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Figure 1. Boxplots showing the alpha diversity rarefaction index across fecal samples of rabbits fed
with TMD (blue box), HID (green box), or C (red box) diets; C: control diet with soybean oil; HID: diet
with Hermetia illucens fat; TMD: diet with Tenebrio molitor fat; Boxes represent the interquartile range
(IQR) between the first and third quartile and the line inside represents the median (2nd quartile).
Whiskers denote the lowest and the highest values within 1.56 IQR from the first and third quartile,
respectively. Different letters in each box indicate significant difference.
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Figure 2. Taxonomic groups detected in fecal samples by means of 165 amplicon target sequencing.
Only operational taxonomic units (OTUs) with an incidence above 0.2% in at least two samples are
shown. The samples are labelled according to the type of fat supplementation (C: control diet with
soybean oil; HID: diet with Hermetia illucens fat; TMD: diet with Tenebrio molitor fat) and sampling time
(36, 51, or 77 days).
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Both HID and TMD increased the relative abundance of Clostridiales (p < 0.01) and
Desulfovibrionaceae (p < 0.01), while reducing the relative abundance of Lachnospira (p < 0.05)
and Phascolarctobacterium (p < 0.01) when compared to the C diet (Figure 3).
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Figure 3. Boxplots showing the relative abundance at genus or family level of operational taxonomic
units (OTUs) differential abundant based on the generalized linear model (GLM) test in fecal samples
of rabbits fed with TMD (blue box), HID (green box), or C diets (red box). Different letters in each box
indicate significant difference; C: control diet with soybean oil; HID: diet with Hermetia illucens fat;

TMD: diet with Tenebrio molitor fat.

Taking into account the cecal samples (Figure 4), no differences were observed regarding
the microbial composition and distribution. However, the pairwise comparisons using the Wilcoxon
rank sum test showed that TM inclusion reduced the relative abundance of Klebsiella, Lachnospira,
Parabacteroides, and Odoribacter compared to the C and HID (Figure 5, p < 0.05).
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Figure 4. Taxonomic groups detected in cecal samples by means of 165 amplicon target sequencing.
Only operational taxonomic units (OTUs) with an incidence above 0.2% in at least two samples are
shown. The samples are labelled according to the type of fat supplementation, i.e., TMD, HID, or C
diets; C: control diet with soybean oil; HID: diet with Hermetia illucens fat; TMD: diet with Tenebrio
molitor fat.
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Figure 5. Boxplots showing the relative abundance at genus or family level of the operational taxonomic
units (OTUs) differential abundance based on Wilcoxon rank sum test in cecal samples of rabbits fed
with TM (blue box), HI (green box), or C (red box) diets. Different letters in each box indicate significant
difference; C: control diet with soybean oil; HID: diet with Hermetia illucens fat; TMD: diet with Tenebrio
molitor fat.
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The correlations between VFA contents and microbiota are summarized in Figure 6. In detail,
strong positive correlations between Lachnospira and propanoic acid, Akkermansia, Clostridiales, and
NH3-N, and Phascolarctobacterium and acetic, propanoic, and caproic acids were detected (p < 0.05).
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Figure 6. Spearman’s rank correlation matrix of cecal operational taxonomic unit (OTU) abundance
and the volatile fatty acid profile. The colors of the scale bar denote the nature of the correlation, with 1
indicating a positive correlation (blue) and -1 indicating a negative correlation (dark red), between
the two datasets; N-NH3: ammonia-N; C2: Acetic acid; C3: Propanoic acid; C4: Butyric acid.

