiler rabbits (35-95 days old) improved the growth performance
and histomorphometry of the concentric layers (muscle and mucosa), villi, and crypts as
indicators of intestinal health, which justified the natural growth-promoting effect of this
product in rabbit production.
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Simple Summary: Rabbits are animals sensitive to alimentary disturbances and various spoilage
agents, mostly during the weaning period. For this reason, the use of natural feed additives has
become an area of research in rabbit nutrition, mainly with a focus on prevention. The “in vivo”
administration of bacteriocins/enterocins shows an increasing potential in the prevention/treatment
of animals’ diseases. Therefore, our study focused on the preventive potential of the dipeptide
enterocin (Ent) A/P against the methicillin-resistant (MR) Staphylococcus epidermidis SE P3/Tr2a strain
in rabbit model, determining its effect on the growth performance, phagocytic activity, secretory (s)
IgA, and gut microbial composition of rabbits. Ent A/P increased the weight gain of rabbits and
its antibacterial effect showed a tendency to stabilize and improve gut microbiota due to reduction
of MR staphylococci, total bacteria, and coliforms. The immune-stimulatory effect of Ent A/P was
noted due to increased phagocytic activity. Achieved results showed the great potential of Ent A/P
application as a feed additive in rabbit nutrition to improve the health and productivity of animals.

Abstract: The present study investigated the effect of the dipeptide enterocin (Ent) A/P on growth,
immune response, and intestinal microbiota in rabbits. Eighty-eight rabbits (aged five weeks, M91
meat line, both sexes) were divided into three experimental groups: E (Ent A/P; 50 pL/animal/day
for 14 days; between 0-14 days); S (methicillin-resistant Staphylococcus epidermidis SE P3/Tr2a strain;
500 uL/animal/day for 7 days starting at day 14 to day 21); and E + S (Ent A/P between 0-14
days and SE P3/Tr2a strain between 14-21 days) groups, and the control group (C). The additives
were administered in drinking water. Administration of Ent A/P lead to an increase in weight gain,
reduction of feed conversion; phagocytic activity was stimulated and gut microbiota were optimized
due to reduction of coliforms, total bacterial count, and methicillin-resistant staphylococci. Good
health and increased weight gain also showed that methicillin-resistant S. epidermidis SE P3/Tr2a
strain did not have any pathogenic effect on rabbits’ health status.

Keywords: enterocin; rabbit; health; immunity; microbiota; prevention

1. Introduction

The routine and indiscriminate use of conventional antibiotics in agriculture presents
a growing threat, leading to an increase in drug-resistant bacteria in animals and their trans-
mission to humans. Current research is focusing on alternative antimicrobial compounds
for use in animal production and veterinary medicine. Bacteriocins are antimicrobial pro-
teins with a broad antibacterial spectrum produced by Gram-positive and Gram-negative
bacteria, mostly by lactic acid bacteria (LAB), including enterococci (producing bacteriocins
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named mostly enterocins; [1]), currently indicated for use in food preservation, but they
also have great potential in the prevention and treatment of animals” diseases. Bacteri-
ocins/enterocins have a low tendency to develop resistance compared to conventional
antibiotics and they are characterized by biosafety and several bioactive roles-they possess
antimicrobial, anticancer, antioxidant, and immunomodulatory effects [2-5]. Therefore,
bacteriocins could be a promising alternative as feed additives in livestock farms to im-
prove the health and productivity of food animals. Regarding their success to eliminate
multi-drug resistant (MDR) bacteria, they can also be applied in several areas of veterinary
medicine with preventive effects and/or to treat bacterial infections [4,6,7].

MDR bacteria represent a public health problem worldwide, with the focus mainly on
vancomycin-resistant enterococci, carbapenem-resistant enterobacteria, and pseudomon-
ads. There is also a focus on methicillin-resistant Staphylococcus aureus (MRSA) and other
coagulase-positive (MRCoPS) and coagulase-negative staphylococci (MRCoNS) [8]. While
MRSA in human medicine is detected mostly as hospital-acquired MRSA (HA-MRSA), in
veterinary medicine methicillin-resistant staphylococci (MRS) are causative agents of cows’
mastitis, chickens” lameness, pigs” exudative epidermitis, canine pyoderma, skin lesions
in dogs and cats, and abscesses, mastitis, and septicemia in rabbits [9,10]. Because of a
great diversity of MRS host species—pets, food, and wild animals [11]-a special attention is
required regarding MRS’ co-resistance to other antibiotics, influencing the antimicrobial
therapeutic effect and offering a source of resistance genes for other staphylococcal species.
For this reason, new antimicrobial agents directed against antibiotic-resistant bacteria,
such as bacteriocins, are requested. In vitro bacteriocins testing against MRS, MRSA, and
multi-drug resistant staphylococci (MDRS) showed promising results, including their an-
timicrobial and antibiofilm effect [12-14], confirmed also in several animal models, mostly
in the murine model [3]. While the anti-MRSA resp. anti-MRS activity of bacteriocins
was presented in a number of papers, mostly during lantibiotics” testing, the effect of
enterocins on MRS isolates are documented only in some studies [15-17]. Moreover, most
of the mentioned in vivo experiments present the therapeutic effect of bacteriocins tested
in animal models [3], but the prevention of pathogenic and resistant bacteria multiplication
using bacteriocins as feed additives is also important.

Therefore, the aim of this study was to test the preventive effect of a dipeptide enterocin
(Ent) A/P (previously named Ent EK13, produced by Enterococcus faecium EK13 strain
deponed to the Czech Collection of Microorganisms in Brno, Czech Republic with no.
CCM7419 [18]) against methicillin-resistant Staphylococcus epidermidis SE P3 /Tr2a strain in
a rabbit model. The effect on growth performance, immune response, Eimeria spp. oocysts’
occurrence, and the intestinal microbiota composition of rabbits was controlled.

2. Materials and Methods
2.1. Animals Care and Use

The experiment was performed in cooperation with our colleagues at the experimental
rabbit facility of the National Agricultural and Food Centre, Research Institute for Animal
Production, Nitra, Slovakia. All applicable international, national and/or institutional
guidelines for the care and use of animals were followed appropriately, and all experimental
procedures were approved by the Institutional Ethic Committee (permission code: SK CH
17016 and SK U 18016) and the State Veterinary and Food Administration of the Slovak
Republic (4047 /16-221).

2.2. Experiment Schedule, and Diet

A total of 88 post-weaned hybrid rabbits, (meat lines M91 and P91, weaned at the
age of 35 days, both sexes, equal male to female ratio per treatment), were used in this
experiment. Rabbits were divided into three experimental groups (E, S, E + S) and one
control group (CG), with 22 animals in each group. The average live weight of rabbits at the
start of the experiment was 1091.8 g 4= 149.3. The rabbits were kept in standard metal cages
(61 x 34 x 33 cm, Kovobel company, Domazlice, Czech Republic), two animals per cage. A
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Ent A/P application (E, E+S) SE P3/Tr2a application (S, E+S)

cycle of 16 h of light and 8 h of dark was used throughout the experiment. Temperature
(20 £ 4 °C) and humidity (70 4= 5%) were maintained throughout the experiment by heating
and ventilation systems, and data were recorded continuously with a digital thermograph
positioned at the same level as the cages. Animals were fed a commercial pelleted diet
for growing rabbits (KV, Tekro-Nitra, Ltd., Nitra, Slovakia; Table 1) during the whole
experiment with access to water ad libitum. The ingredients and chemical composition
of this diet are presented in Table 1. The chemical analyses were conducted according to
AOAC [19] and Van Soest et al. [20]. The animals in group E were administered Ent A/P
(prepared according to Marekova et al. [21]), a dose of 50 uL/animal/day, with activity
of 25,600 AU/mL during the first 14 days of the treatment period (between days 0/1 and
14), to control the preventive effect of tested enterocin A/P (Figure 1). The activity of
Ent A/P was tested by the agar spot test according to De Vuyst et al. [22] against the
principal indicator strain E. avium EA5 (isolated from the feces of piglets, our laboratory).
Rabbits in group S received only the methicillin-resistant Staphylococcus epidermidis SE
P3/Tr2a strain (1.0 x 10° CFU/mL; Pogany Simonova et al. [17]) in their drinking water at
a dose of 500pL/animal/day for 7 days, between 14 and 21 days. The strain was marked
by rifampicin to differentiate it from the total staphylococci and prepared as described
previously by Strompfova et al. [23]. Rabbits in the E + S group firstly consumed the Ent
A/P for 14 days (between 0-14 days) and after it the SE P3/Tr2a strain was applied to
animals for 7 days, starting at day 14 (when the Ent A /P application was ceased), and
finishing at day 21 of the trial. Based on our previous experiments, that these additives can
be dissolved in distilled water [21], the additives were applied firstly to 100 mL of drinking
water in all cages to ensure that rabbits received the applied additives, and after consuming
this volume the rabbits had access to water ad libitum. Control rabbits (group C) had the
same conditions, but without additives being applied to their drinking water, and they
were fed a commercial diet. Drinking water was provided through nipple drinkers. The
experiment lasted for 21 days.

Table 1. Nutrient content of commercial granulated diet for growing rabbits.

Nutrient Content g-kg~1in Original Feed g-kg 1 in Dry Matter
Dry matter 886.65 1000.00
Crude protein 155.35 174.94
Crude fiber 132.37 149.29
Crude fat 20.30 22.89
Ash 90.08 101.60
Starch 238.71 269.22
Acid detergent fiber 151.69 171.08
Neutral detergent fiber 295.10 332.83
Calcium 15.90 17.94
Phosphorus 4.89 5.51
Magnesium 2.57 2.90
Sodium potassium 1.21 1.36
Iron 564.70 * 636.88 *
Zinc 97.77 * 110.27 *
Copper 20.50 * 23.12*
Metabolizable energy
M kg—1) 11.16 11.02

*mg-kg ™! feed.

=)

Days of experimental period

Figure 1. Scheme of the Ent A/P and S. epidermidis SE P3/Tr2a strain application.
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2.3. Growth Performance

Body weight (BW) and feed consumption were measured every week during the
experiment; average daily weight gain (ADWG) and feed conversion ratio (FCR) were
calculated mathematically. Mortality was recorded daily throughout the whole experiment.

2.4. Phagocytic Activity in Blood

For phagocytic activity (PA), blood (1 = 8) was sampled from the marginal ear vein
(Vena auricularis) into Eppendorf tubes containing micro-spheric hydrophilic (MSH) parti-
cles and heparin at days 0, 14, and 21. Briefly, 50 uL of MSH particle suspension (ARTIM,
Prague, Czech Republic) was mixed with 100 uL of blood in an Eppendorf-type test tube
and incubated at 37 °C for 1 h. Blood smears were then prepared and stained in accordance
with May-Griinwald and Giemsa—Romanowski, and the direct microscopic counting pro-
cedure, calculating the number of white cells containing at least three engulfed particles
per 100 white cells (monocytes/granulocytes), was used for PA analysis [24].

2.5. Immunoglobulin A in Small Intestinal Wall

Eight rabbits in each group were killed at 21 days of the trial (56 d of age) using
electronarcosis (50 Hz, 0.3 A/rabbit for 5 s), immediately hung by the hind legs on the
processing line and quickly bled by cutting the jugular veins and the carotid arteries.
Samples (1 = 8) of the small intestine were collected for IgA analyses, and the appendix
and cecum contents for microbial analysis.

The concentration of immunoglobulin A (IgA) in the intestinal wall was measured using
the competitive inhibition enzyme immunoassay technique (Rabbit Inmunoglobulin A, IgA
ELISA kit, Cusabio, Houston, TX, USA). Samples of intestinal wall were prepared according
to Nikawa et al. [25] and analyzed using the Multireader Synergy HTX (Biotek, Shoreline,
WA, USA), at the wavelength 450 nm according to the manufacturer of Cusabio kit.

2.6. Microbial Analyses and Eimeria spp. Oocysts Detection

Freshly-voided feces were collected using nets mounted under the cages, five nets
under 11 cages. Because there were two animals housed in each cage, and in some places
the feces were mixed, we decided to collect mixed samples, one mixed sample per net,
i.e., five mixture samples per group. Feces were sampled at day 0/1 (at the start of the
experiment and Ent A /P application; 10 mixture samples from all rabbits, respectively,
from all groups together—initial microbial background, at day 14 (2 weeks after the start
of the experiment; the end of Ent A/P and the start of the S. epidermidis SE P3/Tr2a strain
application; five mixture samples from each group) and at day 21 (56 days of age; the
end of SE P3/Tr2a strain application). For microbial testing, samples of feces, cecum,
and appendix contents (1 g) were treated using the standard microbiological dilution
method (International Organization for Standardization (ISO)). The appropriate dilutions
in Ringer solution (pH 7.0; Oxoid Ltd., Basingstoke, Hampshire, England) were plated
onto the following media: M-Enterococus Agar (NF-V04503, Difco Laboratories, Detroit,
M1, USA) for enterococci, M17 Agar (Difco) for streptococci, MacConkey agar (ISO 7402,
Oxoid) for coliforms, Mannitol Salt Agar for coagulase-negative staphylococci (CoNS, ISO
6888), Plate Count Agar (Biomark Laboratories, Pune, India) for total bacterial growth,
Oxacillin Resistance Screening Agar (Oxoid) to confirm methicillin-resistant staphylococci.
Brain-Heart Infusion agar (Difco) enriched with rifampicin (Rifasynt, Medochemie Ltd.,
Limassol, Cyprus) was used to determine S. epidermidis P3/Tr2a. Bacteria were cultivated
at 30 °C and/or 37 °C for 2448 h depending on the bacterial genera and their counts were
expressed in log 10 of colony forming units per gram (log 10 CFU/g + SD). Randomly
picked up representatives of selected bacterial groups were confirmed by MALDI-TOF
identification system (Bruker Daltonics, Billerica, MA, USA).

Fecal samples were stored at 4 °C and examined for the Eimeria spp. oocysts by the
flotation technique, according to McMaster [26]. Oocysts were not differentiated at the
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species level but designated as Eimeria spp.; they were counted microscopically, and the
intensity of infection was expressed as oocysts per gram of feces (OPG).

2.7. Statistical Analysis

Treatment effects on the growth parameters, microbiota in fecal samples, and phago-
cytic activity (PA) were analyzed using two-way analysis of variance (ANOVA), followed
by Bonferroni post-hoc test for pair-wise comparisons, where appropriate. Fixed effects for
the model included period and treatment, and the interaction between them. Statistical
analysis of microbiota from cecal and appendix samples, feed conversion and secretory IgA
was performed with one-way analysis of variance (ANOVA), followed by Tukey’s post hoc
test or pair-wise comparisons, where appropriate. The statistical model included the time,
treatment effects and their interaction. When the interaction was significant, Fisher’s Least
Significant Difference test (Fisher’s LSD) was applied post hoc to determine significant
differences among the means. Statistical analysis of the applied SE P3/Tr2a strain in fecal,
cecal and appendix samples was performed using unpaired Student t-test. All statistical
analyses were performed by the GraphPad Prism statistical software (GraphPad Prism
version 9.3.1., GraphPad Software, San Diego, CA, USA). Differences between the mean
values of the different dietary treatments were considered statistically significant at p < 0.05.
Data are expressed as means and standard deviations of the mean (SD).

3. Results
3.1. Growth Performance of Rabbits

The animals were in good health throughout the experiment. Mortality was noted in
groups S, E + S, and C (Table 2). Higher BW and ADWG were recorded in all experimental
groups during additives’” application compared to the control data (E: by 20.5%; S: by 17.1%;
E + S: by 25.6%; Table 2). The highest BW and ADWG (E; p < 0.0001) and the lowest FCR
(E: by 10.2%) were noted during Ent A /P application. Lower FCR (by 1.5%) was also noted
in the E + S group, compared to C.

Table 2. Growth performance, phagocytic activity, and secretory IgA of rabbits.

Tested Parameters Day E S E+S C p-Value
. Time X
Time Treatment Treatment
0 1153'03 1782 1140'231,* 1493 10609 + 150.8 % 10129 + 118.8°
Body weight (g) 14 17350 £2600 17345 £1523 49151 9131 1487822039  <0.0001 <0.0001 0.2982
21 20527£2661 20148 £186.1 19991 91000 17597 4 2186°
Average daily weight gain 0-14 4158 +£585% 4245+ 8.67 % 45.04 £ 9.54 33.92 £ 853"
(ADWG; g/day/rabbit) 1421 4539+£813°  4004+882%  4393+780%  3gs5+1061b 02940 <0.0001 0.0997
Mortality (rabbit/group) 0-21 0 1 2 1
Feed conversion (g/g) 0-21 2.37 + 0.44 2.78 +0.92 2.60 + 0.67 2.64 + 0.20 0.1493
0 63.75 + 3.33 63.75 + 3.33 63.75 + 3.33 63.75 + 3.33
Phagocytic activity (PA; %) 14 69.63 £2.134 6163 +2.77 71.00 £ 2.14 A2 59.63 + 3.66 0.0097 <0.0001 <0.0001
21 7025 +£1.394  81.13 + 1.60 53.88 + 3.60 ¢ 58.25 4 2.82 P4
Secretory IgA (ng/g) 21 9.817 £ 0.765°  9.929 +£0.635%  17.240 + 3.694° 9.705 + 0.761 0.0220

E-Ent A/P application between 0-14 days; S-SE P3/Tr2a application between 14-21 days; E + S-Ent A/P
preventive application for 2 weeks (between 0-14 days) before SE P3Tr2a strain addition for 1 week (between
14-21 days); C—control group (without additives); Data are expressed as means and standard deviations (SD). ?, b,
¢, 4 Means within lines with different superscript letters are significantly different (p < 0.05) using Bonferroni post
hoc test; A, B, €, D Means within lines with different superscript letters are significantly different (p < 0.05) using
Fisher’s LSD post hoc test. The bold letters mean significant changes.

3.2. Immunoglobulin A in Small Intestinal Wall and Phagocytic Activity in Blood

The time and treatment effect was noted on the PA in this study (p < 0.0001; Table 2).
Ent A/P addition increased the PA values compared to C (day 14; E, E + S vs. C: p < 0.001);
higher PA was noted one week after its withdrawal only in group E (day 21; Evs. E + S, C:
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p <0.001). The SE P3/Tr2a strain application to rabbits decreased PA in the E + S group
after 2 weeks of Ent A/P addition (day 21; E + Svs. E, S and C: p < 0.001), but, on the
contrary, the PA value was elevated in group S, without Ent A /P preventive application
(Svs. E,E+S,C:p<0.001). The interaction effect was noted at day 14 (E vs. S, C: p < 0.0001;
E+Svs. E,C:p<0.0001),and atday 2 (Evs. S,E+ S, C: p <0.0001; Svs. E+S, C: p <0.0001;
E+Svs. C:p<0.01).

IgA levels were similar among the experimental groups, except the E + S group,
showing the highest IgA value (p = 0.0220; Table 2).

3.3. Microbial Population

In feces, most bacteria were influenced by time, treatment, and their interaction (except
amylolytic streptococci; Table 3). At day 14, lower counts of all tested bacterial groups,
except MRS, were recorded compared to the initial data (day 0/1) and the highest count
of coliforms, amylolytic streptococci, staphylococci, MRS, and total bacteria was noted in
the S group on this day. At the end of SE P3/Tr2a strain application in the E + S group
(day 21), a significant reduction of enterococci, coliforms, MRS (E + Svs. E, S, C: p < 0.001),
amylolytic streptococci, and total bacterial count (E + S vs. E, S: p < 0.001) was detected.
The time and treatment interaction was noted on coliforms already at day 14 (S vs. E:
p <0.0001; Svs. E+ S:p <0.001; Svs. C:p<0.01). At the end of the experiment,
enterococci (E + S vs. E, C: p< 0.0001; E + S vs. S: p < 0.001), staphylococci, and to-
tal bacteria (E vs. E + S: p <0.05, Svs. E+ S:p <0.001; Svs. C:p <0.01), MRS (E
vs. S:p <0.01; E+Svs. E, C:p<0.0001; E+Svs. S:p<0.001), and coliforms (E vs.
E+S:p<0.05;Svs. E +S: p <0.01) were influenced by the time and treatment interaction.

Table 3. Bacterial counts (log 10 CFU/g + SD) in feces of rabbits.

Bacteria Day E S E+S C p-Value
. Time X
Time Treatment Treatment
0 349 +0.30 349 +0.30 349 +0.30 349 +0.30
Enterococcus s 14 277 +0.86 251 +0.78 297 +0.38 243 +1.02 <0.0001 <0.0001 <0.0001
® SPp- 21 30940414 25240494 146+ 0695 276 + 053 A
0 359+ 1.73 359+ 1.73 359+ 1.73 359 +1.73
Coliforms 14 11740374 361+0778 160+ 09042 1.67 + 0.75 A <0.0001 <0.0001 <0.0001
21 226+ 1164  268+0754"  1.00 4 0.00 B 214+ 0.58 ABa
Amvlolvtic 0 3.94 + 0.60 3.94 + 0.60 3.94 + 0.60 3.94 + 0.60
o 14 359 +0.12 3.87 +0.53 322+ 045 349 +0.30 0.4952 0.9087 0.9973
P 21 3.76 + 1.06 348 +0.62 316 +0.57 3.01+0.74
0 387 +0.17 387 +0.17 387 +0.17 3.87 +0.17
Staphylococcus spp. 14 3.65 +0.27 3.70 £0.26 3.55+0.29 3.49 £0.30 <0.0001 <0.0256 <0.0001
21 330+£0474 30240365  3.67+065 3.60 + 0.44 ACe
0 238+ 0.22 238+ 0.22 238+ 0.22 238+0.22
Methicillin-resistant 14 3.65 +0.27 3.70 £ 0.26 355+ 0.27 348 +0.38 <0.0001 <0.0001 <0.0001
staphylococci ]
21 40140094 355+034% 3,06+ 047 3.79 4 0.18 ABd
0 4.96 + 0.45 4.96 + 0.45 4.96 + 0.45 496 + 0.45
Total bacteria 14 3.09+0.23° 359 +0.71° 3.45 +0.23 b 3.13 4 0.44 ¢ <0.0001 <0.0001 <0.0001
21 39240574 437+104%  338+009C 3.65 + 0.13 ACae
SE P3/Tr2a strain data NT 1.66 +1.20 1.20 + 0.68 NT 03615

E-Ent A/P application between 0-14 days; S-SE P3/Tr2a application between 14-21 days; E + S-Ent A/P
preventive application for 2 weeks (between 0-14 days) before SE P3Tr2a strain addition for 1 week (between
14-21 days); C—control group (without additives); Data are expressed as means and standard deviations (SD). 2, ®,
<, d Means within lines with different superscript letters are significantly different (p < 0.05) using Bonferroni post
hoc test; A, B, € Means within lines with different superscript letters are significantly different (p < 0.05) using
Fisher’s LSD post hoc test. The bold letters mean significant changes.

The SE P3/Tr2a strain was able to colonize the digestive tract of rabbits after its one-

week application, reaching counts in the range 1.20-1.66 log cycle in the feces (Table 3) and
also in the range 0.90-1.00 log cycle in the cecum and appendix (Table 4).
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Table 4. Bacterial counts (log 10 CFU/g + SD) in cecum and appendix of rabbits.

Bacteria Source E S E+S C p-Value
Enterococcus s cecum 1.63+£0.772 0.90 +0.00° 0.90 +0.00° 1.56 +0.84?2 <0.0001
PP- appendix 0.90 -+ 0.00 0.90 -+ 0.00 0.90 -+ 0.00 143 +0.41 0.0391

Colif cecum 0.90 + 0.00 2 1.00 +0.172 0.90 + 0.00 2 230 +0.67° <0.0001
otorms appendix 143 + 0.91 1.39 + 0.63 1.36 + 0.49 1.05 + 0.25 0.6810
Amylolytic cecum 271+ 0.44 3.35 + 0.92 3.50 + 0.67 2,93 +0.20 0.1091
streptococci appendix 296 +£1.20 313 £0.94 3.18 £ 0.66 3.83 £ 0.70 0.2484
Stavllococeis s cecum 3.02+0.29 3.64 +0.36 3.29 +0.88 3.52+0.45 0.1972
Py PP appendix 3324020 3.65 +0.23 345 +0.16 317 £037 0.0952
Methicillin-resistant cecum 4.03 £ 0.50 @ 417 £0.19% 486 +1.772 340 +027° 0.0489
staphylococci appendix 3.40 +£0.17 3.39 +£0.23 3.52 +£0.16 3.75 £ 0.29 0.2088
Total b ) cecum 322+023° 3.73+0.52% 391+035° 331+020° 0.0188
otal bacteria appendix 3.73+0.77 3334025 3.50 +0.13 3.88 +1.22 0.1915

. cecum NT 0.90 + 0.00 1.00 + 0.17 NT 0.9885

SE P3/Tr2a strain appendix NT 1.00 £ 0.17 0.90 + 0.00 NT 0.9885

E-Ent A/P application between 0-14 days; S-SE P3/Tr2a application between 14-21 days; E + S-Ent A/P
preventive application for 2 weeks (between 0-14 days) before SE P3Tr2a strain addition for 1 week (between
14-21 days); C—control group (without additives); Data are expressed as means and standard deviations (SD). ?, b
Means within lines with different superscript letters are significantly different (p < 0.05) using Tukey’s post hoc
test. The bold letters mean significant changes.

Most of the tested bacteria were enumerated in lower counts in the cecum and ap-
pendix (except cecal MRS), than in fecal samples. In the cecum, counts of enterococci and
coliforms were reduced significantly (p < 0.001, Table 4) compared with C, while MRS and
total bacteria were increased in the E + S group (E + S vs. E, C: p < 0.001).

Fecal samples in all groups (experimental and control) were Eimeria spp. oocytes absent.

4. Discussion

Good health status, higher BW, and ADWG of rabbits recorded in all experimental
groups during additives’ application indicated the beneficial effect of Ent A/P on the one
hand, and on the other hand no negative impact of the SE P3/Tr2a strain on animals’
growth was noted. However, reduced FCR in the E and E + S groups reconfirms the
positive influence of Ent A /P on rabbits” growth performance, which can be explained by
better feed intake and consumption; this finding is important from the economic point of
view (less feed for faster growth). Faster growth and higher weight gain in rabbits were
described in many studies during probiotics and their metabolites” application [27-30].
The beneficial effect of bacteriocins on the ADWG and FCR in rabbit experiments was
repeatedly confirmed in this study, according to previous results [30-33]. The preventive
effect of Ent A /P before SE P3Tr2a strain application to rabbits is reflected in the ADWG
elevation and the FCR reduction compared to data from animals receiving only the SE
P3/Tr2a strain, without enterocin treatment.

In addition to the positive impact of beneficial strains and/or their bacteriocins on
animals’ growth, their immunostimulatory effect is also important. These bioactive com-
pounds can enhance immunity in several ways, including intestinal microbiota balance and
the ability to modulate the host’s innate and specific immune response. In general, stimula-
tion of non-specific immunity is demonstrated by increased phagocytosis and modified
cytokine production, while elevated immunoglobulins reflect the specific means of stimula-
tion [34]. However, whilst several works have been published on the immune indices in
healthy rabbits, existing knowledge on probiotics and bacteriocins” effect on phagocytic
activity (PA) is still limited and needs to be expanded [35-37]. A significant increase of PA
after 14 days of Ent A/P administration showed the non-specific immunity enhancement.
Higher PA values noted one week after its cessation repeatedly confirmed the prolonged
immuno-stimulative effect of Ent A /P, as it was previously described during several bacte-
riocins/enterocins treatment in rabbits [30,38]. The long term immuno-moderating effect of
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enterocins can be explained either by the maintenance of intestinal health, microbiota, and
immunity via supporting the gut-associated lymphoid tissue (GALT), or by the adopting of
animals on them. This finding also confirms the use of bacteriocins with a preventive effect
in animals, compared to beneficial bacteriocin-producing strains, possessing immunoactiv-
ity already during their application and demonstrating more of the therapeutic effect of
probiotics. The protective effect of Ent A/P was noted in the E + S group, as no increase in
PA was noted after the SE P3/Tr2a strain application, while the strain itself without Ent
A /P stimulated the rabbit immune system.

Several authors presented improved cell-mediated immunity [37] and an increased
number of mast cells in the cecum, as well as higher IgM and IgG levels in serum [39]
after probiotic administration to rabbits. It is well known that natural feed additives can
stimulate immunity via enhancing rabbits’” gut health. The predominant isotype of the
mucosal immune system is the secretory IgA (sIgA), which can keep the mucosal immu-
nity balance between commensals’ microbiota and pathogens’ defenses on the mucosal
surface [40]. SIgA is synthesized by plasma cells in the lamina propria and translocated
through intestinal epithelial cells, serving as the first line of defense to protect the intestinal
epithelium from enteric toxins and pathogenic microorganisms by immune exclusion. Liu
et al. [41] presented maintained intestinal barrier function and increased sIgA produc-
tion after Clostridium butyricum probiotic administration to weaning rabbits, similarly to
Placha et al. [42] who detected a higher amount of IgA in the intestinal wall after thymol
application to rabbits. In contrast to Chen et al. [43], who reported increased bile IgA in
bacteriocin-treated broiler chicks, our results showed only slight (not significant) sIgA
secretion after Ent A/P and SE P3/Tr2a strain application separately. On the other hand, SE
P3/Tr2a application after preventive administration of Ent A /P significantly elevated the
sIgA concentration. From this result, we assume that the higher amount of IgA detected in
the intestinal wall is the result of the primary immuno-stimulation that is evoked by Ent
A /P, and the secondary induced by methicillin-resistant SE P3/Tr2a strain as a possible
agent. Given these initial results regarding the enterocin-protective effect, further studies
on IgA secretion and mucosal immunity in rabbits are needed.

In addition to healthy intestinal immunity, a stable gut microbiome also contributes to
the formation of animals” gut health. This microbial and immunological stability is often
negatively influenced by several exogenous factors (stress, dietary and climate changes,
etc.), but also can be improved mostly by natural feed additives, via strengthening the
intestinal barriers, optimizing microbial balance, and supporting enzymatic activities and
nutrient absorption in the gut. The in vivo antimicrobial effect of bacteriocins/enterocins
in rabbits” gastrointestinal tract has been presented in several works [29,30,44-46], when
mostly the counts of enterococci, clostridia, coliforms, and staphylococci were reduced.
In rabbits, colibacillosis and clostridiosis are the main infections, particularly around the
weaning period, when the animals are the most susceptible to these bacteria. Staphylococci
as a part of the skin and mucosal barriers, and digestive tract as well, are also often detected
as the main causative agents of skin lesions and abscesses and /or as associated pathogens in
other multifactorial/multiorgan infections. Several works present the anti-staphylococcal
activity of bacteriocins, including also MRS isolates [7,15,17]. While enterococci, coliforms
and total bacteria were reduced at the end of Ent A/P application (14 days of the trial)
compared to their initial data (day 0/1), balanced counts of tested bacteria within the
experimental and control groups indicated no significant antibacterial activity of Ent A /P,
including its anti-staphylococcal activity. These findings are contradictory to previously
observed results during in vitro and in vivo enterocins’ administration [15,30-33,45]. At
day 21, at the end of SE P3/Tr2a strain application to rabbits, enterococci and coliforms
significantly decreased in the E + S group, while staphylococci were noted in the highest
counts; this fact may also indicate a possible competitive effect between the microbiota
established in the gut and the applied SE P3/Tr2a strain. For this reason, we also expected
a multiplication of the MRS bacteria, but, surprisingly, the lowest MRS counts were noted
in the E + S group. On the other hand, this significant MRS reduction in the E + S group
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compared to negative (group C) and positive (group S) control at day 21 (after one week SE
P3/Tr2a strain application) indicated the anti-MRS effect of Ent A /P, previously confirmed
under enterocins in vitro testing against methicillin-resistant staphylococcal isolates [17].
The inhibitory effect on enterococci and coliforms was repeatedly confirmed in cecal
samples of rabbits, similar to previous studies [30-33,45]. A significant increase of MRS
and the total bacteria in the cecum, and their higher counts compared to fecal samples
at day 21, can be explained as result of re-colonization with SE P3/Tr2a strain due to
cecotrophy in the rabbits. To expand these results and already known facts concerning
rabbits” health, immunity, and microbial balance by additives’ supplementation is necessary
through further investigations.

Coccidiosis is the most frequent parasitic disease in rabbit farms, affecting all ages,
especially young, weaned rabbits, and causing high morbidity and mortality rates [46]. The
oocysts are always present in the intestines of rabbits, and they cannot be eliminated even
by the use of coccidiostat. Because the EU has banned antibiotics as feed additives and
growth promoters, they are replaced with alternative anticoccidials, including prebiotics
and probiotics, based on their bactericidal and/or bacteriostatic activities. Although Eimeria
spp. oocytes were not detected in the feces of rabbits, the anticoccidial effect of Ent A/P can
be expected, similarly to the anticoccidial effect of Ent 7420 noted in rabbits [30]; however,
further studies are needed.

5. Conclusions

Good health and increased weight gain reflect the beneficial effects of Ent A/P on the
growth performance of rabbits. These results also showed that the methicillin-resistant
S. epidermidis SE P3/Tr2a strain did not have any pathogenic effect on rabbits” health
status. The preventive effect of Ent A/P was recorded due to improved zootechnical
parameters (elevated ADWG, reduced FCR), stimulated non-specific immunity (higher
PA), and stabilized intestinal microbial environment (stable sIgA, reduced counts of col-
iforms, staphylococci, amylolytic streptococci, and total bacterial count as well) of rabbits.
Reduced MRS and total bacteria after one week of SE P3/Tr2a strain application also
point to the antibacterial effect of dipeptide Ent A/P and its anti-MRS potential. This
study has an impact on basic research, confirming the in vivo anti-MRS activity of ente-
rocin and also helping to spread knowledge regarding the interaction between intestinal
microbiota and immunity.
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Simple Summary: Rabbit furs are a valuable material used in the fur industry. Many studies show
beneficial effects of omega-3 acids supplementation on the skin and coat of animals. The aim of
the study was to show the impact of environmental conditions and dietary supplementation with
ethyl esters of linseed oil on the quality of the rabbit hair coat. The experiment was carried out in
four stages: laboratory (summer and winter) and outdoor (summer and winter). The experimental
rabbits were given an addition of ethyl linseed oil to their feed (during 2 months). To assess biological
and physico-mechanical properties of the coat samples and to determine fatty acid profile and
histological evaluation, the hair samples were collected three times: before the study, after two
months of treatment, and after two months from the end of supplementation. The obtained results
show that the environmental conditions have a major impact on the quality of the rabbit coat. The
best results of hair heat protection were obtained from animals kept outdoors. Administration of
linseed oil ethyl esters had a positive effect on the hair fatty acid profile.

Abstract: The aim of the study was to show the impact of environmental conditions and dietary
supplementation with ethyl esters of linseed o0il on the quality of the rabbit hair coat. The research
was divided into 4 stages: laboratory (summer and winter) and outdoor (summer and winter). In
each stage of the research, animals were divided into control and experimental groups. The animals
were fed in accordance with the feeding standards of reproductive rabbits during the period of sexual
dormancy. The rabbits from the experimental groups during the first two months were given an
addition of ethyl linseed oil to the feed. In the experiment, linseed oil was cold-pressed directly in the
laboratory. Three samples of hair were collected: before the study, after two months of treatment,
and after two months from the end of supplementation. The hair coat biological properties, such
as share of individual hair fractions (%), heat transfer index (HTI), hair diameter (um), as well as
physico-mechanical properties such as breaking force (N), breaking stress (kg/cm?) and elongation
(%) were performed. Moreover, the histological structure of hair and histological hair evaluation
were performed. The fatty acid profile was determined in the hair as well. The obtained results of
the content of individual fatty acids were grouped into saturated fatty acids and unsaturated fatty
acids. In addition, omega-3 and omega-6 were distinguished from the group of unsaturated acids.
The environmental conditions have a major impact on the quality of the rabbit coat. The best results
of hair thickness and their heat protection were obtained from animals kept outdoors. The studies
did not show an influence of the administered preparation on the quality of the rabbit coat. The
hair became thinner, but more flexible and tear-resistant. Administration of linseed oil ethyl esters
had significant, beneficial changes in the fatty acid profile in hair and hair sebum were observed.
There was a significant increase in omega-3 acids, and a significant decrease in the ratio of omega-6
to omega-3 acids.
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1. Introduction

Domestic rabbits (Oryctolagus cuniculus f. domestica), are the earliest domesticated fur
animals in the world. The first attempts to domesticate European rabbits (O. cuniculus)
consisted in keeping them in a semi-wild state, in specially separated and fenced areas (lat.
leporarium) [1,2].

Two basic raw materials can be obtained from rabbits: meat—the so-called “white
meat”, and leather—for the production of furs, jackets, collars, and leather haberdashery [3].
The success in rearing and breeding rabbits is decided by many factors such as fashion,
climate, and current demand for furs during a given season. Rabbit furs are an extremely
valuable raw material used in the fur industry. Modern methods of fur and leather process-
ing allow for the achievement of very good products with high market value. Compared to
artificial furs, natural furs are fully biodegradable in mere years, which does not add to the
pollution of the natural environment [4,5].

Nutrition is one of the base elements of rearing and breeding rabbits, which enables
achievement of set production standards and effects. Rabbits are herbivorous creatures that
require green feeds, root crops, and an appropriate amount of full-value concentrated feeds
in order to achieve healthy growth. The base nutrition element, aside from protein and
carbohydrates, is fat, that supplies fatty acids into the body. Their main division is made on
the basis of the number of double bonds and distinguishes two basic groups: saturated fatty
acids (SFA) and unsaturated fatty acids (UFA), which are divided into monounsaturated
fatty acids (MUFA) and polyunsaturated fatty acids (PUFAs). The group of PUFAs can
be divided into omega-3 (n-3) acids, which include extremely valuable x-linolenic acid
(ALA) with its derivatives EPA (eicosapentaenoic acid) and DHA (docosahexaenoic acid),
and omega-6 (n-6) acids, which include linoleic acid (LA) and its derivatives. The most
important role for the human and animal body is played by omega-3 acids [6,7]. Neither
acids from the ALA family nor acids from the LA family are synthesized in the human body
and many animals, hence why they should be supplied from the outside with food [8,9].
Among the products of plant origin, the main source of n-3 acids are nuts, sesame seeds [10],
linseed (about 50% ALA), and vegetable oils, e.g., soybean or rapeseed [11].

Linseed is an extremely rich source of valuable fatty acids. In seeds of traditional
varieties, more than 80% of the sum of all fatty acids are PUFA, among which the vast
majority is «-linolenic acid (about 60%). Thanks to this, the ratio of n-6/n-3 fatty acids in
them is about 0.3. Linseed in meal form is given to livestock to enrich the feed with ALA.
Many studies indicate that supplementation of animals with omega-3 acids has a beneficial
effect on the skin and coat. Studies done on dogs have shown that the addition of linseed oil
and linseed had a beneficial effect on hair growth rate and coat [12-14]. Small amounts of
linseed are also added to feed for companion animals, e.g., songbirds and dogs, to improve
the quality of plumage or coat [15]. Unfortunately, linseed also contains anti-nutrients such
as linamarin and the enzyme linase that hydrolyzes it. However, the amount of linase and
linmarine in linseeds can be reduced or completely removed through appropriate chemical
processes, including the esterification process [15].

In this study, rabbits were used as model animals, in terms of research on the effect
of omega-3 fatty acids on the state of the coat of fur animals. The aim of the study was to
determine the effect of supplementation of the feed ration of rabbits with ethyl esters of
linseed oil on selected features of the coat, including the profile of fatty acids. In addition,
the conducted research was aimed at demonstrating the influence of changing environmen-
tal conditions, i.e., season and maintenance conditions, on selected physicochemical and
biological parameters of the hair coat of termond white rabbits.
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2. Materials and Methods
2.1. Animals

The experiment was conducted at the Wroctaw University of Environmental and Life
Sciences (Poland) and was divided into four stages (I, II, III, IV). Samples taken for the study
consisted of hair coat samples obtained from rabbits of the termond breed kept in different
systems during the summer (S) and winter (W), supplemented with the addition of ethyl
esters of linseed oil. The tests were carried out in laboratory conditions (temperature
approx. 18 °C, humidity approx. 65-70%), in single metal cages divided into boxes (I and
II) and in production conditions, in external free-standing, two-story wooden cages (I1I
and IV), equipped with a feeder and a droplet drinker. The cages met all animal welfare
requirements and legal standards for keeping livestock [16].

For the experiments, males of the termond rabbit breed (about 3—4 months old) were
used. Before the start of the study, all rabbits were examined by a veterinarian, dewormed,
and then vaccinated against viral hemorrhagic rabbit disease and myxomatosis. After the
adaptation period (2 weeks), the first samples were taken and ethyl ester supplementation
began. Each stage of the experiment lasted 16 weeks: I-L-S (from June to September),
II-L-W (from November to February), III-O-S (from June to September) and IV-O-W (from
November to February). Feed administration continued for the first 8 weeks of each stage
of the study. Hair coat samples were taken from the animals three times in each of the
stages of the experiment: before the start of the study, 8 weeks after administration of the
preparation, after another 8 weeks from the end of supplementation. After the end of the
experiment, all rabbits were given for adoption to a private breeder.

2.2. Feeding

The animals were fed with a complete mixture, granulated (approx. 150 g of feed /day).
The feed granules included: wheat bran, grass mixture, dried molasses beet pulp, sun-
flower post-extraction meal, rapeseed post-extraction meal, corn, alfalfa, beet molasses,
post-extraction soybean meal (toasted), mineral-vitamin supplement. The percentage of
nutrients in the feed was determined. Granules ingredients and chemical composition of
granules shown Table 1.

Table 1. Ingredients (g/kg) and chemical composition of granules (g/kg of dry matter).

Ingredients Composition

Alfalfa 205 Crude protein 166.3
Grass mixture 135 Crude fiber 148.2
Wheat bran 230 Crude fat 21.4
Dried molasses beet pulp 120 Crude ash 84.2
Beet molasses 100 Calcium 11.2
Sunflower post-extraction meal 60 Sodium 2.6
Rapeseed post-extraction meal 50 Phosphorus 9.7
Corn 40

Post-extraction soybean meal (toasted) 20

Mineral-vitamin supplement * 40

* calcium carbonate (20 g/kg), monocalcium phosphate (2 g/kg), sodium chloride (5 g/kg), sodium bicarbonate
(25 g/kg), vit. A (8000 IU/kg), vit. D3 (1200 IU/kg), vit. E (25 IU/kg), vit. K (0.4 mg), vit. B1 (0.4 mg), vit. B2
(3.2 mg), vit. B6 (0.4 mg), vit. B12 (12 mg), biotin (80 mg), folic acid (0.45 mg), nicotinic acid (16 mg), pantothenic
acid (6 mg).

All animals were provided with constant access to fresh water, hay and dried twigs
from fruit trees (mainly apple and pear trees) [17]. The animals were fed in accordance with
the feeding standards of reproductive rabbits during the period of sexual dormancy [18].

In the experiment, ethyl esters of polyunsaturated fatty acids obtained from linseed oil
were used [19]. Linseed oil was cold-pressed, directly in the laboratory. A new batch of the
test preparation was synthesized every 3 weeks. The preparation was stored in dark glass
bottles in the refrigerator at 4 °C. Before starting supplementation with linseed oil ethyl
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esters, the addition of the preparation was tested on 10 rabbits not covered by experience
for a period of 14 days. No disturbing symptoms were observed, e.g., loose stools, and the
animals willingly ate feed with the preparation.

In the administered granulate, hay and ethyl esters of linseed oil, the fatty acid profile
was determined (Table 2).

Table 2. Average fatty acid content of basic feed, hay and ethyl esters of PUFAs obtained from
linseed oil.

Acid Hay Feed ]é:ﬁ;ie]idsg rli Acid Hay Feed Ié:ﬁ;;eEds 8 rli
Saturated fatty acids Unsaturated fatty acids
C6:0 0.57 - - C14:1 - 0.07 -
C8:0 0.66 0.02 - Cl6:1 2.33 0.32 -
C10:0 0.64 - - C17:1 - 0.05 -
C12:0 1.26 0.03 - C18:1 - - 16.73
C14:0 2.4 0.12 - C18:2n-6¢ 16.82 50.17 16.68
C15:0 - 0.04 - C18:2n-6t 17.66 21.32 -
C16:0 28.83 15.39 4.44 C18:3n-6 2.41 - -
C17:0 - 0.1 - C18:3n-3 5.3 59 58.71
C18:0 498 424 3.43 C20:4n-6 - 0.07 -
C20:0 - 0.38 - C20:5n-3 1.75 - -
C22:6n-3 - 0.56 -

2.3. Arrangement of Experience

In all stages of the experiment, 16 rabbits were used, which were randomly divided
into two groups: control (C) and experimental (E), 8 in each. Group C received granulated
feed without additives, group E received an additional 5 mL of linseed oil ethyl esters per
each animal for the first 8 weeks of the study, esters were administered in the morning,
directly to slightly crushed granulated feed. All feed along with the dose of the preparation
was quickly eaten, no leftovers were found. For the next 8 weeks, all animals were given
feed without additives. The dose of the supplement was determined to achieve a tenfold
reduction of the ratio of omega-6 to omega-3 EFAs in the rabbits’ diet. The ratio of the
above groups of acids after the addition of esters was about 1:1 (Table 3). This ratio of
n-6:n-3 acids is considered the most favorable for the conversion of EPA and DHA from
a-linolenic acid [20].

Table 3. Average content of omega-6 and omega-3 acids, and n-6/n-3 ratio in feed and esters.

n-6 Acids n-3 Acids n-6/n-3
Basic feed 72.03% 6.46% 11.15
Linseed oil ethyl esters 16.68% 58.71% 0.28
Acid content in 5 mL of esters 071g 250¢g 0.28
Content in feed with added ethy] esters 3.02¢g 271g 1.11

2.4. Physio-Mechanical Analysis of the Coat

The study evaluated the coat in terms of the share of individual hair fractions (%), heat
transfer index (HTI), hair diameter (um), physio-mechanical properties such as: breaking
force (N), breaking stress (kg/cm?) and elongation (%), histological structure of hair, fatty
acid profile (%). The samples taken for determination of hair participation in individual
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fractions and heat protection were hair cast from an area of 25 cm? (5 cm x 5 cm) on the
left side of the animal. Hair coat samples were taken once during each stage of the study, at
the beginning of the experiment. The criterion for dividing hair into individual fractions
was thickness, length and appearance. The above parameters were assessed using an
illuminated laboratory lamp with a magnifier with a magnification of 20x. The amount
of hair in individual fractions (%) was determined by separating the hair into down and
ground cover hair using tweezers counting up to 1000 each sample. HTI was determined in
two repetitions (about 2 g per each). The following formula was used to calculate the HTT:

HTI =HSD/HSDo = (M x Cp x R/A x «)/HSDo 1)

where: HSD—density of heat flux falling on the test sample (KW /m?); HSDo—density of
heat flux falling directly on the calorimeter (KW /m?); M—the period of calorimetry (kg);
Cp—specific heat of aluminum 900 (J/kg °C); R—the rate of increase in the temperature
of the calorimeter in the linear part of the graph (°C/s); A—calorimeter area (m?); x—
absorption coefficient of the blackened surface of the calorimeter.

In order to assess the effect of ethyl esters on the physico-mechanical parameters of the
coat, the samples were taken three times: on the day of commencement of the study, after
8 weeks of administration of the preparation, two months after the end of supplementation.
For measurements, hair combed out of the back of animals was used. Subsequently,
measurements of thickness, elongation, breaking force, and breaking stress were made. The
diameter measurements were made with an MP3 lamanester at a magnification of 500,
assessing 100 down hair and 100 ground cover hair from each sample.

The measurement of the breaking force needed to calculate the strength and elongation
of the hair was performed on 30 randomly selected hairs, using the Matest electronic ripper
and the computer program “Matest”.

Measurements of the diameter and breaking force of the cover hair taken from rabbits
during the research allowed us to calculate the value of the hair-breaking stress. This
parameter is expressed as the ratio of the breaking force to the cross-sectional area of the
hair.

N=P x 10*/m x d? x 9.81 )

where: N—breaking stress (kg/mm?); P—breaking force (cN); d—diameter of the hair
section (pum).

2.5. Histological Analysis of Hair

To assess the effect of the preparation administered during the research, photographs
of hair taken immediately before the start of supplementation and after a two-month period
of supplementation were taken. Hair obtained from rabbits from experimental groups
was used for the analysis. Cover and down hair were evaluated. Histological evaluation
was made using the LEO 435VO Zeiss scanning microscope (Carl Zeiss SMTAG). Based
on the photos taken, the characteristics of the cuticle layer and their cross-section in down
and cover hair were made. The slides for the photos were cleaned with ether and alcohol
and rinsed in a sound scrubber for about 5 min, and after drying sprayed with gold. On
the basis of the SEM (scanning electron microscope) images of down and cover hair at
%400, %1000, x2000 and %3000 magnification, the arrangement of scales in relation to the
longitudinal axis of the hair, the type of cuticle, the structure of the edges of the cuticles,
the distance between the edges of the cuticles and the structure of the edges of the cuticles
were determined.

2.6. Fatty Acid Profile

To investigate the effect of the administered preparation on the quality of rabbits’ coats,
the profile of fatty acids contained in sebum covering the hair was analyzed (7890A, Agilent
Technologies, Santa Clara, CA, USA). The obtained results of the content of individual
fatty acids were grouped into saturated acids (SFA) and unsaturated acids (UFA, including
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monounsaturated PUFA and polyunsaturated MUFA). In addition, two subgroups were
distinguished from the group of unsaturated acids—omega-3 (n-3) and omega-6 (n-6).

Hair coat samples for the analysis of the fatty acid profile were taken three times: on
the day of commencement of the study, after 2 months of administration of the preparation,
and after two months from the end of supplementation. For measurements, hair combed
out of the back of animals was used. Fat from rabbits’ coats was extracted with ether by the
Soxhlet method. Methyl esters of fatty acids were obtained according to the Christopherson—
Glass methodology [21]. The fatty acid profile in the obtained samples was determined
using a gas chromatograph (7890A, Agilent Technologies, Santa Clara, CA, USA) with an
FID detector. The identification of the obtained fatty acids was carried out by comparison
with the retention times of the standards of methyl esters of Supelco 37 fatty acids (Sigma
Aldrich, Santa Clara, CA, USA).

2.7. Statistical Analysis

For each of the analyzed factors: additive—addition of linseed oil ethyl esters (C—
control or E—experimental), condition—animal living conditions (L—laboratory or O—
outdoor cage), and season—season of experiment (S—summer or W—winter), the tables
present average values and standard deviation. The obtained data for main effects (additive,
conditions, season) were analyzed by analysis of variance ANOVA using Statistica 13.3
(TIBCO Software Inc., Palo Alto, CA, USA). Significant differences between the groups
were confirmed by Duncan’s multiple range test. Highly significant differences at the level
of p < 0.01 were marked uppercase—A, B and significant differences at the level of p < 0.05
were marked lowercase—a, b.

The obtained data for main effects were analyzed by analysis of variance ANOVA
using Statistica 13.3 (TIBCO Software Inc., Palo Alto, CA, USA). Significant differences
between the groups were confirmed by Duncan’s multiple range test. Differences with
p < 0.05 were considered as significant and p < 0.01 as highly significant.

3. Results
3.1. Physio-Mechanical Analysis of the Coat

Two fractions were distinguished from the tested control samples: cover hair and
down hair. The ratio of both fractions was variable and depended on the season and where
the animals were kept (Figure 1).

M cover hair [l down hair

HL-S

I-L-w

-0-5

V-O-W

0 25 50 75 100

Figure 1. The proportion of cover and down hair (%) in the hair coat test—control group (L—laboratory
conditions; O—external conditions; S—summer; W—winter).
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Cover hair in the I-L-S group accounted for about 22% of the sample, and in the III-O-S
group, about 13% of the sample. The down hair obtained at that time prevailed over the
cover hair and accounted for 78% and 87% of the tested material, respectively. Studies
during the II-L-W and IV-O-W periods showed that cover hair accounted for about 13%
and 4% of the test material, respectively. As in the case of experiments carried out during
the summer, down hair prevailed (87% and 96%, respectively).

Similarly, to the changes taking place in the proportion between cover and down hair,
the HTI also changed (Figure 2). The coat of animals kept in laboratory conditions was
characterized by much higher HTI values than in rabbits staying in external conditions.
The lowest HTI value, and thus the best thermal insulation, was obtained during tests
conducted in winter in outdoor conditions (HTT = 0.0435 W /mK).

The results of measurements of the diameter of down and cover hair are collected in
Table 4.

Table 4. Impact of environmental factors (living conditions, seasons) and applied supplementation
on chosen physicochemical characteristics of termond rabbit cover hair.

Down Hair Cover Hair Down Hair Breaking Cover Hair Breaking Cover Hair
Diameter (um) Diameter (um) Tension (N) Tension (kg/mm?) Elongation (%)
mean =+ sd mean =+ sd mean + sd mean =+ sd mean + sd
I-L-SC 13.80 £ 0.51 73.54 £+ 8.19 0.26 + 0.02 1.69 &+ 0.50 30.01 £ 1.90
I-L-SE 13.75 £ 0.58 62.48 £+ 6.49 0.23 + 0.03 212 £ 0.62 32414327
II-L-W C 15.07 £ 0.66 68.52 + 1.94 0.26 + 0.02 1.92 +0.08 32.124+0.35
I-L-WE 14.54 £ 0.52 63.11 +2.39 0.24 +0.01 2.13 £ 0.02 34.77 £ 1.72
I-0-s C 14.36 £ 0.51 66.25 +4.91 0.19 +0.01 1.39 £ 0.04 27.59 + 3.37
II-O-SE 14.76 £ 0.10 67.56 +1.92 0.20 +0.01 1.55 4+ 0.08 27.88 £ 1.10
IV-O-w C 15.28 £ 0.57 69.42 £ 0.68 0.23 +0.01 1.82 +£0.10 31.02 £ 0.72
IV-O-W E 15.14 £ 0.31 68.93 +1.33 0.24 + 0.00 1.64 +0.24 32.15 £ 0.87
Additive
14.63 £0.78 69.432 +4.99 0.23 +0.03 1.71 £ 0.30 30.19 +2.43
E 14.55 + 0.64 65.52 + 4.26 0.23 +0.02 1.86 + 0.40 31.80 + 3.09
Condition
L 14.292 £+ 0.75 66.91 £ 6.60 0.254 +0.03 1.96 A £ 0.39 32334 £2.50
14.89° + 0.52 68.04 =+ 2.67 0.22 8 £ 0.02 1.60 8 £0.20 29.66 B £ 2.60
Season
S 14.17 A £0.59 67.46 =+ 6.49 0.224 £ 0.03 1.69 + 0.44 29.47 A £+2.99
w 15.01 B £ 0.54 67.50 + 3.04 0.24 B £ 0.02 1.88 £ 0.22 32528 +1.69
p-value
Additive 0.6883 0.0410 0.1127 0.2310 0.0618
Condition 0.0101 0.5304 0.0002 0.0088 0.0045
Season 0.0008 0.9818 0.0053 0.1351 0.0017
Interaction 0.9423 0.3058 0.7036 0.8086 0.8579

Experimental factor: Additive—addition of linseed oil ethyl esters (C—control or E—experimental), Condition—
animal living conditions (L—laboratory or O—outdoor cage), Season—season of experiment (S—summer or
W—winter), Interaction—interaction between all factors; - B—highly significant differences at the level of p < 0.01;
ab__significant differences at the level of p < 0.05.
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I-L-W
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IV-O-W

0.00 0.02 0.04 0.06 0.08

Figure 2. Heat transfer coefficient (W/mK) of rabbit coat—control group (L—laboratory conditions;
O—external conditions; S—summer; W—winter).