4. Discussion

The current study was conducted to evaluate the in vitro antimicrobial properties of HI and TM
fats and their effect as an alternative lipid sources in rabbit diets. The possible utilization of insect
fats in animal diets has been investigated recently, and so far, a few papers focusing on antimicrobial
activities in vitro or in vivo are available, but no data are present in the literature on pathogen growth
rate in presence of insect fats. Mustafa et al. [45] showed that the oil extracted from the melon bug
(Aspongopus vidulatus) was able to inhibit the growth of bacterial species by using the agar well diffusion
method, with only Gram positive bacteria (Staphylococcus, Bacillus, and Enterococcus) being susceptible
to crude oil extracts. Salmonella paratyphi was also tested and no inhibition was recorded, similarly
to what was observed in the present research with other serovars. A recent study of Spranghers et
al. [30] on the in vitro effects of fats extracted from HI (from prepupae fed to weaned piglets) pointed
out that D-Streptococci and Lactobacilli were the only bacterial populations that reduced their load
after being challenged with insect fats, whereas no effects were recorded on Gram negative bacteria.
The data presented in our paper suggest that fats extracted from TM and HI are able to delay bacterial
growth of both Gram positive and Gram negative pathogenic bacteria, even if the susceptibility
changes with the considered species. Interestingly, no bactericidal effect was observed, thus indicating
the possibility of bacterial cells repairing damage that may be induced from FAs or monoglycerides [8].
The antimicrobial effect of TM fat was lower than that of HI fat. These results may be related to
the different concentrations of SFA. Indeed, the HI fat used in this study was composed by 79% of
SFA (25% in TM fat), and the major component was lauric acid, already reported as very effective
against many bacterial species [8,30]. In a systematic study of the in vitro antimicrobial activities
of FAs, monoglycerides, and diglycerides, Kabara et al. [46] showed that lauric acid was the most
active FA against gram-positive bacteria. On the other hand, the antibacterial effects of unsaturated
fatty acids (UFA) reported in literature [8] were not detected in this study, probably in relation to
the prolonged incubation time and the temperature of 37 °C, which may have been responsible for
the reduction/impairment of the activity of these molecules that characterize TM fat (75% of the FA
vs. 21% of HI fat). This hypothesis may also explain why soybean oil did not show any activity,
considering its higher level in monounsaturated fatty acids (MUFAs) and PUFAs among all fats used
in this work.

The present observations highlighted the possibility of using insect fats in feed formulation,
considering that they may be important for controlling growth of important microbial pathogens
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such as Listeria monocytogenes, Yersinia enterocolitica, and Pasteurella multocida that may be important
pathogens for rabbits [34,37] or part of the gut flora potentially contaminating rabbit meat during
slaughtering [35,36]. Reducing microbial loads in the rabbit gut, apart from animal welfare and safety
implications, may also be important for food safety management during slaughtering operations.
Studies performed on piglets fed with diets rich in FAs showed a decreased load of microbes in
the stomach and gut, mostly if undesired species were considered (i.e., streptococci), thus promoting
gut heath and growth performances [30,47]. However, as already emphasized by Spranghers et al. [30],
more studies need to be performed in vivo, in order to assess the activity of fat in the gut, considering
that the bacterial activities and the digestive enzymatic systems of the rabbit (i.e., lipases) may neutralize
the FAs, therefore limiting their activity. Furthermore, the presence of FAs as antimicrobial molecules in
feed may prevent the use of classical antibiotics in meat production, limiting the diffusion of microbes
harboring antimicrobial resistance genes. In fact, antimicrobial resistance mechanisms were rarely
observed in microbial species challenged with FAs [47], and to date no genetic modifications induced
by exposing bacterial cells to antimicrobial FAs have been shown [8,48].

As far as the in vivo trial is concerned, there was a lack of differences among groups in cecal
fermentation traits in our study. Cecal pH and VFA content are the main variables characterizing
the extent and the pattern of cecal fermentation, thus constituting an indirect estimate and an important
tool to qualitatively evaluate the cecal microbial activity. The dietary HI or TM fat inclusion led to
a greater total VFA content in the cecum than that of control diet, thus potentially enhancing the gut
with a modification of the fermentation patterns and the composition of the cecal microflora. Peeters et
al. [49] previously observed that a high concentration of total cecal VFA in rabbits had a protective
effect against enteropathogenic Escherichia coli infection. However, the molar proportion of different
VFA was not affected by the total replacement of soybean oil with HI and TM larvae fats.