The additive of linseed oil ethyl esters did not affect the physicochemical characteristics
of termond rabbit cover hair except the cover hair diameter, which in the control group was
statistically higher (p = 0.0410).

During experiment stages carried out in the laboratory condition, the lower down
hair diameter (p = 0.0101) was observed compared to down hair diameter obtained from
rabbits kept in outdoor condition. Moreover, during summer time, the rabbit hair was
characterized by higher down hair breaking tension (p = 0.0002), cover hair breaking tension
(p = 0.0088), and higher cover hair elongation compared to hair obtained from rabbits kept
in outdoor condition. However, in both living conditions (laboratory and outdoor) the
cover hair diameter was similar.

In animals kept during the summer time, the lower down hair diameter of rabbit cover
hair was observed (p = 0.0008), and lower down hair breaking tension (p = 0.0053) and
lower cover hair elongation (p = 0.0017) were compared to hair characteristics obtained
from rabbit kept during winter time. However, the time of year did not influence cover
hair diameter and cover hair breaking tension.

Statistical analysis did not show any interaction of experimental factors on the tested
parameters.

3.2. Histological Analysis of Hair

Histological analysis of the hair showed that the cuticles of down hair were arranged
longitudinally to the long axis of the hair. These were cuticles of the flaky, elongated type.
The edges of all the cells of the cuticular layer were smooth. The cuticles of down hair
were evenly distributed and arranged far from each other. Only one type of down hair was
observed in all test animals (Table 5).
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Table 5. SEM image of down hair of termond rabbits.

SEM Image of the Cuticular Layer of Down Hair of Rabbits of Termond White Breed

EHT = 10.00 kv 1 Mag= 1.00 KX

&)

Period I-L-S

Before supplementation After supplementation

EHT=1000K/ WD=11Omm SgralA=SE1 Mags 100KX

Period II-L-W

Before supplementation After supplementation
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Table 5. Cont.

Period 1II-O-S

Before supplementation After supplementation

Period IV-O-W

Before supplementation After supplementation

It was observed that the administered preparation with a high concentration of omega-
3 acids improved the structure of down hair (a clearer drawing, optically greater smoothness
of the epithelial-scaly layer).

The cuticular layer of the cover hair of rabbits of the termond white breed was charac-
terized by two types of cell structure, depending on the place of their occurrence along the
length of the hair (Table 6). In all cover hairs, the occurrence of the medulla was observed.
It was a multicellular core whose cells formed an intermittent ladder pattern (Figure 3).
It was shown that the cuticles located closer to the hair root were arranged transversely
in relation to the longitudinal axis of the hair. Their shape was characteristic of the type
of cuticles referred to as the broadly lobed type. The edges of these cuticles were slightly
wavy and delicate irregularities on them could be seen. The distance between the edges of
individual cuticles was small and even (Table 7). The cuticular layer located further from
the root (closer to the top of the hair) were cells arranged longitudinally to the axis of the
hair. The shape of these cells was characteristic of the elongated lobe type. The edges of the
cuticles were smooth, devoid of any unevenness. The cuticles were arranged close to each
other and partially overlapped (Table 8).
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Table 6. SEM image of the cuticular IDayer of the cover hair of termond rabbits.

The Part Located Closer to the Root. The Part Located Further from the Root.

10 pm EHT = 10.00 kv WD = 11.0 mm Signal A = SE1 Mag =

Figure 3. Cross-section of the cover hair of the termond rabbits—visible cells of the hair core.

Table 7. SEM image of cover hair (closer part) termond rabbits.

Period I-L-S

Before supplementation After supplementation

e
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Table 7. Cont.

Period II-L-W

Before supplementation After supplementation

Period 11I-O-S

Before supplementation After supplementation

Period TV-O-W

Before supplementation After supplementation

Analysis of SEM images showed no changes in the histological structure of the cover
hair of termond rabbits. No modifications were observed in terms of the structure and
arrangement of the cells of the cuticular layer both in the proximal part of the root and in the
part closer to the top of the hair. A slightly clearer pattern of cuticles and a lower number
of lesions on the surface of the hair after a period of supplementation were observed.
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Table 8. SEM image of cover hair (further part) of termond rabbits before.

Period I-L-S

Before supplementation After supplementation

Period II-L-W

Before supplementation After supplementation

Period III-O-S

Before supplementation After supplementation
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Table 8. Cont.

Period IV-O-W

Before supplementation After supplementation

3.3. Fatty Acid Profile

Statistical analysis showed a clear effect of the administered preparation on the fatty
acid profile in the sebum of coat fur (Table 9).

Table 9. Fatty acid profile in rabbit coat sebum.

SFA UFA MUFA PUFA N-3 N-6 N-6/N-3
mean £ sd mean =+ sd mean =+ sd mean =+ sd mean =+ sd mean =+ sd mean =+ sd
-LSC 46.95 + 0.34 47.90 + 0.40 28.30 + 0.22 19.60 + 0.26 1.02 + 0.03 17.52 + 0.21 17.21 + 031
I-LSE 44.79 +1.15 51.94 + 3.69 29.51 + 1.32 2242 4 2.38 294 +1.72 18.47 + 0.64 9.47 + 8.09
I-L-WC 48.58 + 0.56 48.61 4+ 0.16 27.41 £+ 0.11 21.20 £ 0.13 1.53 + 0.05 19.01 +0.11 12.49 + 043
I-L-WE 4551 + 2.68 5297 4+ 3.75 28.98 + 1.24 23.99 + 2.52 3.38 + 1.68 19.93 +0.88 7.43 £ 4.70
M-0-S C 46.00 + 0.27 48.93 4 0.51 28.92 4 0.29 20.01 + 0.24 1.69 + 0.05 16.60 + 0.12 9.91+0.23
-O-SE 41.55 + 4.26 54.08 4 4.68 30.68 + 1.67 23.40 4 3.02 4.06 +2.15 17.40 + 0.60 5.73 + 4.10
IV-O-W C 46.72 4 0.24 48.90 4 0.10 29.00 + 0.07 19.91 +0.13 1.49 +0.01 17.40 + 0.06 11.73 +0.10
IV-O-W E 41.86 + 3.96 53.88 4 4.73 30.39 + 1.46 23.49 4 3.27 4114228 18.06 + 0.72 6.20 + 4.80
Additive
47.06A £1.04 48594 +£052 28414 +£068 20182 +0.66 1434 +£0.26 17634 £0.92  12.844 +£2.83
E 434384332 532284372 29898 +141 23328 +248 3.628 +1.76 18465 +1.15 7218 +504
Condition
L 46.46° +1.98 50.35 4 3.18 28552 +1.13 21.80 +2.24 222 +1.44 18.73 4 +1.03 11.65 + 5.54
44.03° +3.49 51.45 + 3.88 29.75° 4+ 1.26 21.70 + 2.63 2.84 +1.87 17.36 B + 0.67 8.39 +3.76
Season
S 44.82 +2.85 50.71 + 3.61 29.35 +1.13 21.36 + 2.34 243 +1.69 17.50 A + 0.79 10.58 + 5.82
45.67 + 3.29 51.09 + 3.56 28.95 + 1.37 22.15 + 2.48 2.63 +1.70 18.60 8 + 1.1 9.46 + 4.02
p-value
Additive 0.0014 0.0017 0.0027 0.0014 0.0014 0.0012 0.0033
Condition 0.0207 0.3869 0.0111 0.9024 0.2944 0.0000 0.0629
Season 0.3842 0.7625 0.3427 0.3486 0.7347 0.0000 0.5030
Interaction 0.8958 0.9218 0.6673 0.9455 0.8945 0.9133 0.5447

Experimental factor: Additive—addition of linseed oil ethyl esters (control or experimental), Condition—animal
living conditions (laboratory or outdoor cage), Season—season of experiment (summer or winter), Interaction—
interaction between factors; B—highly significant differences at the level of p < 0.01; b—significant differences
at the level of p < 0.05.
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The additive of linseed oil ethyl esters influenced fatty acids profile in rabbit coat
sebum (p < 0.01). The concentration of UFA (MUFA and PUFA) were statistically higher in
the experimental group and the concentration of SFA was lower in the experimental group
(p = 0.0014) compared to the control group.

During experiment stages carried out in the outdoor condition the lower concentration
of SFA (p = 0.0207) and n-6 fatty acids (p = 0.0000) were observed compared to laboratory
conditions. In contrast to concentration of MUFA, which was lower in samples collected
from rabbits kept in laboratory condition (p = 0.0111).

Statistical analysis showed the influence of the season on the concentration of n-6 fatty
acids, which was higher (p = 0.0000) in samples collected during the winter period of the
experiment.

Statistical analysis did not show any interaction of experimental factors on the tested
parameters.

In the n-3 acids group, ALA, EPA, and DHA and in the n-6 acids group, LA, GLA, and
ALA were determined. In each stage of the study, the content of these acids significantly
increased (p < 0.01) as a result of linseed oil ethyl esters supplementation (Table 10).

Table 10. Content of omega 3 and omega 6 fatty acids in the sebum of rabbit hair coat.

Omega 3 Acids Omega 6 Acids
ALA EPA DHA LA GLA ALA
mean =+ sd mean =+ sd mean =+ sd mean =+ sd mean =+ sd mean =+ sd
I-L-SC 0.79 4 0.02 0.13 4 0.00 0.10 + 0.01 16.90 + 0.22 0.32 +0.01 0.29 + 0.02
I-L-SE 1.31 + 0.50 0.61 + 0.44 1.01 + 0.79 17.76 + 0.79 0.44 4 0.08 0.34 + 0.02
I-L-W C 1.33 + 0.05 0.10 + 0.01 0.10 + 0.01 18.10 £ 0.11 0.59 + 0.02 0.32 4 0.03
I-L-W E 1.99 + 0.62 0.56 + 0.41 0.84 +0.53 18.88 + 0.74 0.65 =+ 0.02 0.41 +0.13
-0-S C 1.44 + 0.05 0.13 + 0.00 0.12 + 0.01 15.92 + 0.11 0.43 + 0.02 0.24 + 0.02
[I-O-SE 241+ 093 0.70 + 0.51 0.95 + 0.62 16.58 + 0.52 0.45 + 0.02 0.37 £ 0.06
IV-O-W C 1.26 + 0.01 0.12 £ 0.01 0.11 £ 0.01 16.57 + 0.06 0.52 + 0.01 0.31 £ 0.01
IV-O-WE 257 +1.13 0.65 + 0.47 0.89 + 0.52 17.15 + 0.65 0.55 4 0.03 0.37 4 0.06
Additive
1214 £0.26 0.124 +0.02 0.114 +0.01 16.87 A 4+ 0.83 0474 +£0.11 0294 +0.04
E 2078 +0.87 0.63B 4+ 0.39 0.92 B 4+ 0.60 17.59 B 4 1.06 0.52 B 4+ 0.09 0.37 B +0.07
Condition
L 1.36 2 + 0.56 0.35 + 0.05 0.51 +0.06 17.914 4+ 0.88 0.50 4 0.14 0.34 + 0.07
1.92b +0.87 0.40 4 0.04 0.52 +0.06 16.55 B + 0.58 0.49 + 0.05 0.32 4 0.07
Season
S 1.49 +0.76 0.39 4 0.04 0.55 4 0.06 16.79 A + 0.81 0414 +0.07 0.31 +0.06
w 1.79 + 0.78 0.36 + 0.03 0.49 + 0.05 17.67 8 4+ 1.02 0.58 B +0.05 0.35 + 0.05
p-value
Additive 0.0024 0.0013 0.0012 0.0025 0.0011 0.0035
Condition 0.0324 0.7050 0.9715 0.0000 0.3874 0.4944
Season 0.2332 0.7798 0.7783 0.0005 0.0000 0.0788
Interaction 0.8457 0.9653 0.8770 0.9935 0.1919 0.2421

Experimental factor: Additive—addition of linseed oil ethyl esters (control or experimental), Condition—animal
living conditions (laboratory or outdoor cage), Season—season of experiment (summer or winter), Interaction—
interaction between factors; B—highly significant differences at the level of p < 0.01; * bfsignificant differences
at the level of p < 0.05.
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During experiment stages carried out in the outdoor condition, higher concentration
of ALA (p = 0.0324) and lower concentration of LA (p = 0.0000) were obtained compared to
laboratory conditions.

Statistical analysis showed the influence of the season on the concentration of n-6 fatty
acids (LA and GLA), which was higher (p < 0.01) in samples collected during the winter
period of the experiment.

In the experimental group (with linseed oil ethyl esters) the increase of ALA content
in the sebum of rabbit hair coat was 71% compared to the control group, while EPA and
DHA showed an increase of about 425% and 736%, respectively. Supplementation of ethyl
esters of linseed oil also had a significant impact on the level of omega-6 acids such as LA
(+4%), GLA (+11%), ALA (+28%) in the sebum of rabbit hair coat.

Statistical analysis did not show any interaction of experimental factors on the tested
parameters.

4. Discussion

The share of various types of hair in the coat, and thus also the density of the coat, is
one of the most important parameters determining the quality of the coat [22]. Figure 1
shows clear differences in the percentage of each hair fraction taking into account the
season and conditions of maintenance. In animals kept in external conditions (I1I-O, IV-O),
there was much more down hair, which was caused by the instability of weather conditions
(ex. different temperatures between day and night), and consequently the need for better
thermal insulation of the body. This difference is obvious due to the need for much greater
insulation of the coat during low temperatures. In rabbits in laboratory conditions (I-L, II-L),
a much larger amount of cover hair was obtained, due to stable, higher temperatures in
the room. However, despite unchanged environmental conditions prevailing in the animal
house, both in summer and in winter, rabbits underwent a molting process, changing the
coat from “summer” to “winter”. Most likely, this was due to the shortening light day,
which was the only determinant of the change of season for animals kept indoors.

Hair of animals kept under changing conditions of the external environment (III-O,
IV-O) was more susceptible to rupture and damage than that obtained from animals in
laboratory conditions (I-L, II-L). In addition, higher breaking stress values observed in the
experimental groups compared to the control groups (stages: I-L-S, II-L-W and III-O-S)
may suggest a positive effect of supplementation of ethyl esters of linseed oil on the tested
cover hair feature, however this was not statistically confirmed.

The heat transfer index is a measure of the heat passing through a sample exposed to
thermal radiation. The lower the HTI value, the better the insulator the test material is. In
the case of animals, better insulation of the coat means better keeping heat on the animal’s
skin, which in turn causes the animal to maintain the desired body temperature. In addition,
increased heat protection also means that excess heat from the outside does not pass into
the animal’s skin, which in turn protects the body from overheating during hot weather.
The coat of animals kept in laboratory conditions (I-L, II-L) was characterized by a much
higher heat transfer coefficient than rabbits staying in external conditions (III-O, IV-O),
which means weaker insulation of the coat, and consequently weaker thermal protection
of the body. This was due to stable environmental conditions in the room, and above all
higher and constant temperature and constant air humidity. In external conditions, the HTI
value was much lower, i.e., the hair cover showed greater insulating properties and the
animals did not freeze, despite different temperature and air humidity values. The lowest
HTI value, and thus the best thermal insulation, was obtained during tests conducted in
winter in outdoor conditions (HTI = 0.0435 W /mK).

Heat protection is one of the parameters determining the comfort of using fiber prod-
ucts. This feature is influenced by, among others, the type of hair fibers, their structure
as well as the properties of the yarn, and the structure of the fabric made from the hair
fibers in question [23]. The thermal insulation of materials is important due to the fact
that it determines their purpose [24]. The available literature lacks research on the heat-
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insulating properties of rabbit wool. According to Zylifiski [25], the heat protection of
wool and woolen materials such as non-woven fabrics and knitted fabrics is in the range
of 0.0440-0.0528 W/mK and is lower compared to vegetable fibers. This fact may indicate
better insulating properties of materials made of fibers of animal origin. In a study con-
ducted by Buciscanu [26], thermal conductivity values for sheep’s wool were obtained at
the level of 0.037 W/mK. In turn, Hansen et al. [24] and Ye et al. [27] report that the thermal
conductivity for wool can be 0.047-0.049 W/mK, depending on the moisture level.

The heat protection of the fabric is due to the insulation of the air between the fibers and
the yarn. Fabrics made of straight fiber yarn quickly release heat by conduction when placed
next to the skin. On the other hand, hairy fiber fabrics, due to the air insulation between
the fabric fibers and the skin, retain body temperature [28]. Studies aimed at assessing and
analyzing the thermal comfort of fabrics investigated the relationship between the type
of fibers and the composition of fabrics and thermal comfort [28-30]. In these studies, it
was shown that both the composition of the fibers and the structure of the fabric made of
them have a significant impact on the thermal properties and moisture transfer of tested
textile materials. It has also been shown that the properties of fibers have an impact on the
subjective feelings of users of clothing made from fibers. According to Sirvydas et al. [29],
the thermal comfort of the fabric is determined by the thickness, parameters regarding
water absorption, and thermal conductivity. In turn, the thermal resistance of clothing as a
set of textile materials depends on the thickness and porosity of individual layers, but since
the changes in porosity of standard textile materials used in the production of clothing are
not large, the total thermal resistance of clothing really depends on the thickness of the
material [30].

Hair thickness is one of the most important features that characterize the hair fiber
in terms of suitability for further processing [31,32]. The most useful for the production
of high-quality yarn are thin, coreless fibers [33-35]. The experiment has not proven the
effect of administering ethyl esters of linseed oil on the thickness of down hair. Both down
and cover hair of animals kept in outdoor conditions were much thicker than down hair
of animals in laboratory conditions. Research on the thickness of rabbits’ coat was carried
out by among others Khalil et al. [36]. The authors studied the cover of New Zealand
and Californian rabbits and in the case of both breeds noted thickness of down hair in the
range of 12-18 pm and cover hair in the range of 62-89 um, depending on the age of the
animals—the older the larger the hair diameter. This may explain the statistically higher
values of down hair diameter obtained from animals kept in winter (i.e., older rabbits).
Taha et al. [37], based on the diameter of the hair follicles, analyzed the diameter of the hair
fibers of the Gabali rabbits, New Zealand white and Rex, and obtained results of approx. 35,
48, and 36 um for primary follicles and 8, 14, and 13 pum for secondary follicles, respectively.
In turn, wool derived from Angora rabbits is one of the most delicate animal fibers used in
the textile industry. The thickness of down fibers of Angora rabbit wool ranges from approx.
7 to 16 um, depending on many factors, such as age, gender, and environment [32,38,39],
while the thickness of core hair can reach approx. 65 um [40]. The results obtained in these
studies for down hair are at the top of this range, while the results obtained for cover hair
are slightly higher. However, it should be remembered that Angora rabbits, unlike the
termond rabbits used in the experiment, are a breed typically used in wool production. In
addition, according to Taha et al. [37], the most important feature to be taken into account
when assessing the cover is its smoothness, which largely depends on the diameter of the
fiber. Thick fibers can cause irritation when in contact with the skin. Therefore, an increase
in the diameter of the fibre in the case of rabbit cover intended for use in the textile industry
is considered an undesirable feature. Beroual et al. [41] conducted a study in which they
analyzed the effect of adding flax grain into rabbit feed and rubbing linseed oil into the
skin on hair growth and thickness. The authors observed that rubbing linseed oil had an
effect on hair thickness, which in the experimental group increased after 4 weeks of the
experiment by about 44% compared to the control group. Feeding flax seeds with feed
led to different results, in the initial stage it caused a decrease in hair thickness, while
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an increase in this parameter was observed after 16 weeks of the experiment. However,
it is worth noting that giving flax with food as well as rubbing linseed oil into the skin
had a beneficial effect on hair growth and mass. The authors suggest that x-linolenic acid
(ALA) contained in flaxseed oil and linseed oil may inhibit the activity of 5-«-reductase,
the enzyme responsible for converting testosterone to dihydrotestosterone. This hormone
causes hair follicle shrinkage and changes in the hair cycle, so inhibition of its formation
may explain the beneficial effect of flax on the coat [41].

The breaking force is the force to be applied in order to obtain maximum possible
elongation value without the disruption of continuity of fibres of plant or animal origin,
including hair. Its study is aimed at determining the tensile strength of the material.
The higher the force needed to tear the hair, the more flexible and resistant to damage
it is. Breaking stress, like breaking force, is one of the determinants of the quality of an
animal hair coat, by determining the elasticity and resistance of hair to mechanical damage.
Mengiic et al. [39] report that the hair elongation of the Angora rabbit is in the range of
approx. 40-57%, which is definitely higher than the results obtained in their own research.
In turn, the elongation values obtained in studies conducted by Wyrostek et al. [42] on the
coat of cats was in the range from 10% to 32% depending on the type of hair and the color
of the coat (higher values were obtained for dark cover), while in horse hair this parameter
ranged from approx. 44% to 55% depending on the breed of horse and type of hair [43].
In turn, the breaking stress values obtained in these studies were about 2-3 times lower
compared to the coat of cats or fur animals, in which this parameter was at the level of
approx. 4-7 kg/mm?, and definitely lower than the values obtained for the cover of dogs
or sheep (about 15 kg/mm?) [44,45].

The physio-mechanical properties of hair fibers are extremely important and determine
suitability in the textile industry and purpose, testify to the condition of the hair, and
thus indirectly also to the condition and health of animals [43,46,47]. One of the most
important factors affecting the strength of fibers is air humidity: at higher values the fiber
is more stretchable, because water acts as a plasticizing agent, while dry fibers, thanks to
hydrogen bonds, are resistant to elongation. A similar effect was observed for temperature,
as it increases, the hair fiber is weaker and more prone to stretching. An additional
factor affecting the reduction of fiber strength are various types of acidic and alkaline
substances [48]. The physical characteristics of rabbit hair were decisively influenced by
the environmental conditions in which the animals lived and the time of year.

The hair of all animal species is characterized by a similar cellular structure, consisting
of the medulla (which is not always found in down hair), a cortical layer, and a cuticular
layer. However, the detailed structure of the individual layers is a genetically determined
feature, characteristic of each species. The most diverse is the cuticular layer. Thanks to
such characteristics as the shape and arrangement of cuticles, the appearance of the edges
of cuticles and their distance from each other, it is possible to identify the species of animal,
even after many years, which is commonly used, for example, in forensic science and
archaeology. The arrangement and shape of the cover cells is also a characteristic feature of
a given animal species [49,50]. The histological structure in terms of the arrangement of
cuticles of the outer layer of rabbit hair, as well as the medulla obtained in own research, is
consistent with the breed standard and data presented in the literature [51,52].

Ethyl esters of linseed oil are a rich source of many valuable fatty acids, especially
those from the omega-3 group [19]. In order to investigate the effect of the administered
preparation on the quality of rabbits’ coat, the profile of fatty acids contained in sebum
covering the hair was analyzed. The fat found on the hair is produced by the sebaceous
glands and covers each hair with a thin, waterproof layer. Its main role is to protect hair
from damage and water loss, as well as their nutrition [53]. Sinclair et al. [54] suggest that
a-linolenic acid can enter the surface of hair fibers through the sebaceous glands and has
a protective function against damage to the hair by water, light, or other harmful factors.
Studies have also shown that ALA can be a factor in improving the growth of the coat. It
was also observed that a diet low in ALA and rich in LA acid caused skin changes and hair
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loss. Changes in the ratio of SFA to UFA, especially an increase in the share of omega-3
acids and a decrease in the ratio of n-6: n-3 acids are therefore important in the context
of improving protective properties by better moisturizing the hair surface [55,56]. MUFA,
i.e., linoleic acid and «-linolenic acids, belong to the so-called essential fatty acids, which
the body is not able to synthesize de novo and therefore must be supplied with the diet.
These acids are precursors of subsequent long-chain fatty acids, which are biosynthesized
with the participation of enzymes in processes involving elongation and desaturation. Both
precursors compete for the same enzyme, D6-desaturase, which has a greater affinity for
linolenic acid, which is why an adequate supply of «-linolenic acid is so important [57,58].
However, a controversial issue is the effectiveness of epa synthesis, and especially DHA
from «-linolenic acid, which according to literature data is low and amounts to only
about 6% and 3.4%, respectively [57,59-62]. This phenomenon is associated with the
final stage of the DHA biosynthesis pathway, $-oxidation of C24:6n-3, which involves
translocation between the endoplasmic reticulum and the peroxisomes of DHA and its
precursor (C24:6n-3) [57,63].

Research in the field of nutritional modification of the fatty acid profile in rabbits and
other livestock species was carried out mainly in terms of the quality of their meat [64-66],
which is in line with current trends in functional food. However, it is also worth bearing
in mind the aspect of animal health related to the activity of fatty acids from the omega-3
family, especially ALA as a precursor of EPA and DHA. In this study, rabbits were used as
model animals, in the aspect of studies on the effect of omega-3 fatty acids on the state of
the hair cover of fur animals [67]. As a result of supplementation, significant, beneficial
changes in the fatty acid profile in hair sebum were observed. A significant increase in
omega-3 acids, and a significant decrease in the ratio of omega-6 to omega-3 acids was
observed.

5. Conclusions

Rabbits bred for fur should be kept in outdoor conditions, as is the case with other
fur animals such as common and arctic foxes or American mink. Histological analysis of
the hair of termond rabbits showed a variation in the structure of the cuticle depending
on the type of hair. In the case of cover hair, the structure of the cuticular layer was also
differentiated depending on the place of hair examination. The applied preparation of
ethyl esters of linseed oil had a positive effect on the histological image of hair visible in a
clearer drawing of cuticles and significantly higher strength. As a result of supplementation,
significant, beneficial changes in the fatty acid profile in hair sebum were observed. There
was a significant increase in omega-3 acids, and a significant decrease in the ratio of omega-6
to omega-3 acids.
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Simple Summary: The rabbit farming industry has gained more interest due to its high productivity,
high growth rate, and high-quality meat. One of the public health concerns is that global rabbit
production is expected to increase to meet the increasing demand for lean meat. In the present
study, we focused on the use of phytogenic feed additives (essential oils of rosemary (REO) and
ginger (GEO)) as environmentally friendly supplementation to improve rabbit growth performance,
physiological status, and meat quality. The results indicated that the use of REO and GEO at a dose
of 0.5% dramatically improved the growth performance and feed utilization of treated rabbits. The
cholesterol level decreased significantly in rabbit plasma and meat after REO and GEO treatments.
The fat content tended to decline in the muscles and the triglycerides were remarkedly reduced in
the plasma of treated animals. In addition, the oxidant/antioxidant balance in the plasma could be
improved with supplementation with a high dose of REO and GEO. Accordingly, the use of REO
and GEO as supplementations for growing rabbits could contribute to improving the sustainable
production of the rabbit industry.

Abstract: This study was conducted to assess the impacts of using two essential oils, rosemary
and ginger, on growing rabbits’ performance, carcass traits, meat composition, blood biochemicals,
and the redox status of growing New Zealand White (NZW) rabbits. A total of 120 unsexed NZW
rabbits, 42-days-old, were assigned randomly to five experimental groups (1 = 24, 6 replicates with
4 rabbits each). The first group received a basal diet (control), the second to fifth groups were dietary
supplemented daily with rosemary essential oil (REO) and ginger essential oil (GEO) at doses of 0.25
and 0.5% for each supplementation (REO-0.25, REO-0.5, GEO-0.25, and GEO-0.5), respectively. The
growth traits were studied for 7 weeks, from the 7th to the 13th week of the rabbits’ age. The results
revealed that final body weight, weight gain, and average daily gain increased significantly (p < 0.01)
in the REO-0.5 and GEO-0.5 treatments compared to the control group. Daily feed intake decreased
(p = 0.005) in essential oil treatments. Meanwhile, the feed conversion ratio improved significantly
(p =0.001) in REO and GEO at the high doses compared to the control group. The weight percentages
of liver and giblets increased (p < 0.001) with both treatments of REO and GEO compared to the control
group. The dietary supplementation with REO and GEO did not affect (p > 0.05) the meat composition
of Longissimus dorsi and hind leg muscles. Meanwhile, REO and GEO supplementation significantly

Animals 2022, 12, 375. https:/ /doi.org/10.3390/ani12030375 49

https:/ /www.mdpi.com/journal/animals



Animals 2022, 12, 375

decreased cholesterol levels in the rabbit meat. Thiobarbituric acid reactive substance concentrations
decreased by 10 and 15% in the meat of REO-0.5 and GEO-0.5 treatments, respectively, compared
to the other groups. In the same trend, REO and GEO treatments induced a significant (p = 0.001)
reduction in the plasma cholesterol concentrations and triglycerides compared to the control. The
total antioxidant capacity increased by 7.60% and the malondialdehyde decreased by 11.64% in the
plasma of GEO-0.5 treatment than the control. Thus, the dietary supplementation of REO and GEO
have a beneficial effect in improving the productivity and meat quality of growing rabbits.

Keywords: rabbit meat quality; rosemary essential oil; ginger essential oil; growth performance; lipid
profile; antioxidant balance

1. Introduction

Rabbit meat has undoubtedly been a component of human nutrition for a long time.
Moreover, the world’s consumption of rabbit meat grows year on year due to its good taste,
special flavor, and diverse uses in preparing a wide variety of foods [1,2]. Commonly, rabbit
meat is consumed in Egypt and several Mediterranean countries. [3,4]. Furthermore, rabbit
meat is especially beneficial in Western countries, where people’s diets are often high in
lipids and salt, putting them at risk of obesity, cardiovascular disease, and hypertension [3].

Recently, the rabbit industry has gained much more interest due to the fact that rabbit
meat has several benefits, which qualify it to become one of the most promising healthy
foods [5]. Rabbit meat is an excellent source of nutrients, including proteins, B vitamins,
and minerals [4]. The functional proteins in rabbit meat have been recognized as one of the
highest quality proteins in digestibility, as well as amino acid composition. Furthermore,
rabbit meat is free of uric acid and has a low purine level [1,2]. In addition, rabbit meats
have lower contents of salt, fat, cholesterol (59 mg/100 g of muscle) and have a lower energy
value (789 kJ /100 g meat) than other species’ meat [6,7]. Furthermore, the majority of their
energy comes from proteins [4]. The fatty acid composition of rabbit meat is characterized
by a high polyunsaturated fatty acids (PUFA) content, especially omega-3, PUFA, which
plays an important function in human nutrition by assisting in the prevention of lifestyle
diseases [8,9].

The different production factors, especially feeding, have a strong influence on growth
performance, reproduction, and product quality [10], as well as the chemical composition
of rabbit meat, particularly regarding fat content [2]. For this reason, natural sources of feed
additives can be used as a significant tool in rabbit nutrition for improving growth, feed
efficiency, and reproduction, as well as lowering disease incidence and the house emissions
of rabbits [11-13]. There is a significant motivation for phytogenic feed additives as a
potential alternative to using synthetic antibiotics as growth promoters since the European
Union banned growth promoters in 2006. In addition, the regulations are being tightened
in the United States [14—-16]. This ban is due to safety concerns about bacterial resistance
to the synthesized antibiotics and the hazardous residuals in meat, milk, and eggs, which
would pose a great threat to human health [17,18].

In this regard, probiotics, organic acids, exogenous enzymes, propolis, and plant
secondary compounds, such as saponins, tannins, and essential oils (EOs) have all been
recommended as natural alternatives [16]. Aromatic plants contain EOs, which can be used
as phytogenic feed additives, these oils are characterized as volatile, odorous, hydrophobic,
and highly concentrated compounds [19]. Essential oils are aromatic oily liquids extracted
by distillation from various plant components such as flowers, buds, seeds, leaves, twigs,
bark, wood, fruits, and roots [20-22].

Among all herbs and spices, rosemary (Rosmarinus officinalis L.) could be considered
to contain the highest level of biologically active compounds [23]. Rosemary extracts,
which are primarily made from dried rosemary leaves, are popular in feed additives
and the pharmaceutical business because they have numerous health benefits, including
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antioxidant, antibacterial, anti-inflammatory, and anticancer properties as well as cognitive-
enhancing potential [24]. The essential oil of rosemary (REO) contains several compounds
at different concentrations.

Ginger from the Zingiberaceae family (Zingiber officinale) has long been used as a spice
and herbal remedy. There are several terpene components in ginger essential oil, such as
[-bisabolene, x-curcumene, zingiberene, x-farnesene, and f3-sesquiphellandrene [25,26].
Ginger has pharmacological properties that manage and prevent gastrointestinal disorders,
neurodegenerative diseases, atherosclerosis, cardiovascular complications, liver and kidney
failure, diabetes, metabolic syndrome, cancer, and emesis/nausea [27]. In addition, ginger’s
constituents participate in biological processes, such as apoptosis, DNA deterioration,
chromatin and epigenetic regulation, regulation of cytoskeletal and adhesion, immunology
and inflammation, and neuroscience [25,28].

Diets containing rosemary or ginger root significantly improved the growth perfor-
mance of growing rabbits [3,29,30]. Moreover, feeding diets enriched with EOs significantly
affected the carcass traits of rabbits [3,5]. Several studies found that EOs decreased both
cholesterol and triglyceride levels [31-34]. Thus improving the oxidative stability and
effectively delaying the lipid oxidation of rabbit meat by the dietary supplementation of
rosemary aqueous extracts [3] or ginger powder [35].

Essential oils have been shown to improve the synthesis of digestive secretions and
nutrient absorption in animals, as well as lower pathogenic stress in the gut, exert an-
tioxidant characteristics, and strengthen the immune system, which helps to explain the
observed improvement in their performance [36,37]. It is hypothesized that the dietary
addition of rosemary essential oil (REO) and ginger essential oil (GEO) is expected to exert
beneficial effects on growth performance, feed utilization, blood biochemicals, antioxidant
status, carcass traits, and meat quality of growing rabbits. Therefore, the current study was
designed to evaluate the effect of the dietary inclusion of two levels of REO and GEO (0.25
and 0.5%) in four experimental treatments on the performance, blood biochemicals, and
meat quality of NZW growing rabbits.

2. Materials and Methods
2.1. Ethics Approval and Consent to Participate

Rabbits were handled in the present study following the guidelines of the Pharma-
ceutical & Fermentation Industries Development Center, City of Scientific Research and
Technology Applications, (SRTA-City), Alexandria, Egypt, after the approval of the Institu-
tional Animal Care and Use Committees (IACUCs)/IACUC # 37-6F-1021.

2.2. Animals, Experimental Design, and Housing Environment

A total of 120 unsexed NZW rabbits, aged 6 weeks, with an average body weight
of 850 & 50 g were used in this experiment. Rabbits were divided randomly into five
groups (n = 24, 6 replicates in each group with 4 rabbits in each replicate). The 1st group
received a basal diet (control). The 2nd to 5th groups were dietary supplemented daily with
rosemary essential oil (REO) and ginger essential oil (GEO) at doses of 0.25 and 0.5% for
each supplement (REO-0.25, REO-0.5, GEO-0.25, and GEO-0.5), respectively. The essential
oils were weighed daily for each dose and added to the half amount of the ration and
mixed well with pelleted basal diet to ensure the consumption of the actual dose of EOs
and avoiding the loss of EOs with uneaten feed or auto-oxidation. In addition, to avoid the
effect of the solvent (oil) of the essential oils, corn oil was supplemented to the basal diet of
the control at a level of 0.25%. The next portion was added after the complete intake of the
first portion. The experimental treatments lasted 7 weeks from the 7th to the 13th week of
the rabbits’” age.

The present study was conducted at a private farm located in Borg El-Arab city,
Alexandria Governorate, Egypt during February and March 2020. A total of 4 rabbits in each
replicate were housed in a galvanized wire cage (dimensions: 60 cm x 40 cm x 30 cm) with
a feeder and an automatic nipple drinker. All rabbits were kept under similar management,
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hygienic and environmental conditions throughout the experimental period. The average
ambient temperature was 18-23 °C and the daily photoperiod was a 16:8 h light-dark cycle
with a semi-continuous lighting program. The basal experimental diet was formulated
and pelleted to meet the nutrient requirements of rabbits, according to NRC [38]. The
ingredients of the basal experimental diet are shown in Table 1. The composition of the
basal diet (Table 1) was calculated according to Villamide, et al. [39]. The pelleted diets and
freshwater were provided ad libitium.

Table 1. The ingredients and calculated chemical composition of the experimental diet.

Ingredients (g/kg) Calculated Chemical Composition (g/kg as Fed Basis)
Lucerne hay 365 Crude protein (CP) 177.2
Ground barley grains 160 Ether extract (EE) 24.6
Ground yellow corn 120 Crude fiber (CF) 127.6
Wheat barn 180 Calcium (Ca) 10.6
Soybean meal (44% CP) 130 Total phosphorus (P) 3.8
Common Salt (NaCl) 5 Lysine 9.1
Beet molasses 20 Methionine 4.3
Dicalcium phosphate 5 Methionine + Cystine 7.7
Ground limestone 10 Digestible energy (DE), kcal/kg 2574
Vit. & Min. Premix ! 2
DL-Methionine 2
Anti-toxicants 1

1 Each kg contains: Vit. A, 20,000 IU; Vit. E, 8.33 g; Vit. D3, 15,000 IU; Vit. K, 0.33 g; Vit. By, 1.0 g; Vit. By, 1.0 g; Vit.
Bg, 0.33 g; Vit. By, 1.7 mg; Vit. Bs, 8.33 g; Pantothenic acid, 3.33 g; Niacin, 8.33 g; Folic acid, 0.83 g; Biotin, 33 mg;
Choline chloride, 20 g; Zn, 11.7 g; Fe, 12.5 g; Cu, 0.5 g; Co, 1.33 mg; Se, 16.6 mg; Mn, 5 g and antioxidants, 10 g.

2.3. Chemical Analysis for Active Components of Rosemary and Ginger Essential Oils

The individual essential oils (EOs) of rosemary (Rosmarinus officinalis L.) and ginger
(Zingiber Officinalis) were produced by the El-Hawag Factory for the extraction of Natural Oils
and Cosmetics in Badr City, Egypt. The volatile contents of the oils were determined by the
gas chromatography-mass spectrometry technique (GC-MS) (Table 2). The analysis of GC-MS
was carried out using a Shimadzu capillary gas chromatographic system directly attached to
the mass spectrometer (GC-MS-model QP 2010; (Shimadzu) DB-5 ms non-polar fused silica
capillary column (30 m x 0.25 mm, 0.25 m film thickness) under the following conditions:
oven temperature increased with a rate of 3 °C/min from 70 to 200 °C, and then maintained
for 35 min, injection temperature: 200 °C, injection volume: 1 puL, split ratio: 100:1, carrier gas:
helium, gas flow rate: 1.51 mL/min, linear velocity: 45.1 cm/s, Mass spectra were obtained at
70 eV of ionization energy, ionization source temperature: 200 °C.

Table 2. List of the active components profile of rosemary and ginger essential oils.

Component Identified Area (%)
Rosemary Essential Oil (REO, Rosmarinus officinalis)

Limonene 23.03

Cis- Vaccenic acid 1291

Trans-4- Decadienal 10.67
Octane, 2, 4, 6- trimethyl 9.14
9, 12 Octadecadienoic acid 8.77
Trans-3-Nonene 7.65
4-Heptenal 6.9
Eucalyptol 3.98
Linalool 3.5
2-Decenal 2.96
2-Undecenal 2.49
Octadecanoic acid 1.61
Unidentified peaks 6.39

Ginger essential oil (GEO, Zingiber Officinalis)

Zingiberene 29.74

Carveol 15.05
Cyclohexene.3-(1, 5-dimethyl-4-hexenyl)-6-methylene 10.4
9, 12 Octadecadienoic acid 9.2
Cis-alpha- Bisabolene 5.04
n-Hexadecanoic acid 3.93
Alpha- Farnesene 2.88

Unidentified peaks 23.76
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2.4. Growth Performance Measurements

Rabbits were individually weighed in the morning before offering the feed. The initial
and final body weights (BW) were recorded using a digital balance. The body weight gain
(BWG) was calculated as the difference between final and initial BW and the average daily
gain (ADG) was calculated as BWG divided by the number of days of the experimental
period (49 days). Daily feed intake (FI) was recorded for each replicate throughout the
whole experimental period, as the difference between the offered and refused feed. The
feed conversion (FCR) ratio was calculated by dividing average daily feed intake/average
daily gain.

2.5. Carcass Traits and Meat Composition

At the end of the experiment, six rabbits per treatment were randomly chosen for
carcass evaluations. The rabbits were weighed pre-slaughter after fasting for 12 h then
slaughtered by cutting the carotid artery and jugular vein for complete depletion. Just
after bleeding, carcasses were skinned and eviscerated. The hot eviscerated carcass with
a head, giblets (liver, heart, kidneys), and spleen were weighed. The carcass yields were
determined as a proportion of the rabbits’ pre-slaughter live body weight. Additionally, the
following equations are the percentages of total edible components, non-edible portions,
and giblets:

Giblets% = kidney% + heart% + liver%. 1)
Total edible parts% = hot carcass% + Giblets%. 2)
Non-edible parts% = 100 — total edible parts%. 3)

The carcass was chilled for 24 h at 3 °C to evaluate the quality of rabbit meat. The
chilled carcass was then dissected and their Longissimus dorsi (LD) and hind leg (HL)
muscles were excised according to the recommended procedures of the World Rabbit
Science Association [40]. The samples of LD and HL were individually vacuum packaged
and stored at —20 °C until analyses. Meat samples were chemically analyzed for the
moisture, crude protein, ether extract, and ash contents according to AOAC [41]. The
cholesterol content of meat samples was determined according to the procedure described
by Dinh, et al. [42]. The lipid oxidation status of LD samples was measured using the
thiobarbituric acid reactive substances (TBARS) method and its products were expressed
as malondialdehyde (MDA) equivalents (mg MDA /kg muscle) according to the method of
Dal Bosco, et al. [43].

2.6. Plasma Biochemical and Antioxidant Status

Six blood samples from each treatment were obtained concurrently at slaughter in
heparinized test tubes, centrifuged for separating plasma, and frozen at —20 °C for further
examination. The plasma concentration of triglycerides, total cholesterol, and high-density
lipoprotein-cholesterol (HDL-c) and low-density lipoprotein-cholesterol (LDL-c) were esti-
mated colorimetrically by using commercial kits produced by (Biodiagnostic® kit, Egypt).
In addition, total antioxidant capacity (TAC) and MDA concentrations were measured
colorimetrically according to Koracevic, et al. [44] and Banjare, et al. [45], respectively.

2.7. Statistical Analysis

The effect of EOs on the measured variables was analyzed statistically by one-way
analysis of variance (ANOVA) using a completely randomized design. The statistical
analysis was conducted using SPSS11.0 statistical software. The statistical model was used
as follows:

xij = p +T; +ejj,

where Xij is the value of the measured variable, p is the overall mean, T; is the effect of
treatment (i = 5 treatments), and e;; is the residual error. Duncan’s multiple range test [46]
was used to compare treatment means wherever significant differences were detected at
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a p-value equal to or less than 0.05 for normally distributed data, for the non-normally
distributed data, James—Howell was used as a post hoc measure for multiple comparisons.
The percentage data were transformed to arc sign before the analysis [47], but the data were
presented as a percentage.

3. Results
3.1. Growth Performance of Growing Rabbits

The results of growth performance of the growing NZW rabbits as affected by the
dietary inclusion of REO and GEO from 7th to 13th weeks of age are shown in Table 3. The
results showed that FBW, BWG, and ADG significantly increased (p < 0.001) in REO-0.5 and
GEO-0.5 groups compared to the control group. Daily feed intake of rabbits that received
REO and GEO at the highest dose were significantly lower (p = 0.005) than other groups.
The dietary supplementation with REO and GEO at the highest doses improved (p = 0.001)
FCR compared to the control group.

Table 3. Effect of the dietary supplementation of rosemary and ginger essential oils on the growth
performance of the growing NZW rabbits from 7th to 13th week of age (1 = 24, 6 replicates in each
group with 4 rabbits in each replicate).

Items Control REO-0.25 REO-0.5 GEO-0.25 GEO-0.5 SEM p-Value
Initial body weight, g 853.4 850.1 849.5 848.4 853.1 2.16 0.543
Final body weight, g 1965 P 1997 2b 2068 2 2000 2P 20752 20.22 0.001
Body weight gain, g 1112° 1147 12184 1152 12222 18.64 0.001
Average daily gain, g 22.69b 23.41° 24.862 2350 24932 0.38 0.001
Daily feed intake, g 82.09 2 81.25 20 80.21P 81.652 79.85 0 0.31 0.005
Feed conversion ratio, g 3.632 3.482b 3220 3.48 % 3.20° 0.05 0.001

ab: Means in the same row bearing different superscripts are significantly different (p < 0.05). REO-0.25 and
REO-0.5: rosemary essential oil supplemented with 0.25 and 0.5%, respectively. GEO-0.25 and GEO-0.5: ginger
essential oil supplemented with 0.25 and 0.5%, respectively. SEM: standard error of the mean.

3.2. Carcass Traits

Table 4 shows the effect of the dietary supplementation of REO and GEO on growing
NZW rabbits’ carcass traits at the end of the experiment. The dietary supplementation
of REO and GEO did not affect (p > 0.05) the carcass characteristics of the growing NZW
rabbits. The weight percentages of liver and giblets increased (p < 0.001) with the dietary
supplementation of REO and GEO at different doses compared to the control group.

Table 4. Effect of the dietary supplementation of rosemary and ginger essential oils on carcass traits
of growing NZW rabbits at the end of the experiment (1 = 6).

Items Control REO-0.25 REO-0.5 GEO-0.25  GEO-0.5 SEM p-Value
Pre-slaughter live body weight, g 1978 2000 2065 2011 2060 6.67 0.812
Hot eV‘Scer;t::dCfgrcass witha 1185 1212 1254 1244 1242 515 0.728
Dressed carcass, % 59.89 60.57 60.72 61.82 60.29 1.19 0.575
Liver, % 222¢ 240° 2.462b 2,552 2522 0.04 <0.001
Kidneys, % 0.54 0.53 0.52 053 0.54 0.02 0913
Heart, % 0.27 0.26 0.25 0.26 0.27 0.01 0.650
Spleen, % 0.06 0.05 0.06 0.05 0.06 0.01 0.908
Head, % 4.93 4.87 4.81 4.88 497 0.13 0.810
Giblets, % 3.02°¢ 3.19P 3.23b 3.34° 3.322 0.03 <0.001
Total edible parts, % 62.91 63.75 64.69 65.16 65.26 045 0.439
Non-edible parts, % 37.09 36.25 35.31 34.84 34.74 045 0.439

27¢: Means in the same row bearing different superscripts are significantly different (p < 0.05). REO-0.25 and
REO-0.5: rosemary essential oil supplemented with 0.25 and 0.5%, respectively. GEO-0.25 and GEO-0.5: ginger
essential oil supplemented with 0.25 and 0.5%, respectively. SEM: standard error of the mean.
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3.3. Meat Composition

Table 5 illustrates the effect of the dietary supplementation of REO and GEO on
the composition of LD and HL muscles of the growing NZW rabbits at the end of the
experiment. There were no significant differences (p > 0.05) among treatments on the meat
composition of LD and HL muscles. Meanwhile, TBAR’s concentration tended to decrease
with increasing the supplementation of REO and GEO at the highest doses compared to
the other groups. The cholesterol concentration in LD muscles decreased (p < 0.05) with the
dietary supplementation of REO and GEO at a high level compared to the control group. In
the same trend, the cholesterol concentration in the HL muscles decreased (p < 0.05) with
the dietary supplementation of REO and GEO at both levels compared to the control group.

Table 5. Effect of the dietary supplementation of rosemary and ginger essential oils on meat composi-
tion traits of the growing NZW rabbits at the end of the experiment (1 = 6).

Items

Control REO-0.25 REO-0.5 GEO-0.25  GEO-0.5 SEM p-Value

Longissimus dorsi muscle

Moisture (/100 g meat) 73.97 74.04 73.79 74.03 73.82 0.28 0.857

Protein (g/100 g meat) 24.53 24.55 24.93 24.74 24.92 0.17 0.457

Fat (g/100 g meat) 0.44 0.39 0.40 0.42 0.39 0.03 0.454

Ash (g/100 g meat) 1.30 1.30 1.27 1.27 1.28 0.05 0.955

Cholesterol (mg/100 g meat) 50.512 49,51 b 4820° 49.50 2b 48.68"° 0.41 0.035

TBARS (mg MDA /kg meat) 0.20 0.19 0.18 0.20 0.17 0.01 0.145
Hind leg muscle

Moisture (g/100 g meat) 74.15 74.11 74.22 74.30 74.30 0.05 0.209

Protein (g/100 g meat) 22.09 22.04 22.03 22.14 22.18 0.08 0.699

Fat (g/100 g meat) 2.44 241 2.40 2.39 2.39 0.06 0.883

Ash (g/100 g meat) 1.25 1.24 1.24 1.26 1.24 0.02 0.840

Cholesterol (mg/100 g of meat) 66.06 2 65.50 2P 64.39 be 64.64 b° 63.48°¢ 0.18 0.003

abe: Means in the same row bearing different superscripts are significantly different (p < 0.05). REO-0.25 and
REO-0.5: rosemary essential oil supplemented with 0.25 and 0.5%, respectively. GEO-0.25 and GEO-0.5: ginger
essential oil supplemented with 0.25 and 0.5%, respectively. TBARS: thiobarbituric acid reactive substances. MDA:
malondialdehyde. SEM: standard error of the mean.

3.4. Lipids Profile and Oxidant/Antioxidant Balance

The effect of the dietary supplementation of REO and GEO on some blood plasma
parameters at the end of the experiment of the NZW rabbits from 7th to 13th weeks of age
are summarized in Figure 1. Plasma cholesterol concentration was lower (p = 0.001) with
REO or GEO treatments than in the control group. Similarly, the REO-0.5 and GEO at both
doses significantly reduced (p = 0.001) plasma triglyceride as compared to the REO-0.25
and the control groups. However, the dietary supplementation of REO and GEO had no
significant effects (p > 0.05) on plasma HDL-c, LDL-c levels. The dietary supplementation
of GEO at the highest dose tended to improve TAC concentrations in plasma and decrease
plasma MDA concentrations.

55



Animals 2022, 12, 375

80 4 p value = 0.001 60+ p value = 0.001
be b

= cd d S 50
= 601 )
g £ 401
T 40] = 30
Z 5
2 2. 20
2 201 =
o = 101

0_

S > ) > 7 S > ) > S
& N O N &N oY P
C q& 0" & C K & OQ' oﬂ/

501 p value = 0.411 25+ p value = 0.243

404
3 3
= 30 =
g 30 5
=} =

104

0.

> ] ) ~ )
cé“@ 0'& o A i gop J
&
Qfo S o“’ &

1.51 p value = 0.335 40~ pvalue=0.111
30
2 2
H =
E 5, 20
) ]
= “ 10
0.
s P &£ P & & P £ P
& & & & & & ¢ & & &£
< ¥ 3 S &

Figure 1. Effect of the dietary supplementation of rosemary and ginger essential oils on lipids profile
and oxidant/antioxidant balance in plasma of growing NZW rabbits at the end of experiment (1 = 6,
means = SEM). Bars bearing different superscripts are significantly different (p < 0.05). REO-0.25
and REO-0.5: rosemary essential oil supplemented with 0.25 and 0.5%, respectively. GEO-0.25 and
GEO-0.5: ginger essential oil supplemented with 0.25 and 0.5%, respectively. LDL-c: low-density
lipoprotein-cholesterol; HDL-c: high-density lipoprotein-cholesterol; TAC: total antioxidant capacity;
MDA: malondialdehyde.

4. Discussion

Essential oils exhibit pharmacological properties, such as antibacterial, antimicrobial,
antifungal, and antiparasitic properties, which might be due to secondary metabolites
found in the oil during processing. Essential oils are low-molecular-weight chemicals
that may easily permeate cell membranes and hence participate in metabolic events in the
body [48].

In the present study, the dietary supplementation of REO or GEO improved the growth
performance of rabbits and the FCR. These improvements could be due to the effect of es-
sential oils on digestion, absorption, and utilization of dietary nutrients [36,37]. In addition,
the effects of ginger phytochemicals are exerted by specific signaling pathways linked with
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the mechanisms and functions of cells, including autophagy, cellular metabolism, mitogen-
activated protein kinase, and cell development and differentiation [49]. The present results
are consistent with the findings of Cardinali, et al. [3], who found that dietary supplemen-
tation with rosemary (0.2%) alone or in combination with oregano extract (0.1% oregano
extract + 0.1% rosemary extract) to NZW rabbits had a significant positive effect on FBW
and ADG. In addition, diets containing 3% of rosemary powder or 1.5% of ginger root
powder significantly improved BWG, WBG, and FCR of NZW rabbits [29]. Additionally,
the increasing of ginger powder levels in growing rabbits” diets (1, 2, and 3%) enhanced
growth performance and this may be due to improving the appetite and feed utilization [30].
However, in the present study feed intake reduced with the increasing supplementation
levels of both essential oils, this may be due to the high concentrations of active molecules in
the essential oils in comparison to the dried ginger powder, which could cause an irritating
odor and repellent smell of the ration [16]. On the other hand, the growth performance of
growing rabbits was not affected by the dietary inclusion of REO at a level of 0.15% [50] or
0.25,0.5, and 0.75 g/kg of diet [51]. Previous studies have shown that herbal oils can help in
improving growth performance by increasing feed intake and/or stimulating the secretion
of enzymes, resulting in better nutrient digestion and absorption through the gut [52,53].
In the present findings, there was an insignificant effect on the dietary supplementation
with REO and GEO on the carcass traits of NZW rabbits. In agreement with the current
results, El-Gogary, et al. [51] reported that the dietary supplementation of REO had no
positive effect on carcass traits of NZW rabbits. Similarly, feeding diets enriched with
peppermint essential oil, basil essential oil, or both did not significantly affect most carcass
traits of rabbits [54]. However, the rabbits fed on diets supplemented with oregano extract,
rosemary extract, or a combination displayed a significantly higher carcass yield (%) than
the control rabbits [3]. Furthermore, nutritional supplementation with thyme essential
oil enhanced carcass criteria and reduced perirenal and scapular fat without affecting
rabbit internal organs [5]. However, rabbits supplemented with REO and GEO showed
significantly higher liver weight percentages and giblets than the control group.

In the current results, the composition of the LD and HL muscles was not significantly
affected by the dietary supplementation of REO and GEO to growing rabbits. In agreement
with the present findings, diets supplemented with oregano extract, rosemary extract or a
combination had no effect on the composition of the hind leg meat of growing rabbits [3].
Similarly, Hemat, et al. [55] found that feeding rabbits on diets containing remnants of mint,
fennel, basil, and anise did not alter the chemical composition of the rabbitmeat.

The current findings showed a lowering in cholesterol of both the LD and HL mus-
cles of growing rabbits due to supplementation with rosemary and ginger essential oils.
Moreover, there was a significant reduction in the concentration of plasma cholesterol and
triglycerides of growing rabbits treated with REO and GEO. The present results were sup-
ported by several studies that found that essential oils decreased levels of both cholesterol
and triglyceride in rats due to containing limonene, which is the main active component
in REO in the present study, as well as citrus EO [31,32,56,57]. Moreover, lemon EO sup-
plementation caused an 18% decrease in triglyceride in rabbits [48]. In addition, ginger
EO reduced hepatic lipid accumulation in rats [33]. Moreover, linalool (one of the active
components of REO) reduced cholesterol and triglyceride levels [58]. In addition, gin-
ger EO showed lower cholesterol and triglyceride by 21% and 24%, respectively, in male
Japanese quail [34] due to the presence of zingiberene, the main constituent in GEO in the
present results.