The present study is the first to investigate gut microbiota of growing rabbits fed diets
supplemented with insect fats. As reported previously, HI fat was rich in MCFAs which have
a higher antimicrobial activity and thus can stimulate gastrointestinal tract health through inhibition
of potentially-pathogenic bacteria [31,33]. MCFAs, and in particular lauric acid, are presumably
absorbed in the upper digestive tract, and might be useful in protecting against microbial infection,
modulating inflammation, healing wounds, and controlling the balance and distribution of bacteria
in gut microbiota [50]. The present study is the first to investigate gut microbiota of growing rabbits
fed diets supplemented with insect fats. The results of this study revealed an enrichment of different
taxa according to the dietary treatment and a similar microbial diversity and richness between feces
and cecum samples. Cecal microbiota is a primary determinant for rabbit health, whereas the fecal
microbiota provides an accurate method for studying the evolution of rabbit gut microbiota from
weaning to slaughtering [51,52]. Investigating the differences between rabbits fed the C and the HI
and TM fat diets, in the current study, no differences were found with regard to alpha-diversity
measures in cecal and fecal samples. However, we observed a higher microbial diversity in the HI
and TM groups. High levels of diversity generally help intestinal microbiota to determine effective
colonization resistance against potential invading pathogens and to modulate animal reaction after
a stress-environment [53]. Based on such considerations, the above-mentioned findings are indicative
of a positive HI and TM fat-related effect on the gut microbiota of rabbits. Firmicutes, Bacteroidetes,
and Verrucomicrobia represented the dominant bacterial phyla in the control and insect-fat-fed rabbits
of the present study. These findings overall agree with previous research that identified Firmicutes
and Bacteroides as the main bacterial phyla in the gut microbiota of rabbits [3,52,54,55]. In relation to
the genera composition, the Bacteroides, Bacteroidales, Clostridiales, Lachnospiraceae, Ruminococcaceae,
and Ruminococcus, mainly colonized the cecal and fecal microbiota of the rabbits fed soybean oil or
insect fats in the current study. These findings are also in agreement with previous studies, which
observed Bacteroides [52,55], Clostridiales [54], and Ruminococcus [53,56] as being the main bacterial
genera in cecal and fecal microbiota of rabbits and being capable of degrading the polysaccharide and
amino acid fermentation to produce VFAs. These findings could be the reason for its overrepresentation
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in cecum where it is supposed to play an active role [52,57]. A previous study reported that the presence
of this taxa was positively correlated with the feed conversion rate [58].

Regarding the microbial composition, we did not observe any strong effects as a consequence
of the dietary inclusion of HI and TM fats. However, a signature in the microbial population was
observed. The fat of TM reduced some taxa such as Klebsiella, Lachnospira, Parabacteroides, and
Odoribacter. On the other hand, the dietary supplementation of HI and TM fats enriched the presence of
Clostridiales, Desulfovibrionaceae, Ruminococcus, and Akkermansia, which are the main taxa in the gut
microbiota of rabbits [51]. It is well reported that Akkermansia can be considered a new-generation
probiotic, able to degrade the mucin in the gut with the production of beneficial molecules like
SCFAs thus exerting a significant improvement in the gut barrier and in the maintenance of intestinal
health [59-61]. In addition, it was suggested that Akkermansia have an important role in the hydrolysis
of various dietary polysaccharides, contributing to increase cellulose digestibility as well as methane
metabolism [62-64]. Akkermansia would be also involved in carbohydrate digestion and in immune
protection against inflammation [54]. The increase of this taxon related with the insect fat inclusion
suggests an optimal gut environment in our rabbits, even if this observation needs further investigation
to be confirmed. In addition, a strong positive correlation between Akkermansia and NH3-N was
observed. This result confirmed that gut microbiota is responsible for a variety of metabolic activities
including production of biologically-active substances. The Ruminococcaceae family is considered
as an important producer of short-chain FAs (mainly butyrate, acetic, and succinic acids) through
glucose metabolism and cellulose digestion [65,66]. It was reported that members of Ruminococcaceae
are important components of the beneficial microbiota of several herbivores [67,68]. Their presence
is related to an improvement of the immune system of the host via intestinal mucus degradation
and a prevention of acidosis via lactate degradation [69]. Ruminococcaceae has been associated with
antibiotic biosynthesis in a metatranscriptomic study on the human gut microbiota, suggesting a role in
gut health [70]. The supplementation of HI fat also increased the presence of Ruminococcus (belonging
to Lachnospiraceae family), that are butyrate-producing bacteria. This ability was also confirmed by
the strong positive correlation between L-Ruminococcus, acetic, and propionic acid. The identification
of short-chain FA-producing bacteria allows us to hypothesize a similar way of action for HI fat in
the rabbit’s gut. Therefore, the increase in the above-mentioned bacterial taxa by dietary HI fat may
have helped the rabbits to maintain a healthy gut. The microbial signature driven by the inclusion of
insect fat increases the presence of Bacteroides, Clostridium, Akkermansia, and Ruminococcus and suggests
that dietary HI and TM fats may exert a positive influence on the cecal microbiota of rabbits. It should
be pointed out that rabbits fed HI and TM fats showed no significant alterations at histopathological
level and no differences in growth performance [14]. However, since a clear cause—effect relationship
between diversity and composition of cecal microbiota and rabbit performance has not yet been
confirmed, the gut microbiota findings need to be contextualized to underline the effect of insect fats in
rabbit diets.