It is noteworthy that high cholesterol is a prevalent problem, as 40% of the world’s pop-
ulation has cholesterol levels that are above the recommended limit of 200 g/dL according to
the World Health Organization, which could cause severe health problems [48,59,60]. When
alternative treatments are used, the risk of side effects of therapeutic drugs for high choles-
terol can be minimized [60]. Essential oils contain monoterpenoids and sesquiterpenoids
such as 1,8 cineole, citral, farnesol, geraniol, limonene, and linalool, which are emerging as
potential lipid-lowering agents with promising cholesterol-lowering effects [60].
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In the present study, the observed reduction in cholesterol and triglyceride concen-
trations of rabbits treated with REO and GEO could be associated with the reduction of
hepatic lipid accumulation or the inhibition of the hepatic biosynthesis of cholesterol [60].
Furthermore, the reduction of cholesterol may be due to the regulating effect of terpene
derivatives in essential oils on sterol regulatory element-binding protein-1c, which lead
to decreased transcription and accelerated degradation of HMG-CoA reductase (statins)
as the main cholesterol synthesis pathways [33,60]. Another explanation for reducing
cholesterol and triglycerides is stimulating the conversion of cholesterol to bile acids which
are excreted from the body through the enterohepatic circulation [61,62]. On the other hand,
insignificant effects of REO and GEO supplementation to rabbits on HDL-c, LDL-c plasma
levels were found in the present study. Similar to our results, the dietary supplementation
of REO did not affect plasma HDL-c or LDL-c in NZW rabbits [51].

In the present study, the supplementation with both REO and GEO at high doses
decreased free radical and lipid oxidation in meat by lowering TBARS levels by 10 and
15%, respectively. In accordance with the present results, the dietary supplementation
of oregano and rosemary aqueous extracts declined the TBARS concentration of the LD
meat compared to the control group, thus resulting in improving the oxidative stability
and effectively delaying the lipid oxidation of the LD meat of rabbits [3]. Furthermore, the
dietary supplementation with ginger powder decreased the sensitivity of rabbit meat to
lipid oxidation, thus offering a promising way to improve rabbit meat quality [35]. Rose-
mary oil exhibits effective antioxidant activity due to consisting of considerable amounts
of limonene, x-pinene, camphor, and (Z)-linalool oxide [63]. Ginger oil has strong antiox-
idant activities because it contains active compounds including zingiberene, camphene,
ar-curcumene, and b-sesquiphellandrene [64].

In muscles and fatty tissues, the oxidation process impacts different constituents, including
proteins, carbohydrates, lipids, pigments, vitamins, and DNA. The rate of oxidation rises
with time, reducing the shelf-life of meat and meat products [65]. In particular, rabbit meat
contains a high content of polyunsaturated fatty acids (the ratio of omega-6/0omega-3 = 5.9)
that provides a nutritional benefit. However, it also renders the meat more susceptible
to lipid oxidation, affecting meat appearance and flavor [66]. In addition, lipid oxidation
reduces the healthfulness of meat by causing the development of toxic compounds such as
MDA and cholesterol oxidation products, which are harmful to human health [67,68]. The
oxidative stability of rabbit meat can be improved by the dietary supplementation with
natural antioxidants [2,35].

In addition, the current findings demonstrate that supplementation with GEO at a
high dose improved the redox status balance in plasma, by increasing the TAC level by
11.64% and decreasing the MDA level by 7.60% compared to the control. In the same vein,
the inclusion of ginger powder and oils in the diet of broiler chickens did not affect blood
parameters, but they increased serum TAC levels and lowered MDA more than those of
the control group [69].

5. Conclusions

In conclusion, the dietary supplementation of rosemary and ginger essential oils,
especially at a high dose (0.5%), induced an improvement in the growth performance,
feed utilization, and meat quality of the growing NZW rabbits. Body weight gain and
feed conversion ratio significantly improved with both rosemary and ginger essential oils
supplementation. The levels of cholesterol in muscle and plasma, as well as triglycerides in
plasma, were significantly reduced. In addition, muscle fat content tended to decrease in the
muscles of rabbits treated with the high level of both essential oils. In addition, rosemary
and ginger essential oils attenuated the oxidant and antioxidant balance in the treated
animals. This improvement may be reflected positively on rabbit production towards high
quality, healthy meat, and sustainable production.
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Simple Summary: The microbial community that inhabits specific areas of the body, developing
a symbiotic relationship with the host, is termed the microbiota. The intestinal microbiota plays a
pivotal role in different physiological processes and is influenced by many factors, including nutrition.
Goji berries are a popular nutraceutical product that have been proposed as a dietary supplement
in some livestock species, including rabbits, but their effects on the composition of the microbiota
have never been investigated. This study evaluated the effects of Goji berry supplementation on the
microbiota of different digestive tracts (stomach, duodenum, jejunum, ileum, caecum and colon) of
the rabbit, using a modern method of analysis. Our results suggest that Goji berries could modulate
the microbiota of the rabbit’s digestive tract increasing the growth of beneficial bacteria, such as
Ruminococcaceae, Lachnospiraceae, Lactobacillaceae, and particularly, the genus Lactobacillus. These
findings suggest that Goji berries could be used to produce innovative feeds for rabbits, although
further studies are necessary to evaluate their impact on productive performance, gut immune system
maturation, as well as resistance to gastrointestinal disorders.

Abstract: Goji berries show health benefits, although the possible mechanisms of action, including
compositional changes in the gut microbiome, are still not fully understood. The aim of this study was
to evaluate the effect of Goji berry supplementation on microbiota composition and metabolites in
the digestive tracts of rabbits. Twenty-eight New Zealand White rabbits were fed with a commercial
feed (control group, C; n = 14) or the same diet supplemented with 3% of Goji berries (Goji group,
G; n = 14), from weaning (35 days old) until slaughter (90 days old). At slaughter, samples from the
content of the gastrointestinal tracts were collected and analyzed by Next Generation 165 rRNA Gene
Sequencing to evaluate the microbial composition. Ammonia and lactic acid were also quantified in
caecum. Results showed differences in microbiota composition between the groups for two phyla
(Cyanobacteria and Euryarchaeota), two classes (Methanobacteria and Bacilli), five orders, fourteen
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families, and forty-five genera. Ruminococcaceae (p < 0.05) and Lachnospiraceae (p < 0.01) were
more abundant in G than in C group. Lactobacillaceae also showed differences between the two
groups, with Lactobacillus as the predominant genus (p = 0.002). Finally, Goji berry supplementation
stimulated lactic acid fermentation (p < 0.05). Thus, Goji berry supplementation could modulate
gastrointestinal microbiota composition and caecal fermentation.

Keywords: Goji fruit; intestinal bacterial community; caecum; lactic acid; ammonium; rabbit

1. Introduction

Goji berries, the fruits of the Lycium barbarum plant, are often used in traditional
Chinese medicine for their nutritional and therapeutic properties, and are also widespread
as supplementation in Western diets [1,2]. Their health benefits are associated with bio-
logically active compounds, including polysaccharides, carotenoids, polyphenols, amino
acids, ascorbic acid, and unsaturated fatty acids [3], although their mechanisms of action
are still not fully understood. Recent evidence has shown that the fruit could modulate
the gut microbiota and thus have a role in the prevention and treatment of several gas-
trointestinal diseases in mice [4,5], rats [6] and humans [7]. Recently, Goji berries have
also been proposed as a dietary supplement for some livestock species, with the dual aim
of improving productive performance and product quality [8-10]. In rabbits, Goji berry
supplementation seems to improve reproductive [11] and productive performances, [12]
energy metabolism [13], and meat quality [14,15] in a dose-dependent manner, but its
effects on gut microbiota have not yet been investigated.

The microbiota represents a complex ecosystem of microorganisms which inhabits
specific niches of the body and plays important roles in physiological processes developing
symbiotic relationships with the host [16]. The intestinal microbiota is involved in the
digestion and absorption of nutrients, maturation and stimulation of the immune system, as
well as protection against pathogenic infections [17]. The bacterial microbiota composition
along the gastrointestinal tract of adult rabbits fed with a commercial diet has recently been
characterized [18]. This study showed interesting differences among the various sections
of the digestive system in bacterial richness and diversity [18]. Within the same species,
however, bacterial community composition of the gastrointestinal tract can be influenced
by several factors, including nutrition [13]. Goji supplementation could therefore induce
favorable changes in the intestinal microbiota of the rabbit with beneficial effects on health
and productive performance, as seen in other animal species and humans [4-10].

The rabbit is a very interesting species because it can be a pet, livestock or animal
model. Both in pet and farmed rabbits, the digestive system is a common site of diseases
that are often associated with changes in intestinal microbiota [19,20]. In particular, the
peri-weaning period is the most critical physiological phase as the diet transition induces
changes in the gut microbiota increasing sensitivity to gastrointestinal pathogens [21].
Antibiotics are commonly used to control intestinal infections; however, according to
recommendations of the European Union, this practice should be reduced [22,23]. An
innovative strategy to limit the incidence of gastrointestinal disorders could be the use of
specific feeds for pet and farmed rabbits integrated with nutraceutical products such, as
Lycium barbarum fruit, to favor the growth of a beneficial gut microbiota. Understanding
the effects of Goji berry supplementation on the intestinal microbiota can therefore have
important implications for the health of rabbits. The rabbit could be also considered as an
animal model for diet-induced changes in gut microbiota, as it has already been used for
studies exploring the effect of nutrition on productive [24-26], reproductive [27,28], and
immunological traits [29,30].

The aim of this study was to investigate the effect of Goji berry supplementation on the
microbiota composition of the different tracts of the digestive system (stomach, duodenum,
jejunum, ileum, caecum, and colon) in the rabbit. For this purpose, the microbiota of all the
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sections of the digestive apparatus was analyzed using Next Generation 16S rRNA Gene
Sequencing. In addition, metabolites from bacterial fermentation in the caecum (lactic acid
and ammonia) were also quantified.

2. Materials and Methods
2.1. Animals and Samples Collection

The experimental trial was conducted in the facilities of the Faculty of Veterinary
Medicine of the Agricultural University of Tirana, Tirana, Albania.

The rabbits were maintained under the supervision of a responsible veterinarian and
in accordance with the Directive 2010/63/EU regarding the protection of animals kept for
farming purposes. The lowest number of rabbits necessary to obtain reliable results was
used for the trial.

According to dietary treatment, 28 New Zealand White male rabbits were randomly
assigned into two groups from weaning (35 days of age) until slaughter (90 days of age): con-
trol group (n = 14 animals, C), fed with a commercial pellet, and Goji group (1 = 14 animals,
G), fed with the same feed of the C group supplemented with 3% of Goji berries (Gianluca
Bazzica, Foligno, Italy) before pelleting (Table 1). At weaning the average body weight was
875 4 115 g and 893 + 135 in C and G groups, respectively. Feeds from the same batches
were previously used in other experiments [11,13-15].

Table 1. Feed formulation and chemical composition (as fed) of control group and Goji group diet.

. Diet
Ingredients Unit
Control Goji
Wheat bran % 30.0 29.0
Dehydrated alfalfa meal % 4.0 41.0
Barley % 9.5 9.0
Sunflower meal % 4.5 4.2
Rice bran % 4.0 3.9
Soybean meal % 4.0 3.9
Calcium carbonate % 2.2 22
Cane molasses % 2.0 2.0
Dicalcium phosphate % 0.7 0.7
Vitamin-mineral premix 1 %o 04 0.4
Soybean oil % 04 04
Salt % 0.3 0.3
Goji berries % - 3.0
Chemical composition
Crude Protein % 15.74 15.66
Ether extract % 2.25 2.47
Ash % 9.28 9.25
Starch Y% 16.86 16.99
NDF % 38.05 37.49
ADF % 19.54 19.01
ADL % 4.01 3.98
Digestible Energy 2 MJ/Kg 10.3 10.3

1 Per kg diet: vitamin A 11,000 IU; vitamin D3 2000 IU; vitamin B1 2.5 mg; vitamin B2 4 mg; vitamin B6 1.25 mg;
vitamin B12 0.01 mg; alpha-tocopherol acetate 50 mg; biotine 0.06 mg; vitamin K 2.5 mg; niacin 15 mg; folic acid
0.30 mg; D-pantothenic acid 10 mg; choline 600 mg; Mn 60 mg; Fe 50 mg; Zn 15 mg; 1 0.5 mg; Co 0.5 mg. > NDF:
Neutral Detergent Fiber; ADF: Acid Detergent Fiber; ADL: Acid Detergent Lignin. Estimated by Maertens et al. [31].

Rabbits were bred in single cages and maintained at a temperature range between
18 and 21 °C, relative humidity of 60%, and with a photoperiod of 16 h of light. Throughout
the entire trial, water and feed were provided ad libitum.

At the slaughterhouse, the gastrointestinal tract was immediately removed from each
rabbit. The content of the different digestive tract sections from each animal (stomach,
duodenum, jejunum, ileum, caecum, and colon) were collected separately in 15 mL sterile
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tubes and then stored at —80 °C until examination. Each sample was analyzed individually.
The average body weights (&standard error) at weaning were 875 £ 55 g and 893 + 75,
while at slaughter, they were 2310 & 82 g and 2357 4 82 g in C and G groups, respectively.

2.2. Microbiota Evaluation—Genomic Sequencing
2.2.1. DNA Extraction

Using the commercial QIAamp PowerFecal Pro DNA Kit (Qiagen, Hilden, Germany),
the bacterial DNA was extracted from each sample of intestinal contents following the
manufacturer’s protocol. DNA quality and quantity were checked using a NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA, and the
obtained DNA was stoked at —20 °C until use.

2.2.2. 165 Ribosomal RNA (rRNA) Gene Sequencing

Bacterial DNA was amplified using primers described in the literature [32] which
target the V3-V4 hypervariable regions of the 165 rRNA gene. All the PCR amplifications
were performed in 25 puL volumes per sample. A total of 12.5 uL of KAPA HIFI Master Mix
2x (Kapa Biosystems, Inc., Wilmington, MA, USA) and 0.2 uL of each primer (100 uM)
were added to 2 pL of genomic DNA (5 ng/uL). Blank controls (no DNA template added
to the reaction) were also performed. A first amplification step was performed in an
Applied Biosystem 2700 thermal cycler (ThermoFisher Scientific, Waltham, MA, USA).
The samples were denatured at 95 °C for 3 min, followed by 25 cycles with a denaturing
step at 98 °C for 30 s, annealing at 56 °C for 1 min, and extension at 72 °C for 1 min, with
a final extension at 72 °C for 7 min. The amplicons were then cleaned with Agencourt
AMPure XP (Beckman, Coulter Brea, CA, USA), and libraries were prepared following
the 16S Metagenomic Sequencing Library Preparation Protocol (Illumina, San Diego, CA,
USA). The libraries obtained were quantified using Real Time PCR with KAPA Library
Quantification Kits (Kapa Biosystems, Inc., Wilmington, MA, USA), pooled in equimolar
proportion, and then sequenced in one MiSeq (Illumina, San Diego, CA, USA) run with
2 x 250-base paired-end reads.

2.2.3. Sequence Analysis

The reads obtained by the 16S rRNA sequencing were analyzed as previously de-
scribed [18]. One rabbit from the Goji group and two samples, both from G diet (caecum
intestinal tract), were removed because they had a total number of counts <100.

2.2.4. Alpha and Beta Diversity Indices

To assess the microbial diversity of the different rabbit gastrointestinal tracts the alpha
(within-) and beta (across-) diversities were used. These indices were estimated starting
from the OTU table, after filtering with more than 50 total counts, distributed in at least
five samples. Besides the number of observed OTUs directly, within-sample microbial
richness, diversity, and evenness were estimated using Chaol and ACE (abundance-based
coverage estimator) for richness, Shannon, Simpson, and Fisher’s alpha for diversity [33,34],
and Simpson E and Pielou’s ] (Shannon’s evenness) for evenness [35]. The Bray—Curtis
dissimilarity [36] was used to quantify the across-sample microbiota diversity. Prior to
the calculation of these metrics, the OTU counts were normalized for uneven sequencing
depth by cumulative sum scaling (CSS) [37]. Details of these analyses can be found in
Biscarini et al. [38].

2.2.5. Software

The QIIME 1.9 pipeline [39] was utilized both to analyze the reads obtained from
16S rRNA gene sequencing and to estimate most diversity indices. Own Python (https:
/ /github.com/filippob /Rare-OTUs-ACE.git, accessed on 15 November 2021) and R (https:
//github.com/filippob/sampleBasedRarefaction, accessed on 15 November 2021) scripts
were used to estimate the ACE index and sample-based rarefaction. The figures were
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generated with the ggplot2 R package [40]. The R environment for statistical computing [41]
was used to perform the additional data handling and statistical analysis.

2.3. Lactic Acid and Ammonia Quantification

For the analysis of bacterial metabolites (lactic acid and ammonia), 1 g of caecal
content was diluted in 1 mL of 1 M perchloric acid and 8 mL of distilled water. After
homogenization, tubes were centrifuged for 10 min at 5000 rpm, and the supernatant was
transferred to 2 mL Eppendorf tube and frozen at —20 °C until metabolite quantification.
The spectrophotometric method for biological fluids was used for lactic acid determination
in accordance with Pryce et al. [42]. Ammonia concentration was detected in line with
Patton et al. [43]. Spectrophotometer was set at 565 nm and 660 nm respectively (Shimadzu
Corporation UV-2550, Kyoto, Japan). All chemicals were purchased from Sigma Chemical
Co (St. Louis, MO, USA).

2.4. Statistical Analysis

Differences in alpha diversity indexes between treatments at various taxonomic levels
along the rabbit’s gastrointestinal tract were tested with a linear model that took into
account the hierarchical structure of within-subject nested data (consecutive sections of the
gastrointestinal tract belonging to individual rabbits). The model had the following form:

Yijkt = 1 + rabbit; + treatmenty + anatomic regiony) + ejjk; 1)

where yjj is the alpha diversity index value for record i from rabbit j with treatment k and
anatomic region t, i is the intercept, rabbit; is the systematic effect of the individual rabbits,
treatmenty is the treatment effect (Goji vs. control), anatomic regionyj is the effect of the
anatomic region of the gastrointestinal tract nested within rabbitj, and ejy; is the residual.

Var(y) = Sigma + [o,>

where Sigma is a block diagonal matrix, with 1 s on the diagonal and the covariances oj
between records within rabbits in the off-diagonal block elements, I is the identity matrix,
and o2 is the residual variance.

A simplified version of Model (1) was used to evaluate differences between Goji
and control samples; in particular, where the anatomic region effect was dropped and
data from all gastrointestinal sections were analyzed jointly to evaluate the effect of Goji
supplementation on the overall rabbit gut microbiota.

For Bray—-Curtis dissimilarities (beta diversity), differences along the digestive tract
were tested non-parametrically using the permutational analysis of variance approach
(999 permutations; [33]).

3. Results
3.1. Sequencing Results

The microbiota structure of the gastrointestinal tract of C and G groups was char-
acterized by a total of 6,122,359 and 7,156,769 high quality reads (after filtering), respec-
tively, with a mean of 75,584 == 38,864 reads for C and 90,592 =+ 33,296 reads for G group.
The evaluation of the sample-based and sequence-based rarefaction curves suggested
that the depth of coverage was sufficient to describe the biological diversity within the
samples (Figure S1).

3.2. Taxonomic Composition of Gut Microbiota along the Rabbit Gastrointestinal Tract of C and
G Groups

Phylum relative abundances distribution along the gastrointestinal tract of C and
G groups are summarized in Figure 1. Significative differences were found in microbiota
composition between the experimental groups for two phyla, two classes, five orders,
fourteen families, and forty-five genera (Table S1). Firmicutes represented the main phylum
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in all sections of the digestive tract, especially in the most distal portions of caecum and
colon (77-79% of total bacteria) for both groups, and Bacteroidetes the second (14-16% of
total bacteria). The caecum and colon of rabbits treated with Goji berries showed differences
regarding the abundance of Bacteroidetes (16%) compared to the control group (14%)
although these were not statistically significant. As regards other phyla, Actinobacteria was
present in the upper part of the gastrointestinal tract. In the jejunum, its relative abundance
was higher in C than G group (7.5% for C vs. 5.5% for G group), while in the ileum the
percentages were opposite (4.8% for C vs. 5.2% for G group); as with the Bacteroidetes,
the differences regarding Actinobacteria were not significant. On the other hand, at the
phylum level, Cyanobacteria and Euryarchaeota, the latter belonging to kingdom Archaea,
were statistically different (p = 0.034 and p = 0.004, respectively) between the experimental
groups, with higher relative abundances in the upper part of the gastrointestinal tract in
G group.

Moreover, Clostridia represented the major class in all anatomic regions, while Ruminococ-
caceae and Lachnospiraceae were the most abundant families in the Goji group (Figure 2).

Figure 3 shows the comparison of the relative abundances of significant OTUs between
treatments and along the rabbit’s gastrointestinal tract. As shown in Table S1 and Figure 3,
there were significant differences between the groups; Bacillales were predominant
(p = 0.0032) in the G group, and Bacillus was the major genus in the stomach (p = 0.0036) .
Ruminococcaceae UCG-005, Lachnospiraceae NK4B4 group, and Christensenellaceae R-7
group were genera detected in all the digestive tracts with statistically significant different
results between the groups. As reported in Table S1, the Lactobacillaceae family was sig-
nificantly different (p = 0.0018) between the groups with Lactobacillus as the predominant
genus in G group compared to C group.

3.3. F/B Ratio

The Firmicutes: Bacteroidetes (F:B) ratio followed a clear pattern along the rabbit’s
digestive tract starting at around 10 in the stomach, increasing clearly in the duodenum and
jejunum, and finally decreasing again in the caecum and colon. The F:B ratio appeared to
be significantly lower in the G group (Figure 4), in the duodenum (p = 0.0176) and jejunum
(p = 0.000049). This was confirmed by bootstrapping (1000 replicates resampled with
replacement from the original data, Figure 5), which provided further statistical support of
the significance of F:B differences between G and C groups in the duodenum, jejunum and,
slightly less so, in the ileum.

3.4. Alpha Diversity Index—Treatment by Region

Table 2 reports the values for the alpha diversity indexes estimated in the rabbits’
gastrointestinal tract, in the two groups. Alpha diversity indexes were significantly different
between treatments in the last portion of the digestive tract (Figure S2): six indexes were
significantly different in the jejunum (ACE, Fisher’s alpha, observed n. of OTUs, Shannon
and Simpson diversity), two in the ileum (Equitability and Simpson E), three in the caecum
(Chaol, ACE, Fisher’s alpha), and two in the colon (Equitability and Simpson E).
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the gastrointestinal tract. For the analyses, 14 and 13 samples were used for the control and
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71



Animals 2022, 12, 121

stomach duodenum jejunum ileum caecum colon

-
B60-

T ‘ control

NI I i
u *ﬁ ...

i ' ' ! ' ' i ' ' ] ' '
contral  gaji control  gaji contral  goji contral  gaji control  gaji contral  goji

treatment

ratio

Figure 4. Distribution of the F:B ratio (Firmicutes to Bacteroidetes) in control and Goji-treated groups
along the gastrointestinal tract. For the analyses, 14 and 13 samples were used for the control and
Goji groups, respectively.

Table 2. Alpha diversity indices along the digestive tract of rabbits in the two experimental groups
(14 controls and 13 Goji-treated; two more samples, both from caecum intestinal G diet were removed
because they had a total number of read counts < 100). * indicates significant difference (p < 0.05)
between control and Goji groups.

Group Anatomic Portion N Chaol Ace Fisher Alpha Observed OTUS ~ Shannon  Simpson  Equitability Simpson E
Control Stomach 14 378.115 380.038 163.32 335.786 7.779 0.993 0.973 0.747
Goji Stomach 13 320.39 318.117 135.593 300.923 7.926 0.995 0.976 0.766
Control Duodenum 14 279.333 274.565 120.298 268.143 7.806 0.995 0.976 0.764
Goji Duodenum 13 329.489 325.595 142.572 312.462 7.999 0.995 0.975 0.750
Control Jejunum 14 205.000*  205.000 * 85.734 * 205.000 * 7.427 * 0.993 * 0.979 0.787
Goji Jejunum 13 306.591*  305.284 * 130.950 * 287.000 * 7.878 * 0.995 * 0.975 0.750
Control Tleum 14 341.365 345.910 152.660 327.286 8.034 0.995 0.975* 0.749 *
Goji Tleum 13 410.027 396.468 169.947 355.000 8.149 0.996 0.968 * 0.700 *
Control Caecum 14 683.149 * 640.207 * 274.313 % 534.714 8.734 0.997 0.965 0.674
Goji Caecum 11 553.633 * 555.73 * 235517 * 494.909 8.642 0.997 0.966 0.687
Control Colon 14 621.580 616.796 271.393 529.929 8.731 0.997 0.966 * 0.682 *
Goji Colon 13 656.245 638.687 265.692 543.385 8.744 0.997 0.964 * 0.666 *

3.5. Beta Diversity Index (Clustering Treatment X Anatomic Portion)

Figure 6a shows the clustering of samples (C and G groups) from Bray—-Curtis dissimi-
larities (first three dimensions from non-metric multidimensional scaling). The distance
between groups were significantly different (p < 0.01) from permutational multivariate
analysis of variance (PERMANOVA, 999 permutations). This difference appeared to vary
along the gastrointestinal tract, with jejunum, caecum, and colon showing the clearest
differences, while the two groups mostly overlapped in the stomach, duodenum, and ileum
(Figure 6b: first two NMDS dimensions only).

3.6. Caecal Lactic Acid and Ammonia Quantification

Regarding lactic acid quantification, G group showed a higher concentration than
C group, suggesting higher bacterial activity (3.91 £ 1.59 and 1.01 & 1.22 mmol/kg in C
and G groups, respectively; p = 0.033). No significant differences in ammonia concentration
were detected between the two groups (5.81 & 2.22 and 5.89 + 1.81 mmol/kg in C and
G groups, respectively; p = 0.305).
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were used for the control and Goji groups, respectively.
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Figure 6. (a): Non-metric multidimensional scaling plot of Bray-Curtis dissimilarities estimated from
the OTU table. The plots show the first three NMDS dimensions (from left to right: dimensions
one and two, one and three, two and three). Control samples in red circles, Goji-treated samples in
blue triangles. (b): First two dimensions from the non-metric dimensional scaling of Bray-Curtis
dissimilarities between control and Goji-treated samples along the digestive tract of rabbits. For the
analyses, 14 and 11-13 samples were used for the control and Goji groups, respectively.

4. Discussion

Diet is one of the main factors affecting the composition of the microbiota in the
digestive tract due to the relation between nutrients and microbial populations [44]. The
bacterial populations inhabiting the different gastrointestinal compartments of the rabbit
have been previously described [18]. For the first time, this study investigated the effect
of Goji berry supplementation on microbiota composition in the different tracts of the

digestive system and on caecal bacterial fermentations of adult rabbits.

The results of the present study showed a prevalence of Firmicutes in all the anatomic
tracts in both experimental groups. This phylum is classified as the most efficient cellulose
degrader [45] and it plays a fundamental role in rabbit digestion. Similar results were
reported by both Cotozzolo et al. [18] and Arazzuria et al. [46]. This result was also
supported by other studies investigating not only the caecal microbiota of rabbits [47,48]
but also the gastrointestinal content and feces of both wild and domestic rabbits [49]. This is
a common condition not only in hindgut fermenters, such as rabbits, but also in ruminants
and monogastric animals [50].

Bacteroidetes was the second most abundant phylum, especially in the large intestine
(caecum and colon tracts), and was slightly predominant in the G group. This phylum, not
significantly different between the two groups and along the digestive tracts, is known
for its role in the stimulation of gut-associated lymphoid tissue [46,48]. The abundance of
Bacteroidetes is in accordance with what was already observed by Cotozzolo et al. [18]
on the rabbit gastrointestinal microbiota and by Crowley et al. [49] on both domestic
and wild rabbits. A further analysis of our samples with a shotgun metagenomic or
metatranscriptomic approach, combined with immunological assays, could provide more

information about the role of this relevant phylum in gut immunity.