5. Conclusions

In conclusion, the results of the present study provide new information about the in vitro
antibacterial properties and the in vivo effects at the gut level of the replacement of soybean oil with HI
and TM larvae fat in rabbit diets. The in vitro activities of HI or TM fats against Pasteurella, Yersinia, and
known pathogens of the rabbit gut, indicate a potential for impairing their growth in vivo in rabbits.
Furthermore, the dietary inclusion of HI and TM fats stimulate VFA production at the cecum and may
positively modulate the cecal and fecal microbiota of growing rabbits. However, further research is
needed to confirm the antimicrobial potentiality of insect fats in rabbit feeding.
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Simple Summary: So far, the study of the bioactivity of thymol, a major constituent of Thymus vulgaris L.,
in the animal organism has received little attention. Our study could give us answers to questions
about whether thymol accumulates in the rabbit organism after its sustained administration and if
it is also able to exhibit its beneficial properties for a longer period. Thymol in powder form at the
concentration 250-mg/kg feed was added to the rabbit diet for 21 days and withdrawn for the next
seven days. We confirmed that thymol was sufficiently absorbed from the gastrointestinal tract and
was able to express its biological activity not only during application but, also, after withdrawal.
Further studies are needed to clarify the biotransformation and bioavailability of thymol in the rabbit
organism with respect to the specific features of rabbit digestion.

Abstract: Thymol concentrations in rabbit plasma, intestinal wall (IW) and faeces were detected,
and the effects of thymol application and withdrawal on biochemical, antioxidant parameters and
fatty acids (FA) in blood (B) and muscle (M) were studied. Forty-eight rabbits were divided into two
experimental groups (control, C and with thymol 250-mg/kg feed, T). Thymol was administered
for 21 days (TA) and withdrawn for seven days (TW). Thymol in plasma correlated with that in
the IW (Spearman’s correlation coefficient (rs) = =1.000, p = 0.0167, TA) and was detected in faeces
(TA and TW). In TA alkaline phosphatase (p = 0.0183), cholesterol (p = 0.0228), malondialdehyde
(p = 0.003), glutathione peroxidase (p = 0.0177) in B and lactate dehydrogenase (M, p = 0.0411)
decreased; monounsaturated FA (p = 0.0104) and «-linolenic acid (p = 0.0227) in M increased. In TW
urea (p = 0.0079), docosapentaenoic acid (p = 0.0069) in M increased; linoleic acid (p = 0.0070),
Y. n—6 (p = 0.0007) in M and triglycerides decreased (B, p = 0.0317). In TA and TW, the total protein
(p = 0.0025 and 0.0079), creatinine (B; p = 0.0357 and 0.0159) and oleic acid (M; p = 0.0104 and 0.0006)
increased. Thymol was efficiently absorbed from the intestine and demonstrated its biological activity
in blood and the muscles.

Animals 2020, 10, 1248; doi:10.3390/ani10081248 39 www.mdpi.com/journal/animals
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1. Introduction

The supplementation of human and animal diets with Thymus vulgaris (thyme) either as dried
leaves or its essential oil has often demonstrated its beneficial properties. Since synthetic growth
promoters were replaced with alternative herbal products in animal rearing, thyme has started
receiving major attention. The most important bioactive compound contained in this plant is thymol,
which exhibits antimicrobial, antioxidant, anticarcinogenic and anti-inflammatory activities [1-3].
According to some studies, thyme improves the performance parameters, but some other studies
suggest that it has no effect. Some studies report that thyme is able to reduce levels of triglyceride and
total cholesterol [4,5]. Yu et al. [6] found that thymol possesses a lipid-reducing function by altering
hepatic triglyceride secretion.

The mode of action of herbs and plant extracts and the details about the accumulation of
phenolic substances in animal tissues are not known or not completely understood [7,8]. In general,
the bioavailability of dietary compounds depends on their digestive stability and the efficiency of their
transepithelial passage [9]. Moreover, their influence on each other’s intestinal absorption has to be
taken into account in studies concerned with the bioavailability of essential oil compounds.

Thymol as one of the major constituents of thyme oil presents a wide range of functional possibilities
in pharmacy and the food industry. Besides thymol, thyme contains high concentrations of monoterpene
phenols like carvacrol, p-cymene, 1,8-cineole, linalool, borneol, camphor, -caryophyllene, thymol
methyl ether and carvacrol methyl ether, which could have influenced the thymol absorption [2,3].