Regarding other phyla, Verrucomicrobia were found in all sections, while Actinobac-
teria and Proteobacteria were found in the stomach and small intestine. Although with
low levels in the core microbiome, the Euryarchaeota phylum, belonging to the kingdom
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Archea, was statistically different between the two groups, with higher levels in the G group
in all the digestive tracts. All species of this phylum were taxonomically assigned to the
methanogenic genus Methanobrevibacter [51]. Though this phylum is not very common in
the intestinal microflora of some species, such as horses and pigs [18], it is often found in
the human gut with the role of increasing polysaccharide digestion by consuming the end
products of bacterial fermentation [52].

Clostridia, anaerobic Gram-positive bacteria present in the intestinal microbiota of
human, mouse, chicken, and pig, represented the major class in all anatomic regions,
in accordance with Velasco-Galilea and co-workers [51]; they are prevalent, cellulose-
degrading symbiotic microorganisms, helping the rabbit for plant material digestion [51].

The families of Ruminococcaceae and Lachnospiraceae were present in all anatomic
parts, and both were higher in the G group. Ruminococcaceae are usually prevalent in
healthy rabbits [53], while Lachnospiraceae is known to be associated with a decrease of
mortality [54]. These two families appear to have an important role in fiber digestion, in
particular of peptose and cellulose [55], and are significant producers of short-chain fatty
acids [56]. Moreover, as previously reported [4], in mice a diet with Goji supplementation
promotes butyrate-producing bacteria, including Lachnospiraceae and Ruminococcaceae
families, preventing colitis; their high levels in the digestive apparatus also allow protective
and beneficial effects towards different diseases, such as diabetes and heart disease [57].

Lactobacillaceae was another family that showed significant differences between the
two groups, although present in small quantities. Within this family, Lactobacillus was the
predominant genus. Lactobacilli are rare in the rabbit intestine, occupying less than 1% of
the total intestinal bacteria [58], and their function in gut health is not fully understood. A
recent study has shown that the total intestinal bacteria from rabbits tends to induce a higher
inflammatory level than the total intestinal bacteria from chickens or pigs [59], probably
because of the low abundance of Lactobacilli in the rabbit’s intestine. Thus, the higher
Lactobacillus abundance in rabbits supplemented with Goji could play a protective role
against inflammatory diseases. Components of commensal bacteria can alleviate intestinal
inflammation by regulating the expression of both pro-inflammatory and anti-inflammatory
factors. Kawashima et al. [60] reported that bacterial double-stranded RNA, abundant in
Lactobacillus bacteria, showed a regulatory function by triggering anti-inflammatory factor
IFN-f production and inhibiting pro-inflammatory factors production.

The F:B ratio was at around 10 in the stomach, then increased in the duodenum and
jejunum, and subsequently progressively decreased from the ileum to the caecum and
colon. The F:B ratio appeared to be lower in the G group, significantly so in the duodenum
and jejunum, less so in the ileum, caecum and colon, as also shown by the bootstrapping
analysis. Studies in human microbiota and in animal models, have reported that the F:B
ratio was directly related to body weight modifications and in particular to obesity [61]. In
obese people, the population of Firmicutes shows an elevated proportion with a reduced
Bacteroidetes population; this unbalance causes an altered F:B ratio [62]. Additionally,
a strong correlation between the F:B ratio and milk fat yield has been observed in dairy
cattle [63]. In previous studies, feed supplementation in livestock has been reported to alter
the F:B ratio in the gut microbiota (e.g., grape pomace supplementation in cattle [38]). Fur-
ther studies could investigate the link between Goji intake, F:B ratio and lipid metabolism
in rabbits.

The alpha diversity results revealed higher microbial richness and diversity in bac-
terial composition independently from the treatments in the large intestine. That was an
expected result because, as already demonstrated in other livestock species, the microbial
densities (and also diversity) along the gastrointestinal tract is maximal in the fermenting
compartments [64]. Indeed, Cotozzolo et al. found alpha diversity of the cecum and colon
to be significantly higher than for the other compartments of the rabbit gastrointestinal
tract [18]. As previously reported [18], this variability, typical of colon and caecum tracts, is
due essentially to their physiological functions, such as fermentation of cellulose with pro-
duction of volatile fatty acids (VFA) and their absorption for energy production. Goji berry
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supplementation caused higher microbial richness, especially in the jejunum, ileum, and
colon tracts, where six indexes were significantly different in the jejunum (ACE, Fisher’s
alpha, observed n. of OTUs, Shannon and Simpson diversity), two in the ileum (Equitability
and Simpson E), three in the caecum (Chaol, ACE, Fisher’s alpha), and two in the colon
(Equitability and Simpson E). In particular, the principal families involved in the microbial
richness were Ruminococcaceae and Lachnospiraceae, as well as Lactobacillus spp. These
conditions could guarantee greater resilience toward dysbiosis in the gut microbiota, which
is necessary to maintain homeostasis and, in turn, the healthy status of the gastrointestinal
system [65]. The beta diversity was greatly influenced by Goji treatment, especially in cae-
cum and colon tracts, which play fundamental roles in the digestion of fermenter animals,
such as rabbits. Conversely, less influence of this treatment was found in the stomach,
duodenum, and ileum tracts.

The differences in microbiota composition are due to the environmental conditions,
such as pH modifications, along the gastrointestinal tract. In adult rabbits, the principal
substrates for caecal microorganisms are polysaccharides and protein. Caecal microorgan-
isms ferment available nutrients, converting them to metabolites (e.g., short-chain VFA,
ammonia, Hy, CHy, CO,) and compounds that are incorporated into microbial cells [66].
Our results for caecal bacterial fermentations indicate that Goji berry supplementation
did not influence proteolytic activity and ammonia production. On the other hand, Goji
supplementation stimulated lactic acid fermentation, indicating changes in the intestinal
microbiota in favor of specific bacterial populations. The caecum represents the main site
of fermentative activity in the rabbit due to the presence of an abundant microbial flora [1].
Rabbits produce large amounts of VFA and lactate by fermentation of dietary carbohy-
drates, such as xylan and pectin, in the hindgut [67-69]. Lactobacilli are strong producers
of lactic acid and, for this reason, can compete against pathogenic bacteria [70]. Regarding
Goji berry supplementation, several authors [71,72] have confirmed the beneficial effects of
this integration on the physiology and health of the gut acting on the intestinal microbiota
composition of human and mice. Castrica et al. [15] reported that the incorporation of 3%
w/w of Goji berries in the rabbit diet was able to increase the Lactobacilli population in
rabbit meat.

This is a preliminary study on the effect of Goji berry supplementation on gastrointesti-
nal microbiota of the rabbit and, although its practical implications are currently limited, it
may represent a starting point for future exploratory research. Further experimental trials
could be addressed to evaluate whether caecal fermentative activities (VFA production)
could be affected by changes in microbial community composition. Moreover, evaluation
of digestive efficiency by performing an in vivo digestibility trial could integrate the study
of the microbiota composition of the rabbit. Finally, it could be interesting to evaluate the
impact of microbiota modification on the maturation and activity of the immune system, as
well as on resistance to infectious diseases, animal welfare and the productive performance
of the rabbit.

5. Conclusions

The present study demonstrated that Goji berry supplementation can modulate gas-
trointestinal microbiota composition and caecal fermentations of the rabbit. In particular,
Lycium barbarum fruit increased the growth of the phylum Bacteroidetes as well as of
Ruminococcaceae, Lachnospiraceae, and Lactobacillus in the caecum and colon, and as a
consequence, lactic acid production. The mechanism of absorption and integration of the
bioactive molecules contained in the fruit, and their influence on the microbiota population,
should be investigated to appropriately use Goji berries” probiotic properties. The use of
this natural compound needs to be further studied for its implications for both commercial
performance and animal resistance to infection, as its supplementation could reduce the
incidence of health problems in livestock and consequent antibiotic treatments.
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Simple Summary: The purpose of this study was to investigate the bioavailability and metabolic
path of thymol, a major constituent of Thymus vulgaris L., in the rabbit organism. Oral bioavailability
is a key parameter affecting the efficacy of substances, but it is not surprising that it does not correlate
satisfactorily with efficacy. The main limitation factors are rate of absorption, metabolism, and
excretion processes. In this work, the thymol metabolic path in the rabbit organism was determined
for the first time after its sustained oral administration. We confirm intensive absorption of thymol
from the gastrointestinal tract; our results point to metabolism and accumulation in kidney tissue
and intensive metabolic and excretion processes in the liver. Some metabolic processes were present
also after thymol withdrawal. Thymol as a lipophilic substance was found only in trace amounts
in fat and muscle tissue as a consequence of its conversion into hydrophilic metabolite and greater
elimination in the rabbit organism. This paper highlights the insufficient knowledge of modes of
action of plant compounds in animal organisms.

Abstract: The objective of this study was the detection of thymol in rabbit plasma, tissues, large
intestinal content, and faeces. Forty-eight rabbits were divided into control and experimental groups
(thymol 250 mg/kg feed). Thymol was administered for 21 days and then withdrawn for 7 days.
Concentration of thymol in the intestinal wall (IW) was significantly higher than in plasma (p < 0.05)
and liver (p < 0.05); in the kidneys it was significantly higher than in plasma (p < 0.05) and liver
(p < 0.05) during thymol addition. Thymol in IW was significantly higher than in plasma also after
withdrawal (p < 0.01). Significant correlation (rs = —1.000, p < 0.01) between IW and plasma points to
the intensive absorption of thymol from the intestine, while the correlation between plasma and liver
(rs = 0.786, p < 0.05) indicates intensive biotransformation and excretion processes in liver. Significant
correlation between liver and kidney (rs = 0.738, p < 0.05) confirms the intensive metabolism of
thymol in the kidney. During the withdrawal period, thymol was detected above trace amounts only
in faeces, and was significantly higher than in the colon during both periods (p < 0.01). Results show
intensive biotransformation of thymol in the rabbit organism.

Keywords: rabbit; thymol; absorption; distribution; accumulation; excretion

1. Introduction

In recent years, natural products have assumed great importance as antibiotic replace-
ment additives and as growth promoting agents in food animals. There is large pressure
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on the animal production industry to improve animal treatment as well as production per-
formance, and to ensure the safety of products for human consumption while minimizing
economic losses [1]. Even though, the benefits of herbal additives depend on the biological
activities of their compounds and their pharmacokinetics, their precise mode of action at
the molecular level has not yet been fully elucidated [2,3].

To our knowledge, bioaccessibility, bioavailability, and metabolism of phenolic com-
pounds have been studied in vitro in humans [4,5] and in chickens [6]. No information is
available about absorption, distribution, and deposition of natural compounds at target
sites in the rabbit organism. The rabbit gastrointestinal tract has characteristic features
compared with other animal species, such as the relative importance of the well-developed
caecum, and a separation mechanism within the proximal colon [7]. The efficiency of
the rabbit’s digestion depends in large part on the production and ingestion of caecotro-
phes, which must be considered as an integral part of the rabbit ‘s digestion system. The
process of caecotrophy may be considered as “pseudorumination” which improves feed
utilization [8,9].

One of the crucial aspects of the beneficial effect of natural compounds is the amount
present in the gut as a result of their release from feed, and their consequent ability to
pass through the intestinal barrier. Intestinal absorption of many compounds is limited
by a range of biological and physiological barriers in the gastrointestinal tract. Biological
barriers are represented mainly by the mucus layer and epithelial cell layer, which is
composed of villus and crypt cells. Physiological factors include enzymatic activities in the
intestinal lumen, specific transport mechanisms which are able to limit absorption, and
intestinal transit time [10].

In terms of the potential role of thymol as feed additive for animals, the aim of
our study was to try to produce a more detailed view and better understanding of the
mechanism of its absorption, distribution, and accumulation in the rabbit organism after
its sustained application into the rabbit’s diet.

2. Materials and Methods
2.1. Animals Care and Use

The trial was carried out at the experimental rabbit facility of the National Agricultural
and Food Centre, Research Institute for Animal Production, Nitra, Slovakia. The protocol
was approved by the Institutional Ethical Committee, and the State Veterinary and Food
Office of the Slovak Republic approved the experimental protocol (4047 /16-221).

2.2. Animals and Housing

After weaning at 35 days of age, 48 rabbits of both sexes (meat line M9) were randomly
divided into a control group (CG) fed a standard diet and an experimental group (EG) fed a
standard diet into which 250 mg/kg of thymol was incorporated in powder form (>99.9%,
Sigma-Aldrich, St. Louis, USA). All experimental wire-net cages (61 cm x 34 cm x 33 cm)
were kept in rooms with automatic temperature control (22 + 4 °C) and photoperiod
(16L:8D). The rabbits could feed ad libitum and had free access to drinking water. The
experiment lasted 28 days. The rabbits received feed with thymol addition for 21 days
(56 d of age) and for the next 7 days (63 d of age) the thymol was withdrawn. Initial live
weight was 1006 £ 98 g in CG and 1035 4 107 g in EG (2044 £ 24 g in CG, 1965 & 58.7 g in
EG at 56 d of age, and 2671 & 72 g in CG, 2796 & 60 g in EG at 63 d of age). Eight rabbits in
each group were killed at 56 or 63 d of age using electronarcosis (50 Hz, 0.3A /rabbit for
5 s), immediately hung by the hind legs on the processing line and quickly bled by cutting
the jugular veins and the carotid arteries.

2.3. Diet and Chemical Analyses

The standard diet consisted of a commercial diet for growing rabbits (KKZK, Lia-
harensky podnik Nitra a.s., Nitra, Slovakia) with ingredients and chemical composition
as shown in Table 1. The diet was administered in the form of pellets with an average
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size of 3.5 mm. The feed was stored in darkness to protect against degradation processes.
The Association of Official Analytical Chemists (AOAC) methods [11] were used to deter-
mine the proportions of crude protein (no. 990.03, CP), ash (no. 942.05), and dry matter
(no. 967.03, DM) in the diet, while DM amount was also determined for the tissues, gut
content, and faeces. Neutral detergent fibre (NDF) and acid detergent fibre (ADF) were
analysed according to Van Soest et al. [12].

Table 1. Ingredients (%) and chemical composition (g/kg feed) of experimental diet.

Ingredients (%) Chemical Composition (g/kg Feed)

Dehydrated lucerne meal 36.0 Dry matter (g/kg) 900.9
Dry malting sprouts 15.0 Organic compounds 831.8
Oats 13.0 Nitrogen free extract 444.3
Wheat bran 9.0 Neutral detergent fibre (NDF) 3529
Barley 8.0 Acid detergent fibre (ADF) 208.1
Extracted sunflower meal 5.5 Crude fibre 177.8
Extracted rapeseed meal 5.5 Crude protein 176.6
Dried distiller grains with solubles 5.0 Cellulose 163.1
Premix ! 1.7 Hemicellulose 144.8
Limestone 1.0 Starch 133.1
Sodium chloride 0.3 Ash 69.2

Fat 33.1

Metabolic energy, MJ/kg 9.9

! The vitamin-mineral premix provided per kg of complete diet: Retinyl acetate 5.16 mg, Cholecalciferol 0.03 mg, Tocopherol 0.03 mg,
Thiamin 0.8 mg, Riboflavin 3.0 mg, Pyridoxin 2.0 mg, Cyanocobalamin 0.02 mg, Niacin 38 mg, Folic acid 0.6 mg, Calcium 1.8 mg, Iron

70 mg, Zinc 66 mg, Copper 15,

Selenium 0.25 mg.

2.4. Thymol Stability in Feed

Thymol evaporation in feed was analysed every week during thymol application
using high-performance liquid chromatography (HPLC) according to the modified method
of Ocel'ovd [6] and Pisar¢ikovd et al. [13]. Samples were analysed in triplicate. Briefly, 2 mL
of methanol was added into a glass tube containing 0.2 g of milled feed and thymol was
extracted in an ultrasonic bath. The methanolic extract was then analysed using the HPLC
method with an Ultimate 3000 HPLC-system liquid chromatograph (Dionex, Sunnyvale,
CA, USA). The chromatographic analyses were evaluated by means of Chromeleon®
Software Version 6.80 SR10 Build 2906 (Thermo Fisher Scientific, Waltham, MA, USA).

2.5. Sampling

To determine the thymol content in plasma, blood (1.5 mL) from eight rabbits was
collected from the marginal ear vein (vena auricularis) into heparinized Eppendorf tubes
and plasma was obtained after centrifugation at 1180x ¢ for 15 min. The gastrointestinal
tract was removed from the body cavity and was divided into small intestine, caecum, and
colon (n = 8). Caecum and colon content were removed, and the small intestinal lumen was
gently washed with 0.9% NaCl solution. Obtained samples of gut content and intestinal
wall together with plasma, liver, kidney, muscle (musculus longissimus dorsi) and spleen
tissue, fat, and faeces were immediately frozen in liquid nitrogen and stored at —70 °C
until analysis. All samples were collected at both experimental days (56 or 63 d of age).

2.6. Thymol Analyses in Plasma, Tissues, Large Intestinal Content and Faeces

Detection of thymol in samples of plasma, tissues and faeces was performed using
headspace solid-phase microextraction followed by gas chromatography coupled with the
mass spectrometry method as described by Bacova et al. [14] and Placha et al. [15]. Briefly,
detection and quantification were carried out using a GC/MS (type HP 6890 GC) system
coupled with a 5972-quadrupole mass-selective detector (Agilent Technologies GmbH,
Wilmington, DE, USA). Detection of thymol was confirmed by comparing its specific mass
spectrum and retention time with those of the reference compound. Additionally, the
Kovats index was calculated. Calibration curves were generated by plotting the peak-area
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ratios of thymol to o-cresol used as an internal standard (Sigma-Aldrich, St Louis, MO, USA)
against the known thymol concentrations. The selective ion mode was used for quantitative
analysis of thymol. The mass fragments m/z 135 and m/z 150, as well as m/z 107 and
m/z 108, were monitored as characteristic for thymol and o-cresol, respectively. Calibration
curves were prepared from blank samples spiked directly with 50 uL thymol (Applichem,
Darmstadt, Germany) in standard solutions with known concentrations as follows: for
plasma 48, 100, 200, 400, and 800 ng of thymol per mL, for intestinal wall 100, 200, 400,
800, 1000 ng; for liver, kidney, muscle, caecum and colon content 100, 200, 400, 800, 1000,
2000 ng; spleen, fat 24, 50, 100, 200, 400 ng; faeces 200, 400, 800, 1600, 2000, 4000 ng of
thymol per g of tissue. Each point on the calibration curve was analysed as a duplicate. The
peak of thymol was detected around 19 min and the o-cresol peak occurred around 10 min
in all samples. Samples for thymol detection were prepared using the method described by
Ocel'ova et al. [16]. Enzyme —-Glucuronidase Helix pomatia Type HP-2 (aqueous solution,
>100,000 units/mL, Sigma-Aldrich, St Louis, MO, USA) was added to samples to cleave
thymol from its glucuronide and sulphate, since only free thymol should be detected in the
GC system.

2.7. Statistical Analysis

Data collected were analysed using the Kolmogorov-Smirnov test for normal and
non-normal distribution. All data were not accepted as parametric. The Kruskal-Wallis
test with post hoc Dunn s Multiple Comparison test was used to determine the differences
between plasma and tissues or caecal, colon content and faeces. Results are presented as
mean value + standard error of mean (SEM). Differences were considered significant at
p < 0.05. Correlations of thymol concentrations between plasma and intestinal wall, plasma
and liver, and liver and kidney were analysed using nonparametric Spearman’s Rank
Correlation and expressed as Spearman’s correlation coefficient (rs). Statistical analyses
were performed using Graph Pad Prism (GraphPad Software, San Diego, CA, USA). The
experimental unit was the animal’s cage.

3. Results
3.1. Thymol Stability in Feed

Concentration of thymol in feed during the period of the experiment with its addition
was relatively stable at 274 png/g DM-0 d; 255 ug/g DM-7 d; 236 ug/g DM-14 d.

3.2. Thymol in Plasma and Tissues

Level of thymol in the intestinal wall was significantly higher than in plasma (p = 0.0211)
and liver (p = 0.0305), and in the kidneys it was significantly higher than in plasma
(p = 0.0259) and liver (p = 0.0415) during the period of thymol addition (Table 2). Thymol
in fat (19.9 & 7.36 ng/g DM, n = 2) and muscle (26.6 ng/g DM, n=1) during this period
was found only in a small number of samples, and only in trace amounts in others. For this
reason, those samples were not included in the statistical evaluation. Significant correlation
was established between thymol concentration in plasma and intestinal wall (rs = —1.0,
p <0.01), plasma and liver (rs = 0.786, p < 0.05) and liver and kidney (rs = 0.738, p < 0.05,
Figures 1-3). Even though thymol content was determined only in trace amounts during
the period without thymol addition, the differences were statistically evaluated. Thymol in
intestinal wall was significantly higher than in plasma in this period (p = 0.0035, Table 2).

3.3. Thymol in Caecum, Colon and Feces

Thymol in faeces was significantly higher than in the colon during both experimental
periods, even if only in trace amounts without further thymol addition (p < 0.01, Table 3).
During this period only thymol in faeces was detected above trace amount.
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Table 2. Thymol content in plasma (ng/mL) and tissue (ng/g DM).

56 d of Age (with Thymol) 63 d of Age (without Thymol)
Mean SEM Mean SEM
Plasma 46.2b 10.0 2.73b 0.458
Intestinal wall 2682 65.9 2042 2.70
Liver 399b 13.4 5.93 b 0.285
Kidney 3142 91.7 16.12b 6.53
Spleen 18120 40.1 ND -

ab Values within a column with different superscript letters differ significantly (p < 0.05). Data are presented as
mean =+ standard error of mean (SEM).
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Figure 1. Correlation between plasma (ng/mL) and intestinal wall (ng/g DM).
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Figure 2. Correlation between liver (ng/g DM) and plasma (ng/mL).
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Figure 3. Correlation between liver and kidney (ng/g DM).

Table 3. Thymol content in caecum, colon, and faeces (ng/g DM).

56 d of Age (with Thymaol) 63 d of Age (without Thymol)
Mean SEM Mean SEM
Caecum 882 ab 231 458 b 12.44
Colon 672> 330 16.4° 9.44
Faeces 24442 451 1502 40.54

2P Values within a column with different superscript letters differ significantly (p < 0.05). Data are presented as
mean =+ standard error of mean (SEM).

4. Discussion

The epithelial cells in the small intestine wall contain various metabolic enzymes and
transporters. The intestinal microflora possesses a wide range of metabolic processes in-
cluding hydrolysis of glucuronides, sulphate esters, and amides. Enzymes in the intestinal
microflora can hydrolyse drug metabolites, especially glucuronide conjugates, and convert
them back to the parent compound [10]. The parent drugs excreted and/or released by the
action of gut microflora are reabsorbed by intestinal cells. Metabolites are continuously
excreted into the large intestine, where they are again hydrolysed and reabsorbed [17].

After being absorbed from the GIT, thymol becomes metabolized during processes
of biotransformation and becomes more hydrophilic. The metabolites, mainly sulphates
and glucuronides, are transported across the intestinal epithelium by active processes
involving transmembrane proteins. Many transporters such as peptides, vitamins, amino
acids, and sugars play important roles in the translocation of drugs and were identified in
large amounts in the GIT [18].

Rubi6 et al. [19] and Pisar¢ikova et al. [13] have confirmed that thymol, which is
a small lipophilic molecule, is not detected in unmetabolized form in plasma, as they
detected only its conjugates (thymol sulphate and glucuronide). They also detected thymol
conjugates in the duodenal wall, which points to active biotransformation of thymol in
the organism.

Significant correlation (rs = —1.00, p < 0.01) between thymol content in the intestinal
wall and plasma in our experiment indicates intensive absorption of thymol from the
intestine. Placha et al. [15] and Ocel'ova et al. [20] also confirmed the intensive absorp-
tion of thymol from all intestinal segments in broiler chickens after four weeks of diet
supplementation with thyme essential oil. They found significant correlation between
thymol content in plasma and individual intestinal segments. Although we found six times
lower concentration of thymol in plasma during its addition and seven times lower after
its withdrawal (even if only in trace amounts) in comparison with the intestinal wall, we
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can confirm that some metabolic processes were still active after thymol withdrawal from
feed (Tables 2 and 3).

The rabbit caecum is the largest part of the large intestine and contains approximately
40% of the intestinal content. The primary mechanism by which nutrients are released from
intestinal content is microbial fermentation, and its products are absorbed through the
intestinal wall or are reingested as caecotrophes. The retained particles from the proximal
part of the colon also provide substrate for caecal microbiota. The mucus which coats the
caecotrophes protects them and allows the fermentation processes to continue in them
until they reach the intestine. The composition of the intestinal flora depends to a large
extent on the caecotrophic microbial population [21].

Intestinal microflora and epithelial cells play a crucial role in metabolic processes
because they produce a wide range of metabolic enzymes [22]. The counts of bacterial
flora are highly variable in different parts of the gastrointestinal tract [23]. We assume
that the metabolic enzymes responsible for thymol biotransformation in the caecum and
consequently in caecotrophes are expressed in large enough amounts that they can affect
metabolic activities and consequently exert influence on the amount of thymol and its
metabolites in the caecum.

There are some conditions affecting the absorption of compounds in the GIT. In
addition to their rate of dissolution in the intestinal fluids, they must also be able to cross
membranes in each part of the GIT. In case they are not able to cross these membranes
by the time they reach the colon, the extent of intestinal absorption is not sufficient, and
the compounds are excreted in faeces [24]. All these circumstances may explain the high
concentrations of thymol in the caecum and faeces, not only during its addition but also
after its withdrawal from feed (Table 3).

The first study which confirmed the presence of thymol metabolites (thymol sulphate
and glucuronide) in the duodenal wall of broiler chickens after sustained consumption
of thyme essential oil also confirmed the key role of the intestine in the metabolism of
thymol [13]. Ocel'ova [6] detected thymol in the liver at a level of 8.9% of its concentration
in the intestinal wall and observed significant correlation between thymol concentrations in
liver and plasma, and liver and intestinal wall, which might indicate sufficient absorption
of thymol from the intestinal wall to the liver through the vena portae. We found 15%
(with thymol) and 29% (without thymol) of thymol in liver compared with its content in
the intestinal wall, and significant correlation between thymol concentrations in plasma
and liver (rs = 0.7857, p < 0.05). These results are in agreement with the findings of the
above-mentioned authors and point to intensive biotransformation and excretion processes
in the liver.

Between the enzyme systems and efflux transporters there exist mutual processes
which can affect the efficiency of drugs in the intestine. These couplings can prolong the
exposure of drugs in vivo and are crucial for enteric and enterohepatic recycling. Some
parent compounds are absorbed and metabolized in the intestinal cells, while some portions
are effluxed back into the intestinal lumen or transported to the mesenteric vein and are
taken up by hepatocytes [17]. Excreted metabolites from enterocytes are converted back to
the parent compound and again reabsorbed. Compounds in the liver are metabolized and
together with parent compounds are excreted with bile into the duodenum and are then
reabsorbed there [14,17]. These repeating processes together with processes of caecotrophy
could explain the thymol content in plasma, tissues, and intestinal content after thymol
withdrawal, although only in trace amounts. We must point out that we detected the sum
of metabolized and non-metabolized thymol, as the thymol metabolites were cleaved by
added enzyme, 3-glucuronidase. However, the extent of absorption of compounds (drugs)
and the contribution to their bioavailability by metabolic enzymes and transporters or
receptors present on the intestinal membrane are still not clear.

In the present study, a significantly higher level of thymol in the kidney in comparison
with liver tissue and plasma confirmed its metabolism and/or accumulation in this organ
(Table 2). Our results are in agreement with our previous study [6], in which we detected a
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significantly higher thymol concentration in the kidney of chickens with thyme essential
oil diet supplementation. Takada [25] detected thymol glucuronide and thymol sulphate
in the urine of rabbits, and to our knowledge this is the only study concerned with the
metabolic path of thymol in these animals. Data available so far indicate that thymol
sulphate could be reabsorbed in the proximal tubule after glomerulary filtration, and that
cleavage of this metabolite is achieved by enzymes located at the luminal brush border,
so that subsequently thymol could be reabsorbed [26]. These authors demonstrated that
although the liver is the most important organ for biotransformation, kidney microsomes
demonstrate more effective metabolic processes than liver or intestinal microsomes. The
significantly higher content of thymol in the kidney and the correlation between liver and
kidney (rs = 0.7381, p < 0.05) in our study also confirm the intensive metabolism in kidney
tissue. However, further study of renal metabolism mechanisms is necessary to confirm
these findings.

Before drug compounds can reach systemic circulation and therapeutic targets, several
barriers must be overcome [18]. Although lipophilic molecules evidently pass the barriers
with ease by transcellular routes, various efflux transporters are preferentially bound with
lipophilic molecules, seriously limiting their absorption. The first-pass metabolism which
occurs in the intestinal wall decreases the chance of molecules which get into epithelial
cells to reach the systemic circulation. Once compounds are absorbed in the GIT, the next
major barrier awaits in the form of the first-pass metabolism in the liver. Drugs passing
through the portal vein encounter hepatocytes and are metabolized there [18]. Based on
these processes we can explain the trace amounts of thymol detected in rabbit muscle and
fat in our experiment. Trace amounts of thymol in the muscle tissue of broiler chickens
were also detected by Haselmeyer et al. [27] after thymol addition (55 mg/kg DM feed),
and by Ocel'ova [6] after thyme essential oil application. Lipophilic substances which are
not metabolized during the process of biotransformation are less readily eliminated and
accumulate in fat tissue [22]. As we found only traces of thymol in this tissue, we can
hypothesize that the majority of thymol was metabolized and converted into hydrophilic
substances.

Finally, little is known about the bioactivity of thymol and thymol metabolites, further
studies are needed to evaluate the distribution of thymol in different tissues at different
levels and establish its suitable concentration for a beneficial effect on animal health.

5. Conclusions

Our results showed that, thymol was efficiently absorbed from the intestinal lumen
and intensive metabolic processes in liver and kidney were observed, while accumulation
in fat and muscle tissue was low, probably due to its intensive biotransformation into
hydrophilic substances which were then excreted. We confirm some metabolic processes
involving thymol even after its withdrawal from feed, as a consequence of caecotrophy.
Oral bioavailability of plant compounds is a challenge for scientists because their metabolic
processes in the animal organism should be understood at molecular level.
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Simple Summary: Infectious diseases represent serious problems for the reproductive performance
of livestock animals because they negatively affect not only the welfare of the animals, but also the
profitability of the farm. Moreover, the European Community continues to promote the reduction
of the use of antibiotics and hormones in animal breeding. In this context, it is necessary to find
new nutritional approaches to reduce the negative energy balance, and at the same time, to reinforce
the immune system of the animals. In this research, the effect of goji berry supplementation on the
reproductive activity and productive performance of rabbits is evaluated. Lycium barbarum fruit is
considered a nutraceutical natural product containing various biologically active substances that
show health benefits for both humans and animals. In particular, the berry can modulate hormones
and metabolites involved in energy balance and reproduction, stimulate and balance the immune
system activity, contributing to the defense of the organism against pathogens. Our results suggest
that the integration with goji berry in the rabbit diet at 1% affects the reproductive activity, influencing
the pattern secretion of luteinizing hormone (LH) and estrogens, as well as the sexual receptivity.
Moreover, the fruit induced a higher milk production, improving the productive performance of
young rabbits.

Abstract: Goji berry shows a wide range of beneficial properties in human health, but only a few
studies evaluated its effects in livestock animals. The objective of this research was to assess the effects
of goji berry supplementation on the hormonal profile, productive, and reproductive performance of
does. Two months before artificial insemination, 105 nulliparous does were randomly divided into
three groups (1 = 35) based on the dietary treatment: commercial diet (C), or a diet supplemented
with either 1% (G1), or 3% (G3) of goji berry, respectively. The results showed that receptivity was
higher in G1 than in the C group (p < 0.05). Trends toward significance for differences between the
G1 and G3 groups in marginal means of LH concentrations (p = 0.059), and between G1 and C in LH
AUC values (p = 0.078), were evidenced. Estrogen concentrations showed a more fluctuating trend
but a significant interaction effect (p < 0.001). The G1 group showed higher litter weight than C at
birth (p = 0.008) and weaning (p < 0.001), as well as higher litter size at weaning (p = 0.020). The G1
group also exhibited the highest mean milk production (p < 0.01). In conclusion, goji berry influenced
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reproductive and productive performance, probably via modulating hormonal patterns and milk
production in rabbits. However, further studies are needed to validate these preliminary results.

Keywords: receptivity; fertility; estrogen; LH; milk production

1. Introduction

Lycium barbarum, also known as wolfberry or Goji berry, is a functional food and
plant medicine that has been used in China and Asian countries for 2300 years to restore
well-being, improve eyesight, and nourish the kidneys and liver [1]. Recent studies have
shown that goji berries possess various benefits for human health such as anti-aging [2],
antioxidant [3], antidiabetic [4], hypolipidaemic [5], anticancer [6], cytoprotective [7], neu-
roprotective [8,9], immunomodulatory [10], gastroprotective [11], radiation protecting [12],
and visual protecting effects [13]. As a consequence of all these beneficial properties and
of the increasing public awareness of health and the quality of life, the plant and the fruit
of Lycium barbarum have become extraordinarily popular in Western countries, where its
cultivation and consumption have increased [1]. Moreover, the fruit seems to have a high
safety profile at different dosages [14], although a few studies reported mild toxicity [15]
and adverse effects such as urticarial-like reactions related to its use [16]. Goji berry con-
tains a high quantity of carbohydrates, dietary fiber, protein, macro and micronutrients,
and low levels of fat [17]. Besides the high nutritional value, it contains many biologically
active compounds such as polysaccharides, carotenoids, phenylpropanoids, phenolics, and
flavonoids [18]. Several studies showed that the wide range of effects of goji berries are
principally due to the biological properties of polysaccharides [1]. They represent the most
abundant constituents of the fresh and dried berry (46-51% and 5-8%, respectively), and
are found principally branched and in the water-soluble form [14].

The research activity concerning goji berries was mainly carried out on humans, labo-
ratory animals, and on specific cell lines in vitro [4,9,10,19], while only a few investigations
have been carried out on livestock animals [20], including rabbits [21-23]. The rabbit is
considered a livestock animal, and the productive efficiency of rabbit farms is strongly
influenced by reproductive performance, especially those of the rabbit does. Generally,
nulliparous does show higher fertility than primiparous and multiparous does [24,25].
The major causes of the reduced fertility rate of primiparous does are both the intensive
reproductive rhythms to which they are subjected, and the negative energy balance due
to the overlap between pregnancy and lactation [26,27]. Moreover, the profitability of the
breeders could be reduced by the high culling and mortality rate of the animals, and the
costs related to the purchase of medicines and veterinary services as a consequence of the
sanitary status of the farm. Poor hygiene and incorrect artificial insemination practices are
often linked to the onset of clinical or subclinical endometritis and metritis, which reduce
the reproductive performance of the does [28,29]. Local and systemic diseases and/or
inflammatory status induce the release of chemokines by the activation of TLR4 receptors
that mobilize and activate immune cells [30]. At the systemic level, an alteration of the
hormonal secretion of the gonadal axis could be induced; whereas at a local level, the
inflammatory mediators and other signaling molecules can influence cellular, vascular, and
endocrine functions impairing the reproductive activity of the animals [31,32].

Infectious diseases are generally fought with antibiotics, yet in the last decade, the
abuse of these drugs led to the onset of antibiotic resistance with a dangerous and direct
impact on human and animal health [33,34]. For this reason, the European Community
guidelines tend to reduce the use of antibiotics and hormones in animal husbandry, includ-
ing rabbit farming [35]. In this context, there has been a growing interest in the study and
research of nutraceutical products that show health-promoting effects and with a potential
in the prevention and treatment of several human and animal diseases, including those of
the reproductive system [36,37]. Although there are numerous studies on the biological
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activity of goji berries, their effects on the reproductive functions, gonadic axis activity,
and fertility, are poorly known [38,39]. In particular, the research is strongly limited for the
female of both humans and animals, including rabbit does [40,41]. The rabbit is, however,
an excellent animal model for research, in particular with regards to the physiology of
reproduction and several reproductive parameters [42—44].

Goji berry could be a natural strategy to improve the reproductive performance of
rabbit farms. It is speculated that the fruit could reduce the incidence of reproductive
infections/inflammation of the genital tract, acting principally on the immune system and
the oxidative status of the organs as well as influencing the hormonal secretion of the
ovarian axis. Therefore, the main objective of the present study is to evaluate the effect
of goji berry dietary supplementation on the reproductive performance, fertility, LH, and
estrogen secretion, as well as the milk production, of rabbit does.

2. Materials and Methods
2.1. Animals and Experimental Design

The experiment was conducted at the farm of the Agricultural University of Tirana,
Faculty of Veterinary Medicine, Albania. The animals were maintained in accordance with
Legislative Decree No. 146, implementing Directive 98/58 /EC regarding the protection
of animals that were kept for farming purposes. The experimental protocol was run with
the permission of the Ministry of Agriculture and Rural Development, National Authority
of Veterinary and Plants protection (prot. 824/2020), of Albania. All efforts were made
to minimize animal distress and to use only the number of animals necessary to produce
reliable results. Moreover, the responsible veterinarian for the farm checked the rabbits for
health and welfare states daily.

Nulliparous New Zealand White rabbits (n = 105) of 4 months of age, weighing
3.5-3.8 kg, were individually housed in controlled environmental conditions where the
temperature ranged from +18 to +21 °C, the relative humidity from 55% to 65%, the
artificial ventilation was 0.3 m®/s, and the lighting was scheduled 16 L:8 D at 40 lux.
Rabbits were provided 150 g/d of commercial food and water ad libitum. The composition
of the diet supplied to the does is described in Table 1 and is in agreement with previous
studies [21-23]. Goji berries in dried form were provided by a farm of central Italy (Impresa
Agricola Gianluca Bazzica, Foligno, Italy). They were ground into smaller pieces, mixed
with the rest of the diet ingredients, and, finally, pelleted [23]. All rabbits completely
consumed their daily rations.

Table 1. Formulation and chemical composition (as fed) of control (C) and experimental diets
supplemented with 1% (G1) and 3% (G3) Goji berries.

. . Diet

Ingredients/Analytical Data C G1 G3
Ingredients !

Wheat bran 30.0 29.5 29.0
Dehydrated alfalfa meal 42.0 415 41.0
Barley 9.5 9.5 9.0
Sunflower meal 45 45 42
Rice bran 4.0 4.0 3.9
Soybean meal 4.0 4.0 3.9
Calcium carbonate 22 22 2.2
Cane molasses 2.0 2.0 2.0
Dicalcium phosphate 0.7 0.7 0.7
Vitamin-mineral premix 2 0.4 0.4 0.4
Soybean oil 0.4 0.4 0.4
Salt 0.3 0.3 0.3
Goji berries - 1.0 3.0
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Table 1. Cont.

. . Diet
Ingredients/Analytical Data c c1 G3
Analytical data '

Crude Protein 15.74 15.64 15.66
Ether extract 2.25 2.23 2.47
Ash 9.28 9.36 9.25
Starch 16.86 17.07 16.99
NDF 38.05 38.55 37.49
ADF 19.54 19.60 19.01
ADL 4.01 4.31 3.98
Digestible Energy 3 2464 2463 2459

1 as percentage (%). 2 Per kg diet: vitamin A 11,000 IU; vitamin D3 2000 IU; vitamin B1 2.5 mg; vitamin B2 4 mg;
vitamin B6 1.25 mg; vitamin B12 0.01 mg; alpha-tocopherol acetate 50 mg; biotine 0.06 mg; vitamin K 2.5 mg;
niacin 15 mg; folic acid 0.30 mg; D-pantothenic acid 10 mg; choline 600 mg; Mn 60 mg; Fe 50 mg; Zn 15 mg;
10.5 mg; Co 0.5 mg.  as Kcal/kg. Estimated by Maertens et al. [45].

The does were randomly divided into three different groups (1 = 35/group), according
to the dietary treatment: commercial diet (Control, C), and diet supplemented with 1% or
3% of goji berry, G1 and G3 groups, respectively. After a period of adaptation to the new
feed for two months, the does were submitted to artificial insemination (Al) at 6 months of
age, performed with a heterospermic pool of fresh semen (0.5 mL) diluted 1:5 in a commer-
cial extender. At the moment of the insemination, receptivity was established by controlling
for the color of the vulva, and ovulation was induced by an intramuscular injection of
10 ug of synthetic gonadotropin-releasing hormone (GnRH; Receptal, Hoechst-Roussel
Vet, Milan, Italy) [31]. Day 0 was designed as the day of the insemination. Pregnancy was
diagnosed by abdominal palpation 12 days after Al, and then, 25 pregnant rabbit does
per group were followed until the weaning of the young rabbits (day 35). Lactation was
controlled by opening the door of the nest one time a day until 18 days after parturition.

On the day of the AI, blood samples were collected every 60 minutes, starting 120 min-
utes before and up to 240 minutes after the Al and GnRH injection to evaluate LH and 17-f3
estradiol concentrations. The samples were withdrawn from the marginal ear vein by a
butterfly needle of 24G connected to a syringe of 2.5 mL. Blood samples were inserted into
tubes containing EDTA, and immediately centrifuged at 3000 x g for 15 min; furthermore,
plasma was stored frozen until it was assayed for hormone levels.

The following reproductive and productive indices were calculated: receptivity
(color of the vulva [46] categorized as white, pink, or red), fertility (number of partu-
ritions/number of inseminations x 100), milk production, litter weight (from delivery until
day 18 of the whole litter, and from day 18 to weaning of the single animal), litter size,
and pre-weaning mortality (calculated as the percentage of weaned kits/litter) [47]. From
parturition to day 35, the mortality, the litter weight, and the litter size were recorded daily.
Milk production was evaluated daily by weighing the does before and after suckling, from
parturition until day 18 of lactation [48].

2.2. Hormone and Metabolite Assays

Plasma LH concentrations were evaluated using a commercial rabbit LH ELISA kit
(Wuhan Fine Biotech Co., Ltd., Wuhan, Hubei, China). The determination procedure is
based on a sandwich enzyme-linked immune-sorbent assay technology. The kit shows
high sensitivity, with a limit of detection of 0.281 ng/mL and excellent specificity for the
detection of LH. The intra- and inter-assay coefficients of variation were <8 and <10%,
respectively. Values below and above the limits of detection of the test were considered to
be 0 and 30 ng / mL, respectively.

Plasma 17(3-oestradiol concentrations in plasma samples were assayed using a com-
mercial RIA kit (Immunotech sro, Prague, Czech Republic) following the procedure in-
dicated by the producer [49]. The limit of detection was 13,11 pg/ml and the intra- and
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inter-assay coefficients of variation were <14.4 and <14.5%, respectively. Values below the
limit of detection of the test were considered to be 0 pg/mL.

2.3. Statistical Analysis

Kolmogorov-Smirnov and Levene tests were used to verify assumptions. Hormone
concentrations and milk yield were analyzed by mixed-design ANOVA followed by multi-
ple comparison tests corrected using the Bonferroni-Sidak method. Mixed design ANOVA
evaluated the effect of dietary treatment (i.e., group effect; 3 levels: C, G1, and G3 groups),
change over time (i.e., repeated-measures effect; 7 levels for hormone concentrations and
18 levels for milk yield), and their interaction. The LH AUC (area under the curve) was
calculated for each animal by the trapezoid method using LH values at each sampling
time point from 0 to 240 from the GnRH injection [48,50]. LH AUC, litter size, and weights
were compared between groups by one-way ANOVA. Finally, receptivity and fertility
were analyzed by Chi-square tests to evaluate if there was an association between these
parameters and dietary treatment. The proportions of each group were then compared by
pairwise z-tests. Statistical analyses were performed with SPSS Statistics version 25 (IBM,
SPSS Inc., Chicago, IL, USA) and GraphPad Prism version 5.01 software (Inc., San Diego,
CA, USA). We defined p < 0.05 as significant and p < 0.1 as a trend.

3. Results
3.1. Hormone Concentrations

Regardless of the group, plasma LH levels reached a peak at 60-120 minutes after
GnRH injection (20.3 £ 1.1 ng/ml and 15.8 &+ 2.2 ng/ml at 60 and 120 min, respectively;
p for time effect <0.0001) and returned to baseline levels after 240 minutes (Figure 1). Re-
garding the group effect, trends toward significance were found for both LH concentrations
(p =0.056) and LH AUC (p = 0.067). In particular, multiple comparisons showed that
marginal means of LH concentrations tended to be higher in G1 than in G3 (7.9 & 3.2 and
6.5 + 3.1 ng/ml for G1 and G3, respectively; p = 0.059), while LH AUC tended to be higher
in G1 than in C (2510 + 175 ng/ml x h and 3031 + 149 ng/ml x h for C and G1, respectively;
p =0.078).
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Figure 1. Plasma luteinizing hormone (LH) concentrations from minutes —120 to 240 after GnRH

injection in the control group (C) and does supplemented with 1% (G1) or 3% (G3) of Goji. Values are

means and standard errors.
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Estrogen concentrations showed a more fluctuating trend, even if the highest mean
values, regardless of group, were found at 180 minutes after GnRH injection (p for time
effect <0.0001; Figure 2). Estrogen concentrations also showed a significant interaction
effect (p < 0.001) and a trend toward significance for a group effect (p = 0.065). In particular,
marginal means of the G1 group tended to be higher than in C (6.2 & 1.9 pg/mL and
8.5 £ 3.0 pg/mL for C and G1, respectively; p = 0.088), and multiple comparisons showed
significant differences between groups at time 0 (p = 0.034). Moreover, rabbits of the G3
group showed a delayed estrogen peak compared to the other two groups.
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Figure 2. Plasma estrogen (E2) concentrations from minutes —120 to 240 after GnRH injection in the
control group (C) and does supplemented with 1% (G1) or 3% (G3) of Goji. Values are means and
standard errors.

3.2. Reproductive and Productive Performance

As an indicator of a rabbit doe’s receptivity, the color of the vulva was affected by
nutritional treatment (p = 0.044). In particular, the percentage of does showing a white color
of the vulva was lower in G1 than in the C group, while the percentage of does showing a
red color was higher in G1 than in the G3 group (p < 0.05; Figure 3). Fertility, however, did
not differ between groups (77%, 82%, and 74% for C, G1, and G3, respectively; p = 0.678).

Milk yield increased from the 1st (32 &+ 4 g/d) to the 18th day post-partum (164 £ 4 g/d;
p < 0.001) in all groups (Figure 4), although, G1 showed the highest marginal means
(112+9g/d, 122 £ 9 g/d, and 111 £ 8 g/d for the C, G1, and G3 groups, respectively;
p <0.05).
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Figure 3. Relative frequency distribution of the color of the vulva used as an indicator of sexual
receptivity in does of the control group (C) and does supplemented with 1% (G1) or 3% (G3) of Goji.
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Figure 4. Milk production from day 1 to 18 post-partum of the control group (C) and does supplemented with 1% (G1) or
3% (G3) of Goji. Values are means and standard errors.

Pre-weaning mortality (p = 0.176) and litter size at birth (p = 0.249) did not differ
between groups; however, rabbits of the G1 group showed higher litter size at weaning
(p = 0.020), as well as higher litter weight at birth (p = 0.008) and at weaning (p < 0.001)
compared to the C group. The G3 group showed intermediate values in litter weight at
birth and litter size at weaning (p < 0.05), while their litter weight at weaning was higher
than the C group (p < 0.01; Table 2).
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Table 2. Productive performance of the control group (C) and does supplemented with 1% (G1) or
3% (G3) of Goji (n = 25 does/group).

Parameter C G1 G3 RMSE p Value
Pre-weaning mortality (%) 25.1 16.7 22.8 16.1 0.176
Litter size at birth (1) 6.5 7.2 6.4 1.9 0.249
Litter weight at birth (g) 3392 408" 356 ab 80 0.008
Litter size at weaning (1) 482 6.0P 4979 1.6 0.020
Litter weight at weaning (g) 3634 5579 b 4966 P 1255 <0.001

RMSE: root-mean-square error. a: b: Means sharing the same superscript are not significantly different from each
other (p < 0.05).

4. Discussion

To our knowledge, this is the first study that evaluates the effect of goji berry on the
reproductive activity of rabbit does. The present work suggests that the diet integration
with goji berry could affect the hormonal pattern of LH and 17f3-oestradiol, increase
receptivity, milk production, litter weight at birth, litter weight, and size at weaning.
The encouraging findings of our research indicate that the berry could be used in rabbit
nutrition, although further studies are needed to confirm the current outcomes, in order to
understand the mechanism of action as well as to evaluate the economic convenience of
its use.

It has long been assumed that rabbit does do not have a well-defined estrus cycle,
nor do they show well-specified estrus manifestation, so they are quite often erroneously
considered to be in permanent estrus. Actually, the does present a period during which they
accept mating (oestrus) as well as a period during which they reject the male (dioestrus).
Sexual receptivity could be measured by a behavioral test in the presence of a male [51], and
by evaluating the color and turgidity of the vulva [46]. In particular, the mating acceptance
behavior in the presence of a male (lordosis position) and the red color of the vulva could be
considered as estral manifestations of the doe. The relationships between sexual behavior,
vulva color, and circulating concentrations of reproductive hormones have been studied
at different reproductive stages, but a firm conclusion has not yet been reached [52,53].
Our results showed that, based on the evaluation of the color of the vulva, the sexual
receptivity is higher in supplemented does, namely in the G1 group compared to the C
group. Moreover, animals of the same group also showed higher 173-oestradiol plasma
concentrations compared to the other groups at the moment of Al, suggesting a link with
the receptivity. In agreement with our findings, the results of several studies highlight that
the turgidity and the red color of the vulva, and more in general, the receptive behavior of
the doe, can be related to high plasma levels of estradiol [54] as well as to the presence of
ovulatory follicles in the ovaries [52]. In fact, the presence of tertiary follicles in the ovaries
are responsible for the elevated 17(3-oestradiol plasma concentrations, which in turn induce
physiological changes in the reproductive organs, such as hyperemia at the vulvar level
and act on the hypothalamus which induces the behavioral estrus signals that lead to the
acceptance of the male [55]. Moreover, it is quite well-defined that the color of the vulva at
the Al greatly influences fertility [56] and ovulation frequency [40]. In our study, although
the receptivity and 173-oestradiol plasma levels showed differences between the groups,
they are not correlated with an increase in fertility. The lack of significance for the fertility
of the rabbit does, however, could also be affected by the high sensitivity of the chi-square
test comparative to the sample size. It was reported that Lyceum barbarum polysaccharides
were able to restore the production of sex steroids in the ovaries of female senile rats [41].
Moreover, Liu et al. [40] found that Lycium barbarum polysaccharide improved the ratio
between the different types of follicles, increased the litter size, weaning survival, and
hormonal secretion, and reduced the damage of the ovary during repeated superovulation
in mice. It was also reported that the administration of an extract of Lycium chinense Miller
induced ovulation in adult female rabbits [57]. Based on our findings, goji berry seems to
be able to enhance sexual receptivity and affects the estrogen secretion of rabbit does. It
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would also be interesting to evaluate the effect of the supplementation of the fruit on the
primiparous and lactating does, in which the receptivity and fertility are usually reduced
for their higher negative energy balance and the inhibitory effect of prolactin secretion on
the hypothalamus. This preliminary result can encourage the research to explore a possible
role of goji berry in the preparation of female rabbits to Al, with the aim to reduce the use
of exogenous hormones in rabbit farms. Nonetheless, further investigation is required to
confirm these results and to establish the mechanism of action of the goji fruit, given the
scarce literature on this topic.

To our knowledge, this is the first report that describes the effect of goji berry on
the pattern of LH secretion in rabbits. In the present study, goji berry seems to affect the
gonadal axis activity by modifying the LH secretion and the estrogenic activity of the ovary.
The rabbit is an induced ovulatory species, in which ovulation is induced by the neuro-
endocrine reflex. The penile intromission, mounting, and pheromones induce the release
of GnRH in a higher pulse-frequency from the medial basal hypothalamus that acts on the
GnRH receptors on the gonadotropic cells in the anterior pituitary and determines the LH
ovulatory peak within 15-75 minutes [58,59]. In our study, the exogenous administration of
GnRH bypassed the neuro-endocrine ovulatory reflex, acting directly on the gonadotropic
cells triggering LH release. In the present study, the LH ovulatory peak occurred within
60 minutes by the injection of synthetic gonadotropin in all the groups. These findings
are similar to those reported by Brecchia et al. [49], that also found similar values of LH
plasma concentrations after the induction of the ovulation. With respect to our results,
other authors showed differences in the LH plasma levels detected and/or on the time of
the peak of the gonadotropin after the injection of the GnRH analogs, probably linked to a
different method of assay or to an individual variation among the animals [60,61].

In our study, the G1 group tended to differentiate from G3 and C in LH mean con-
centrations and LH AUC, respectively. The effect of goji berry on the LH concentration
has been poorly investigated in humans and animals, in particular in the female. Several
studies evaluated the effect of goji berry on the male reproductive tract and hormone con-
centrations in other species. The administration of goji berry polysaccharides reduced the
testis spermatic injury induced by Bisphenol A and significantly increased the LH plasma
levels of male mice [62]. Another study showed that Lycium barbarum polysaccharides
exhibited a protective effect on fertility and reproductive hormone secretion impairments
by activating the gonadal axis in streptozotocin-induced type-1 diabetic male mice [63].
Goji berry polysaccharides had protective effects against damage to the testicular tissue,
annexed glands, and LH, FSH, and testosterone secretion of normal and hemicastrated
male rats induced by heat exposure (43 °C), and on the DNA damage to mouse testicular
cells induced by hydrogen peroxide [64]. Recent research showed that dietary integra-
tion with goji berry had positive effects on boar semen quality; in particular, it improved
progressive motility, total abnormality rate, sperm concentration, and total sperm per
ejaculate compared to the control group [65]. Moreover, the wolfberry group showed a
significant reduction of the head, tail, and total abnormality rates in both fresh semen and
semen stored for 72 hr in comparison to the control group [65]. Finally, it was reported
that goji polysaccharides improved sperm quality and fertility rate after cryopreservation
in male Cashmere goats [39]. These findings support the idea that goji berry may affect
the reproductive hormonal secretion, and as a consequence, the reproductive performance
of the animals, including rabbits. It remains to be established which component could
be responsible for the action on the gonadal axis of rabbit does as well as the site and
the mechanism of action. An up-regulation of the pituitary receptors and/or increased
secretion of GnRH secretory neurons, or the synthesis of LH by the gonadotropic cells of
the pituitary, might be speculated.

In the present research, we found that a low dose of goji berry integration increases
milk production and the weight of the litter at birth and weaning. These results are in
agreement and confirm the data reported by Menchetti et al. [47], though they used a
smaller sample size. Given the missing data on this topic, we can speculate that some
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components of the Lycium barbarum berry may favor the production of milk in different
ways, as reported for other nutraceutical substances in other animal species: increasing
the concentration of the components and precursors of milk at the level of the mammary
gland [66], stimulating the proliferation of the mammary epithelial cells enhancing the
uptake of some precursors of milk such as propionate and butyrate [67], enhancing the
secretion of some hormones such as prolactin [68], and acting as key regulators of the
signal transduction pathways during the synthesis of the components of milk [69]. Goji
berry is rich in free amino acids, particularly in L-arginine [70] which is able to increase
milk production in cows [67] and sows [68].