Ocel'ovd et al. [10] were the first who analysed the thymol concentrations in individual intestinal
segments in hens. Sufficient absorption of thymol from the digestive tract and its transport by
systemic circulation to tissues in broiler chickens after four weeks of thyme essential oil application
were demonstrated by Ocel'ova et al. [7]. Placha et al. [2] pointed to the sparing effect of thymol
against oxidative deterioration of the antioxidant defence system in poultry after sustained thyme oil
dietary application at 0.05% (thymol content 248.97 mg/kg dry matter (DM)) and 0.1% (thymol content
460.22 mg/kg DM) concentrations.

Concerning the toxicity of thymol, the data are controversial. According to a recent report of
the European Food Safety Authority (EFSA) [11], thymol, when administered by the oral route in a
rat, mouse and guinea pig (lethal dose - LD 50, 0.98, 1.80 and 0.88 mg/kg, respectively), suggested a
moderately acute toxicity. No significant alteration was observed when a thymol oil-water emulsion
was administered at doses (15.39, 30.78 and 61.55 mg/kg, respectively) during 28 days [12]. Based on
European Commission (EC) [13], no maximum residual limit for thymol in foodstuffs of animal origin
is needed to establish when it is used as a veterinary medicinal product. These data show that further
studies are required to establish the thymol appropriate concentration.

Rabbits have a unique digestive system that is represented by an original feature of rabbit feeding
behaviour named caecotrophy. Caecotrophy means the excretion and immediate consumption of
specific soft faeces termed “caecotrophs”. This process is extremely important, because it improves feed
utilization by maximizing the digestibility of nutrients [14]. Many scientific studies have tried to find
the appropriate dose and form of plant extract application for improving animal health, but insights
into the precise mechanism or mode of action of their components are lacking. As far as rabbits are
concerned, to our knowledge, only one old study by Takada et al. [15] has been carried out regarding
the metabolic outcome of thymol. Probably, the process of caecotrophy could minimize the loss of
thymol bioaccessibility during the digestive processes.

The present study provides new insights for understanding the possible processes of absorption
and deposition of thymol in the rabbit organism in connection with its protective role against oxidative
stress. Based on our previous studies related to the thymol absorption, deposition and beneficial effects
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against oxidative stress in broiler chickens after a sustained administration of thyme oil, we decided to
examine the thymol application into rabbit diets at the concentration 250-mg/kg feed.

2. Materials and Methods

2.1. Animals and Experimental Design

After weaning at 35 days of age, 48 rabbits of both sexes (meat line M9) were randomly divided
into two experimental groups (control, C and with thymol addition, T), with six replicates in each (one
replicate consisting of two cages, one cage/two animals). Initial live weight was 1006 + 98 g in C and
1035 + 107 g in T. 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 (16 L:8 D). The rabbits could feed ad libitum
and had free access to drinking water. The experiment lasted 28 days. The rabbits were fed with thymol
addition for 21 days (TA), and for the next 7 days, the thymol was withdrawn (TW). Eight starved
rabbits (6 male and 2 female) in each group were slaughtered in an experimental slaughterhouse
at 56 (C and TA) or 63 (C and TW) days of age. Rabbits were stunned with 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.

2.2. 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).

2.3. Diets and Chemical Analyses

The basal diet (control, C) was formulated to satisfy growing rabbits’ requirements [16] (Table 1)
and was tested against the experimental diet (T) containing thymol (>99.9%, Sigma Aldrich, St. Louis,
MO, USA), which was added to the basal diet in white powder form at concentration 250-mg/kg feed.
The diets were administered in the form of pellets with an average size of 3.5 mm. The feed was stored
in darkness to protect against degradative processes and was analysed to determine the crude protein
(CP), ash, ether extract, acid detergent fibre (ADF), starch and dry matter (DM) in the diets, while DM
was also determined for the intestinal wall, muscle, liver and faeces according to the Association
of Official Analytical Chemists (AOAC) methods [17]. Neutral detergent fibre (NDF) was analysed
according to Van Soest et al. [18].

Table 1. Ingredients and chemical composition of rabbit diets.