The energy balance of the does in commercial rabbit farms is generally critical. In fact,
females are quite often inseminated during lactation when a high energy output is present
because of the milk secretion. The loss of energy is not completely compensated for by feed
intake, and consequently, the does increase the mobilization of fat reserves and lose energy
which negatively affects the reproductive activity [71]. Several metabolic hormones and
metabolites are involved in maintaining energy homeostasis during both pregnancy and
lactation in rabbit does [26,27]. These hormones and metabolites acting by complex interac-
tions can influence the ovarian axis hormonal secretion, and as a consequence, they play a
role in the relationship between energy balance and reproductive efficiency [27]. Moreover,
the development of the mammary gland and milk secretion is under hormonal control in
adult rabbits [72]. Milk production is influenced mostly by the reproductive (estrogens,
progesterone, and prolactin) and metabolic (GH, corticosteroids, thyroid hormones, and in-
sulin) hormones [73]. It was shown that goji berry affects the secretion pattern of metabolic
signals such as leptin, insulin, NEFA, and glucose, improving energy homeostasis [22].
Moreover, Lycium barbarum has therapeutic effects in glucosides of Tripterygium wilfordii
Hook f (GTW)-induced dyszoospermia rats, improving the semen quality and positively
affecting the secretion of reproductive hormones, including prolactin [74]. Consequently,
it might be suggested that the higher milk yield in the group supplemented with 1% of
goji compared to control does in our study can be due to the hormonal framework of both
reproductive and metabolic hormone levels.

Our findings showed that the does fed with goji berry had a higher litter size at
weaning. Other authors found that a low percentage of goji berry induced lower pre-
weaning mortality and, at the same time, higher litter size and weight at the opening of
the nest (day 18) and at weaning (day 35) compared to animals fed without goji berry
supplement [47]. In the same study, the rabbits that received a diet integrated with goji
berry exhibited not only a higher mean body weight during the fattening period and
at slaughter, but also a better feed conversion rate compared to control animals. The
higher quantity of milk ingested by the litters belonging to the goji groups is probably
responsible for the greater productive performance. In fact, a link between the quantity
and quality of milk produced by the female and the growth performance of the litter, at
least until the weaning was reported [68]. It should be noted that rabbits supplemented
with the highest dose of goji berry (i.e., 3%) showed no relevant effects compared to the
control group; however, they showed minor changes compared to those obtained with
the lowest dose. Then, a non-linear dose-dependent effect was found confirming that
the use of high percentages of goji requires further investigation. It has been shown, for
example, that substances contained in the Lycium barbarum, such as polyphenols, may have
negative effects when they reach high levels or are administered for long periods, altering
the hormonal and/or energy balance in both male and female farm animals [47,75]. In
particular, polyphenols could have estrogen-agonistic or antagonistic effects and could
interfere with reproductive functions at different levels of the gonadal axis [75]. However,
the effects of polyphenols could be species-specific and depend on the polyphenol profile
of each plant [75].

The effects of goji berry dietary supplementation in livestock animals are limited, but
there is evidence that the fruit can enhance growth performance in piglets [76], broiler
chickens [20], and hybrid groupers [77]. It was reported that some components of the
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fruit can enhance the intestinal absorption of nutrients [78] and show antioxidant and
immunomodulatory actions [79]. There is evidence that Lycium barbarum induces changes
in the intestinal microbiota, which in turn, can favor the digestion and the absorption of
the nutrients [20,80]. Moreover, goji berry polysaccharides can stimulate the gut immune
system, increasing the defense of the animals against pathogen infection through direct and
indirect actions such as competition for common nutrients and niches and the increase of
host defense, respectively [20,75]. Polysaccharides, acting as a prebiotic, favor the growth
of beneficial bacteria, which in turn stimulate the immune system and in particular, the
innate immune response [81]. It is possible to suggest that the different compounds of
goji berry included in the milk and in the feed may stimulate the growth of the animals,
influencing the digestion and absorption of the feed by action on the intestinal microbial
population. Moreover, the microbiota affecting the development, maturation, and response
of the immune system, may contribute to reducing the infectious disease and the mortality
of the rabbit. Taken together, these mechanisms can explain the positive effects of goji berry
on the growth performance, and more in general, may contribute to the maintenance of
good health status and animal welfare.

5. Conclusions

In conclusion, the present study provided experimental support for the effects of goji
berry on the hormonal profile as well as the reproductive and productive performance of
rabbit does. In particular, 1% goji supplementation influences the hormonal pattern and
increases both receptivity and milk production of the does, as well as the growth of young
rabbits, although the effects on fertility are limited.

Therefore, the use of this natural and nutraceutical product could represent a new
strategy to reduce the use of drugs in animal farming. At the same time, it could represent
an added value, not only for animal welfare as well as their productive and reproductive
performance but also for the rabbit industry and breeding. Although these preliminary
findings are encouraging and suggest a potential use of the berries on rabbit nutrition,
further studies with a larger number of animals are required to definitely establish both
the efficacy and the mechanism of action of the goji berry to improve the reproductive
performance of rabbit does, as well as to make a cost-analysis to assess the sustainability
of its use in rabbit breeding. In addition, the dose-effect of goji berries could be very
interesting for further research.
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Simple Summary: This review provides general information on the possible health benefits in
animals and humans of herbal additives, particularly thymol, whose phenolic group is responsible
for the neutralisation of free radicals, and information concerning its detection through body action,
bioavailability and mechanisms in rabbits. Plants containing thymol have been used in traditional
medicine for the treatment of various diseases, such as cardiovascular diseases, cancer and diabetes.
Although a great number of in vitro studies of cardiovascular and cancer diseases are available,
in vivo studies that confirm these findings have not been sufficiently reported. To determine the
beneficial dose, further clinical studies are necessary, with preclinical comprehensive research on
animal models.

Abstract: The aim of this review is to describe the therapeutic effect of thymol on various human
diseases, followed by its bioavailability in humans and animals. Based on our knowledge from
the current literature, after thymol addition, thymol metabolites—mostly thymol sulphate and
glucuronide—are detected in the plasma and urine of humans and in the plasma, intestinal content,
faeces and tissues in rats, pigs, chickens, horses and rabbits after enzymatic cleavage. In rabbits,
thymol absorption from the gastrointestinal tract, its distribution within the organism, its accumula-
tion in tissues and its excretion from the organism have been described in detail. It is necessary and
important for these studies to suggest the appropriate dose needed to achieve the required health
benefits not only for animals but also for humans. Information from this review concerning the mode
of action of thymol in animal organisms could also be applied to human medicine and may help in
the utilisation of herbal medicine in humans and in veterinary healthcare. This review summarises
the important aspects of thymol’s effects on health and its bioavailability in organisms, particularly
in rabbits. In future, herbal-based drugs must be extensively investigated in terms of their mode of
action, efficiency of administration and clinical effect.

Keywords: thymol; biological activity; health; human; animal

1. Introduction

For many years now, the positive effects of aromatic plants and herbs in the treatment
of various diseases have been well documented. Many effective and conventional drugs
originate from plants, and, historically, they represent the first pharmacological compounds
used in the treatment of many diseases [1-3]. Scientists have focused their attention on the
composition of herbal extracts, the detection of their active compounds and their mode
of action to ensure an effective therapeutic and nutritional dosage [4]. To understand
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the mechanism of action of these compounds and to determine their interaction with
food and drugs, their absorption, distribution, metabolism and excretion all need to be
investigated [5,6].

Currently, the widespread antibiotic resistance presents a global health problem, and
it has forced medical researchers to return to the pre-antibiotic era [7,8]. For this reason, the
development of new drugs of natural origin presents a big challenge for scientists [9,10].
More than half of the drugs approved by Food and Drug Administration (FDA) are com-
posed of natural compounds from medicinal plants [11]. About 50% of modern drugs, and
more than 60% of anti-cancer drugs, are developed from phytochemicals [12]. According
to Chen et al. [13] and Newman et al. [14], plants and their natural compounds have been
used as sources of antibiotics, analgesics, cardioprotective and other drugs for more than
5000 years. Currently, collaboration between the World Health Organization (WHO), the
FDA, the European Medicines Agency (EMA) and the pharmaceutical industry is necessary
in order to utilise the vast potential of traditional medicine for the development of herbal
drugs for the treatment of different diseases [15]. Despite the fact that aromatic plants
and herbs are considered natural and safer than synthetic drugs, they may present a risk
of serious adverse effects [16]. For this reason, researchers have suggested that food and
drug interactions must be extensively evaluated in terms of their absorption, excretion,
distribution and metabolism [5,6].

Many gastrointestinal and respiratory diseases in pigs, poultry and young cattle [17-19]
and mastitis in adult cattle [20] are very often treated with antibiotics [21]. Bacteria that are
spread into the environment by the excrement of farm animals carry antimicrobial resistance
genes [22], and they are directly, or by food consumption, transmitted to humans [23,24].
The preventive use of medicinal plants may help to lower the use of antibiotics for the
treatment of farm animals [25]. However, this statement is not mentioned in any national
strategy on antibiotic resistance [26]. In recent decades, veterinarians and farmers have
shown increased interest in using herbal medicine with the goal of reducing the use of
antibiotics [27]. In order to explore strategies to minimise the development of antimicrobial
resistance, more clinical veterinary studies using medicinal plants are required [21].

In recent years, plant secondary metabolites and plant-derived extracts have received
extensive attention. Thymol, a major compound of thyme (Thymus vulgaris L.), exhibits
antioxidant properties related to its phenolic structure, which adsorbs and neutralises free
radicals. Several preclinical studies have well documented the pharmacological properties
of thymol on animal models, but thymol also exhibits multi-pharmacological properties
against various human diseases [28-31].

Thymol has been evaluated in many studies, which confirmed its therapeutic uses for
the treatment of disorders affecting the cardiovascular, nervous, respiratory and digestive
systems [32-35].

WHO reported, that cardiovascular diseases accounted for the highest number of
deaths in 2019, and they are expected to reach 22.2 million deaths in 2030 [36]. For this
reason, finding safe, non-toxic and effective drugs for prevention of these diseases is
a hot topic of research. As natural candidates, some medicinal plants could meet the
requirements for such pharmacological effects [37]. The active components of medicinal
plants, due to their chemical structure and ability to reduce and scavenge the production of
free radicals, improve the activity of antioxidant enzymes and are able to downregulate the
oxidative stress of the organism [38]. In the opinion of Chang et al. [37], natural medicinal
plants could be less toxic than synthetic antioxidants. Accumulating evidence suggests that
flavonoids, phenolics and saponin from medical plants could reduce oxidative stress [16].
Moreover, some phenolic phytochemicals have anti-carcinogenic and anti-inflammatory
effects [37,39]. Local inflammation and oxidative stress are involved in the pathogenesis
of endothelial dysfunction and, consequently, in the progression of atherosclerosis [30].
Oxidative stress, by way of regulating inflammation and stimulating vascular smooth
muscle, plays a key role in the pathogenesis of hypertension, atherosclerosis and myocardial
injury [37,40-42]. Oxidative stress represents an imbalance between free radical formation
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and antioxidant defence. An excessive amount of free radicals attack lipids in cells and
cause their dysfunction, which induces the process of atherogenesis [43].

De Brito Alves et al. [44] suppose that the dietary intake of phenolic compounds
could prevent hypertension through the beneficial impact on the gut microbiome. As
much as 90-95% of phenolic compounds are accumulated in the large intestine, where
they are converted into active metabolites by gut microbiota and, in turn, can modulate
gut microbial composition by supporting the growth of certain beneficial bacteria [45,46].
Natarajan et al. [47] suggested that short-chain fatty acids, the major final product of faecal
bacterial activity, could be responsible for lowering blood pressure. However, future studies
are necessary to find a relationship between plant-derived phenolic compounds and the
gut microbiome in connection with the prevention of hypertension [44,48]. In order to test
the possible mechanism of action of these compounds, it would be interesting to design
in vitro culture models that simulate intestinal tract conditions or to find a suitable animal
model [30,49]. Yu et al. [30] showed that rabbits, in comparison with other laboratory
animals, are the most suitable model for the study of atherosclerosis in humans due to their
similar lipoprotein metabolism.

The strong antimicrobial properties of thymol have been suggested by several studies.
Thymol can be useful in the therapy of intestinal problems and respiratory infections [50].
Based on the studies of Komaki et al. [51] and Asadbegi et al. [52], the extract of T. vulgaris is
considered as neuroprotective and is used to prevent anxiety. Thymol’s phenolic structure
neutralises free radicals and exhibits redox properties [30]. In addition to in vitro and
in vivo studies, clinical studies are required to establish the most effective way and dosage
regimen of thymol administration [50].

To find the therapeutically relevant effects of plant compounds, reliable pharmacoki-
netic studies in humans are necessary [53]. An appropriate dose that would ensure the
expected effect, absorption and excretion of phenolic compounds after thyme extract intake
was studied in humans by Rubif et al. [54] and Kohlert et al. [55]. These data may also be
important in the context of the safe application of herbal medicinal products [53]. However,
relatively few studies on the bioavailability and pharmacokinetics of thymol, particularly
in humans, are available to date [55]. To monitor phenolic consumption, hydroxytyrosol
metabolites were analysed as a biomarker. However, the results showed its low speci-
ficity [54]. The authors showed that the metabolites of thymol, thymol sulphate and
glucuronide were more specific, and they established the relationship between exposure
and effect more precisely.

Present studies do not only focus their attention on the chemical composition and
pharmacology of medicinal plants; their main objectives are the study of metabolites, the
products of cell metabolism and their mechanism of action [56]. In order to propose the
optimal dosage regimen, it is necessary to take into account that the metabolites of plant
compounds could probably be deconjugated to the parental compounds and express their
pharmacological activity in this way [54,55]. Thymol sulphate and thymol glucuronide are
the main metabolites of thymol, but, unfortunately, there is no information whether these
compounds are active or inactive forms [50]. Thyme has often been used in folk medicine,
and, recently, scientists have focused their attention on the pharmacodynamic activities of
compounds in vitro, as well as their bioavailability in target organs [55].

The present review focuses in greater detail on the application of thymol as a natural
feed additive in humans and animals to improve their health, with the aim being to
substitute synthetic drugs. The limited information available on the bioactivity of thymol
and its metabolites in organisms suggested to us to summarise the current knowledge of
its absorption, distribution, accumulation and excretion. In the following sections, we try
to compile all of the available literature in order to provide information concerning the
tissues in which thymol and its metabolites have been detected to date and to describe the
processes of its biotransformation, absorption, distribution, deposition and elimination and
bioavailability in human and animal organisms.
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2. Detection of Thymol and Its Metabolites in Humans and Animals

The pharmacodynamic activities of thyme extract or essential oil have been demon-
strated in vitro. To confirm the beneficial effect of thymol found in vitro, its absorption,
distribution, metabolism and excretion need to be detected in vivo [55]. To the best of our
knowledge, thymol distribution in tissues in vivo has only been detected in more recent
studies by several authors. To better understand the bioavailability of thymol in animal
organisms and to establish the suitable concentration for beneficial effects on animal health,
its metabolic path needs to be understood at the molecular level [57,58]. Little is known
about the bioactivity of thymol and its metabolites, as there are only few studies that have
analysed thymol in body tissues (Table 1).

According to our knowledge, the first study dealing with the metabolic fate of thy-
mol, particularly its metabolite thymol glucuronide in the urine of rabbits and humans,
was studied by Takada et al. [59]. The next early study was the examination of the glu-
curonide and sulphate conjugates of thymol as well as its isomer carvacrol in rat urine by
Austgulen et al. [60]. Kraus and Ternes [61] detected thymol in egg yolk but not in albumin
after the addition of thyme extract to laying hens. The transition of thymol from food into
the yolk represented 0.006%.

The bioavailability of thymol as the main compound of thyme essential oil after
the oral administration of a single dose of Bronchipret® tablets (equivalent to 1.08 mg
thymol) to humans was examined by Kohlert et al. [53]. No thymol was detected in plasma
and urine; however, its metabolites thymol sulphate and glucuronide were found and
excreted in urine, and sulphate was also detected in plasma. Thalhamer et al. [62] detected
metabolite p-cymene-2,5-diol and its oxidised form (p-cymene-2,5-dione) as the main
products after a single oral administration of 50 mg of thymol to humans. The authors
showed that human metabolism leads to the preferred hydroxylation of the aromatic
system of thymol. In comparison with the results of Austgulen et al. [60], they found
that some of the metabolites that were found in rat metabolism (p-cymene-3,9-diol and
p-cymene-3,7-diol) could not be detected in human samples and vice versa (p-cymene-2,3-
diol and p-cymene-3,8-diol detected in human samples). For this reason, future studies of
thymol metabolism in different species of vertebrates are necessary [63]. Michiels et al. [64]
demonstrated that the absorption of thymol in piglets was intensive in the stomach and
the proximal segments of the small intestine, and they also found rapid renal excretion
of free and conjugated thymol. With the detected percentage of intake recovered in bile
determined to be 4.1%, they showed that enterohepatic recycling cannot be neglected.
Thymol concentrations have also been detected in the plasma, milk, liver, kidney and fat of
cattle after intramammary administration of a herbal product containing the essential oil
of Thymus vulgaris [65,66]. According to the studies of Kohlert et al. [55], Rubi6 et al. [67]
and Rubio et al. [68], the free form of thymol could not be detected in plasma, but thymol
conjugates originating from biotransformation in humans and animals were detected.
Thymol glucuronide was found for the first time in rat plasma after a single oral dose of 1.5
g of thyme extract to animals, containing 44.32 uM of thymol [68]. The presence of thymol
in blood plasma after enzymatic cleavage of the conjugates was detected in the plasma
of horses after the administration of Bronchipret® TP tablets with a thymol content of
about 15 mg (the thymol concentration in plasma ranged from 62.4 to 315.9 ng/mL) by Van
den Hoven et al. [69]. Haselmeyer et al. [70] detected thymol in broiler chickens fed with
thyme herb (thymol concentrations in feed were 5-55 mg/kg). They found that thymol was
quantified in the small intestine (115.5-1289.5 ng /g DM), the caecum (101.2-663.1 ng/g DM)
and plasma (47.3-412.2 ng/mL), and it was only detected at the highest doses following
enzymatic cleavage in the muscle and liver. However, the levels detected were relatively
low. Haselmeyer [71] investigated the absorption of different thymol concentrations (2, 10
and 20 ug/mL) through the small intestine mucosa using the ex vivo method and Ussing
chambers. He found that thymol concentrations in the mucosa/submucosa reached 7.5, 9.9
and 8.45% from the initial concentrations. Zitterl-Eglseer et al. [72] fed piglets with Biomin®
P.E.P 1000 feed additive (essential oil blended from oregano, anise and citrus peels; the
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main compounds thymol and carvacrol) and detected thymol at a low concentration in
plasma (15.4 ng/mL), kidney (23.4 ng/g) and faeces (24.4 ng/g). In the study conducted
by Hagmuller et al. [73], Thymi herba was given as a feed additive to weanling piglets at
different concentrations (0.1, 0.5 and 1%). Thymol was detectable in all plasma samples,
and the thymol level increased with greater amounts of thyme herbs. Fernandez et al. [74]
validated for the first time an analytical extraction procedure (a headspace solid-phase
microextraction technique followed by gas chromatography/mass spectrometry) as a
method to detect and quantify thymol in the faeces and egg yolk of Japanese quail.

The thymol concentrations in the plasma, duodenal wall, liver, kidney, breast muscle
and content of all the intestinal segments of broiler chickens were analysed after 4 weeks
of consumption of thyme essential oil by Ocel'ova [63] and Ocel'ova et al. [75]. Thymol
was determined through the length of the intestinal tract for the first time in these studies,
and the results obtained pointed to intensive thymol absorption in the proximal part of the
small intestine. They detected 37% of the thymol duodenal content in the duodenal wall,
which confirmed its efficient absorption from the intestinal tract. The authors pointed to
intensive metabolism in the liver and the subsequent transport of thymol to the kidneys,
as the thymol concentration detected in the liver was 11 times lower than in the kidney.
The lowest concentration of thymol was detected in muscle tissue. Pisarcikova et al. [76]
focused their attention on detecting the two main thymol metabolites of the second phase of
biotransformation processes, thymol sulphate and glucuronide in plasma, in the duodenal
wall and liver. Thymol sulphate was detected at all levels of thyme essential oil addition
(0.01, 0.05 and 0.1%), and the highest concentration was found in the duodenal wall, with
the lowest in the liver. Thymol glucuronide was only detected in all biological samples at
the highest thyme essential oil concentration (0.1%).

The small number of these studies indicates that there is insufficient information
about thymol distribution in animal and human tissues despite the fact that the beneficial
effect of thymol depends on its absorption and accumulation in the organism. In this
section, we summarised the current knowledge of thymol and its metabolite deposition in
different tissues.

Table 1. Detection of thymol and its metabolites in the bodies of humans and animals.

Animal Detectable

Species Applied Form Compounds Samples References
thymol glucuronide
thymol sulphate
human thymol/orally thymohydroquinone urine [59]
sulphate
thymol
Bronchipret®
TP /orally .
human (equivalent to thymol sulphate plasma, urine [55]
1.08 mg thymol)
thymol glucuronide urine

p-cymene-2,5-diol
human thymol/orally p-cymene-2,3-diol urine [62]
p-cymene-3-ol-8-ene

thymol sulphate
caffeic acid sulphate
hydroxyphenylpropionic
acid sulphate

human dried thyme/orally plasma [67]

111



Animals 2022, 12,1131

Table 1. Cont.

Animal . Detectable
Species Applied Form Compounds Samples References
thymol sulphate
caffeic acid sulphate
hydroxyphenylpropionic urine
acid sulphate
thymol glucuronide
glucuronic acid
rabbit thymol/orally ethereal sulphuric acid urine [59]
thymol
plasma, small
intestinal wall,
rabbit thymol/orally thymol liver, kidney, [58]
spleen, caecum,
colon, muscle,
faeces
p-cymene-2,5-diol
rat thymol/orall p-cymene-3,9-diol urine [60]
4 y p-cymene-3,7-diol
thymol
thyme
rat extract/orally thymol sulphate plasma [68]
. thyme p-cymene-2,3-diol
laying hen extract/orally thymol egg yolk [61]
J ag 325% thymol/orally thymol egg yolk, faeces [74]
broiler dried Thymi . p las.ma, small
. thymol intestine, caecum, [70]
chicken herba/orally .
liver, muscle
plasma, liver,
broiler thyme essential kidney, muscle,
chicken oil/orally thymol duodenal wall, gut [63]
content
broiler thyme essential thymol sulphate plasma, duodenal [76]
chicken oil/orally thymol glucuronide wall, liver
essential oil/orally carvacrol
. (carvacrol, thymol, thymol
piglet eugenol and trans- eugenol plasma [64]
cinnamaldehyde)
carvacrol
thymol small intestine
eugenol
trans-cinnamaldehyde
carvacrol
thymol bile
eugenol
trans-cinnamaldehyde
carvacrol
thymol urine
eugenol
Biomin® PE.P 1000
. (main compounds plasma, kidney,
piglet thymol and thymol faeces (72]
carvacrol)/orally
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Table 1. Cont.

Animal Detectable

Species Applied Form Compounds Samples References
piglet Thymi herba/orally thymol plasma [73]
Phyto-Mast

(essential oil of
Thymus vulgaris and
oregano)/intramammary

Phyto-Mast
(essential oil of
Thymus vulgaris and
oregano)/intramammary

milk, plasma, liver,

kidney, fat [65]

bovine thymol

milk, plasma, liver,

kidney, fat [66]

dairy cattle thymol

Bronchipret
(equivalentto2—4 g
thyme
extract)/orally

horse thymol plasma [69]

3. Bioavailability of Thymol Generally and in Rabbits as Model Animal

To describe the metabolic processes of thymol in an organism, we chose the rabbit
as a model animal because it represents an appropriate model for the evaluation of the
bioavailability of nutrients. Phytogenic compounds and other foreign substances after oral
administration are absorbed from the intestine, metabolised and eliminated from the or-
ganism. Once they reach the intestine or liver, they are converted during biotransformation
processes (phase I and phase II) to more hydrophilic forms, and their pharmacological
properties usually differ compared to the parental compound. It is also important to empha-
sise that metabolites can probably be deconjugated to the parental compound and express
their pharmacological activity in this way. The major reactions occurring during phase
I are oxidation, reduction and hydrolysis; phase II reactions are also called conjugation
reactions and include glucuronidation, sulphation, acetylation, methylation, conjugation
with glutathione and conjugation with amino acids [77-82].

The intestine plays an important role as a site for the absorption as well as biotrans-
formation of thymol [63,76]. Thymol or its metabolites, after biotransformation processes
in the intestinal wall, can be transported back into the intestinal lumen or are converted
back to the parental compounds and redistributed within the organism through the sys-
temic circulation [78]. Some part of the compounds are transported by the mesenteric vein
into the liver, where they are metabolised, excreted into the duodenum in bile and again
reabsorbed [57,78]. Bacova et al. [58] found 15% of thymol in the liver compared with the
intestinal wall, which demonstrates the intensive absorption of thymol from the intestinal
wall through the vena portae to the liver.

Ocel'ova [63] and Bacova et al. [58] detected significantly higher levels of thymol in
the kidney in comparison with the liver and plasma, which shows that, although the liver
is the most important organ where biotransformation processes occur, kidney microsomes
are probably more effective. Kohlert et al. [55] showed that thymol metabolites are able to
be reabsorbed in the proximal part of the kidney tubule, are cleaved by enzymes located in
the brush border and are again reabsorbed.

There are some barriers that the compounds must pass through during their metabolic
path in the organism, and they limit their absorption [63,79]. The first-pass metabolism
in the intestine decreases the number of molecules reaching the blood circulation, and
then the first-pass metabolism in the liver represents another barrier for the distribution
of compounds in the organism. In addition to this, many efflux transporters are bound
mainly with lipophilic molecules, which are rapidly excreted from the organism, greatly
limiting their bioavailability [58,78,80-82]. These biotransformation processes are probably
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the reason why only a trace amount of thymol is found in the muscle and fat tissues of
broilers [70,77] and rabbits [58].

The rabbit’s digestive processes represent a complex system of the separation of
digestible and indigestible parts of ingested food in the proximal colon [83]. The most
important mechanism by which nutrients are released from ingested food is microbial
fermentation in the caecum. The products of fermentation are either absorbed directly
through the caecal wall or are re-ingested as caecotrophs [84]. The caecum and colon are
the most important parts of a rabbit’s digestive system in connection with the original
feature of digestion, caecotrophy. Bacova et al. [57], Bacova et al. [58] and Placha et al. [85],
after thymol addition to a rabbit’s diet for 21 days and after its withdrawal from feed for
the next 7 days, found a 6 times (7 times after withdrawal) higher concentration in plasma
than in the intestinal wall. The authors attribute this finding to the metabolic processes
that are present mainly in the caecum and that are responsible for the amount of thymol in
caecotrophs. They stated that the mucus that covers the caecotrophs protects them, that the
processes of fermentation continue until they reach the intestine and that thymol could be
released and again reabsorbed into systemic circulation. The authors showed that, even
though thymol was withdrawn, the metabolic processes of thymol were active, which was
probably the consequence of caecotrophy.

Studying thymol bioavailability in different tissues is essential to understand its mech-
anism of action in target organs in which it can exert its biological role. Oral bioavailability
represents the fraction of administered thymol reaching the systemic circulation and is a
key parameter that affects its efficacy. Therefore, to propose an appropriate dose, the study
of its oral bioavailability has received significant attention. However, only a few studies on
thymol oral bioavailability have been carried out to date.

The organ bioavailability barriers to thymol are depicted in Figure 1.
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Figure 1. Organ bioavailability barriers to thymol (based on [79]).

4. Conclusions

In conclusion, this literature review reports the future perspectives of modern thy-
mol application in humans and animals. This review summarises the available literature
on thymol application as a feed additive in humans and animals, with emphasis on its
metabolic route and oral bioavailability. The presented data represent the available scien-
tific information regarding the urgent need for more studies to precisely understand the
metabolic processes and biological activity of thymol and its metabolites within organisms.
This information will be useful for researchers, drug and pharmaceutical industries and
the medical and veterinary sectors.
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