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 4443
Wheat bran 9.0 Neutral detergent fibre (NDF) 352.9
Barley 8.0 Acid detergent fibre (ADF) 208.1
Extracted sunflower meal 5.5 Crude fibre 177.8
Extracted rapeseed meal 55 Crude protein 176.6
Dried distiller grains with solubles 5.0 Cellulose 163.1
Premix ! 17 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, Thiamine 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 and Selenium 0.25 mg.
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2.4. Growth Performance and Health Status

Body weight (BW) and feed intake (FI) were recorded individually once a week. The average
daily FI, average daily weight gain (WG) and feed conversion ratio (FCR) were calculated at the end of
the trial (on 56 and 63 d of age). Data pertaining to any animal that died during the experiment were
excluded from the calculations. Mortality was recorded daily throughout the experimental periods.

2.5. Thymol Antioxidant Capacity and Stability in Feed

The Trolox equivalent capacity (TEAC) was determined in thymol and in the experimental
feed according with the method described by Karama¢ et al. [19] using the 2,2’-Azinobis-(3-
Ethylbenzthiazolin-6-Sulfonic Acid (ABTS e+) decolorization assay. The results were expressed
as mmol Trolox equivalents (TE) per g. Thymol evaporation in the feed was analysed every week
during thymol application using High-Performance Liquid Chromatography HPLC according to the
modified method of Pisar¢ikova et al. [20]. Samples were analysed in triplicate and were relatively
stable (0 d—151.89, 7 d—134.75 and 14 d—128.30 ug/g DM, respectively).

2.6. Sampling

Blood samples for biochemical analyses were collected from the marginal ear vein (Vena auricularis)
into dry nonheparinized Eppendorf tubes at experimental days 21 and 28 and were left to clot in a
standing position for approximately 2 h to obtain the serum, and then, the serum was separated by
centrifugation at 700X g for 15 min. Blood for analyses of antioxidant parameters was collected into
heparinized tubes, and plasma was obtained after centrifugation at 1180x g for 15 min. Samples of
serum, plasma, muscle (Longissimus thoracis et lumborum, LTL), small intestinal wall, liver and hard
faeces (freshly voided, collected using nets mounted under the cages) were immediately frozen in
liquid nitrogen and stored at —70 °C until analysis.

2.7. Thymol Analyses in Plasma, Small Intestinal Wall and Faeces

Detection of thymol in samples of plasma, intestinal walls and faeces was performed using
headspace solid-phase microextraction followed by gas chromatography coupled with the mass
spectrometry method, as described by Placha et al. [2]. Briefly, detection and quantification were
carried out using a gas chromatography/mass spectrometry (GC/MS) (type HP 6890 GC) 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 ratios of thymol to o-cresol used as the internal standard
(Sigma-Aldrich, St. Louis, MO, USA) against the known thymol concentrations. The selective ion
mode was used for the 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 thymol (AppliChem,
Darmstadt, Germany) in standard solutions with known concentrations. 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 the detection of thymol were prepared using
the method described by Ocel'ova et al. [10]. 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 to obtain the total amount of thymol in the plasma.

2.8. Biochemical and Antioxidant Parameters and Activity of Lactate Dehydrogenase in Blood and Tissues

Total proteins (TP; g/L), creatinine (umol/L), urea (mmol/L), triglycerides (mmol/L), total cholesterol
(mmol/L), alanine aminotransferase (ALT; pkat/L), aspartate aminotransferase (AST; ukat/L) and alkaline
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phosphatase (ALP; ukat/L) were analysed using a DIALAB commercial kit (Prague, Czech Republic)
and an ELLIPSE analyser (AMS, Guidonia, Rome, Italy).

Activity of glutathione peroxidase (GPx, EC 1.11.1.9) in blood was measured by monitoring the
oxidation of Nicotinamide Adenine Dinucleotide Phosphate (NADPH) at 340 nm in-line with Paglia
and Valentine [21] using a commercial kit (Ransel, Randox, London, UK). Haemoglobin (Hb) content
in blood was analysed using a commercial kit from Randox, UK. The samples of LTL muscle and liver
for malondialdehyde (MDA) measurement and activity of lactate dehydrogenase (LDH, EC 1.1.1.27)
were washed in buffered saline to remove excess blood and connective tissue. Samples for MDA
analyses were homogenised with deionized distilled water and 50 uL of 7.2% butylated hydroxytoluene
and for LDH activity in cold buffer (0.05-mol/L Tris-HCI buffer, pH 7.3). The homogenates were
subsequently centrifuged at 13,680% g at 4 °C for 20 min. MDA concentrations in these tissues and
plasma were measured using the modified fluorometric method of Jo and Ahn [22]. The enzyme
activity of LDH was measured using a commercial diagnostic kit (Crumlin, Randox, UK) with an
Alizé automatic biochemical analyser (Lisabio, Pouilly-en-Auxois, France) at 340 nm, as described by
Andrej¢dkova et al. [23]. The protein concentration in the muscle and liver was quantified using the
spectrophotometric method published by Bradford [24].

2.9. Fatty Acids in Muscle Tissue

The fatty acid (FA) composition in the muscle tissue was determined using the method of
Ouhayoun et al. [25]. Fatty acid methyl esters (FAME) were prepared by means of alcoholises in
an essential nonalcoholic solution and analysed using gas chromatography on GC 6890N (Agilent
Technologies, Basel, Switzerland). Results were expressed as percentages of total fatty acids.

2.10. Statistical Analyses

Values of thymol, GPx, LDH, MDA and FA concentrations were tested for normal distribution with
the Kolmogorov-Smirnov test. The Mann-Whitney U test was used for statistical analysis. Results were
presented as the mean value + standard deviation. Significant differences were considered at p < 0.05.
Correlations of thymol concentrations between plasma and feed and plasma and intestinal wall were
analysed using nonparametric Spearman’s rank correlation and expressed as Spearman’s correlation
coefficient (rs). Statistical analyses were performed using Graph Pad Prism 5.0. (GraphPad Software,
San Diego, CA, USA).

3. Results

3.1. Growth Performance

All broiler rabbits in the present trial were in good health, and the growth performance was normal
and was not affected by the addition of thymol. Five animals (three/control and two/experimental
group) died during the whole experiment. If there were no differences in the given parameters, we do
not include them in the table.

3.2. Thymol Antioxidative Capacity

Approximately equal TEAC value was found in thymol and in the feed of the experimental group
(0.76 vs. 0.74 mmol TE/g).

3.3. Thymol in Feed, Plasma, Small Intestinal Wall and Faeces

Thymol content in feed amounted to 148.9 + 16.7 ug/g DM. Thymol concentration in plasma was
0.05 + 0.02 pg/L and, in intestinal wall, 0.04 + 0.03 ug/g DM in TA, but, in TW, it was not detected.
Thymol concentration in faeces in TA was 0.89 + 0.45 pg/g DM, and, in TW, it was 0.08 + 0.04 pg/g DM
(Table 2). Thymol concentration in plasma significantly correlated with the thymol concentration in
the intestinal wall (rs = —1.000, p = 0.0167).
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Table 2. Thymol content in plasma (ug/L), feed, intestinal wall and faeces (ug/g dry matter (DM)).

Substance TA ™
Feed 148.90 + 16.65 -
Plasma 0.05 + 0.02 ND

Intestinal wall 0.04 +0.03 ND
Faeces 0.89 +0.45 0.08 + 0.04

ND—not detected, TA—thymol addition and TW—thymol withdrawal.

3.4. Biochemical Parameters in Blood

Thymol addition significantly decreased the levels of ALP (p = 0.0183) and cholesterol (p = 0.0228).
Urea significantly increased (p = 0.0079), and triglycerides decreased (p = 0.0317) in TW. TA and TW
had significantly increased TP (p = 0.0025 vs. p = 0.0079) and creatinine (p = 0.0357 vs. p = 0.0159)
(Table 3).

Table 3. Effects of thymol on aspartate aminotransferase (AST, pkat/L), alanine aminotransferase (ALT,
ukat/L), alkaline phosphatase (ALP, pkat/L), total proteins (TP, g/L), urea (mmol/L), creatinine (umol/L),
triglycerides (mmol/L) and cholesterol (mmol/L) in rabbit blood.

Parameter TA p-Value ™ p-Value
C T SD C T SD

AST (pkat/L) 0.45 0.34 0.12 0.1199 0.49 0.34 0.20 0.2948
ALT (ukat/L) 0.77 0.62 0.14 0.2677 0.76 0.69 0.32 1.0000
ALP (ukat/L)  2.002 152P 0.42 0.0183 242 2.19 0.83 0.5476
TP (g/L) 36202 61.86° 13.88 0.0025 36842  5590P 11.79 0.0079
Urea 5.18 531 0.50 1.0000 5.03 2 6.54 b 0.95 0.0079
Creatinine 79.67%  11540° 19.55 0.0357 64252  115.60° 28.52 0.0159
Triglycerides 1.15 145 0.29 0.1508 1532 0.84P 0.49 0.0317
Cholesterol 2202 1.17° 0.80 0.0228 1.76 0.95 0.60 0.0556

b Values within a row with different superscript letters differed significantly (p < 0.05). Data are presented as
mean + standard deviation (SD). C—control diet, TA—thymol addition and TW—thymol withdrawal.

3.5. Antioxidant Parameters in Blood and Tissues

MDA and GPx in blood (p = 0.003 and p = 0.0177) and LDH in muscle (p = 0.0411) significantly
decreased in TA (Table 4).

Table 4. Effects of thymol on the antioxidant parameters and activity of lactate dehydrogenase (LDH)
in rabbit blood, liver and muscle.

TA ™

Parameter p-Value p-Value
C T SD C T SD

Blood

MDA (nmol/mL) 0.352 0.254 b 0.06 0.0030 0.32 0.30 0.04 0.1049

GPx (ukat/g Hb) 3612 2520 0.78 0.0177 2.61 2.32 0.71 0.8763
Liver

MDA (nmol/g protein) 83.11 83.40 18.31 0.7984 83.81 68.69 21.51 0.1605

LDH (ukat/g protein) 41.56 41.62 6.50 0.6454 48.88 42.75 7.83 0.1304
Muscle

MDA (nmol/g protein) 23.63 28.45 11.20 0.5737 18.34 23.45 5.82 0.0650

LDH (ukat/g protein) 78742  3589b 36.47 0.0411 78.50 50.62 43.60 0.2026

2P Values within a row with different superscript letters differed significantly (p < 0.05). Data are presented as mean +
standard deviation (SD). C—control diet, TA—thymol addition, TW—thymol withdrawal, MDA—malondialdehyde
and GPx—glutathione peroxidase.

3.6. Fatty Acids in Muscle

Concentrations of oleic acid (C 18:1 n-9) significantly increased in TA and TW (p = 0.0104 vs.
0.0006). MUFA and «-linolenic acid (C 18:3 n-3) significantly increased in TA (p = 0.0104 and p = 0.0227).
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Docosapentaenoic acid (C 22:5 n-3) significantly increased (p = 0.0069), and linoleic acid (C 18:2 n-6)
and }, n-6 significantly decreased in TW (p = 0.0070 and p = 0.0007; Table 5).

Table 5. Effects of thymol on fatty acids profile (% of total FA) in rabbit muscle.

Parameter s p-Value ™ p-Value
C T SD C T SD
C12:0 0.107 0.109 0.006 0.3428 0.105 0.108 0.004 0.1015
C14:0 1.383 1.392 0.030 0.5950 1.357 1.386 0.039 0.1375
C16:0 24.400 24.320 0.159 0.3823 24.390 24.580 0.222 0.1049
C18:0 10.460 10.550 0.251 0.5049 10.750 10.620 0.210 0.2392
C17:0 0.302 0.308 0.029 0.3713 0.312 0.286 0.037 0.4001
Y. SFA 36.650 36.680 0.344 1.0000 36.910 36.980 0.280 1.0000
C18:1n-7 4.945 4.975 0.109 0.6454 4.854 4.899 0.105 0.3439
C18:1n9 30.030  34.470 3.754 0.0104 31.960  37.270 3.660 0.0006
C20:1 0.597 0.589 0.091 0.8785 0.545 0.561 0.072 0.5054
Y, MUFA 35.600  40.020 3.730 0.0104 37.420  42.670 4.640 0.2345
C18:2n-6 52.59 50.73 6.435 0.5054 51.36 48.83 8.458 0.0070
C 20:4 n-6 1.765 1.978 0.244 0.1049 1.842 1.708 0.279 0.5054
Y. n-6 54.35 52.70 6.341 0.5054 53.20 50.53 4.756 0.0007
C18:3n-3 1.794 1.958 0.149 0.0227 1.793 1.885 0.191 0.2786
C20:5n-3 1.088 1.108 0.103 0.6350 1.096 0.935 0.173 0.1409
C22:5n-3 1.270 1.393 0.127 0.0513 1.276 1.381 0.081 0.0069
C22:6n-3 0.328 0.298 0.049 0.3431 0.341 0.310 0.046 0.2677
). n-3 4.479 4.755 0.236 0.0519 4.506 4.511 0.199 1.000

Y, n-6/}, n-3 12.14 11.10 1.444 0.1949 11.86 11.19 1.223 0.3282

Data are presented as mean + standard deviation (SD). C—control diet, TA—thymol addition, TW—thymol
withdrawal, SFA—saturated fatty acids and MUFA—monounsaturated fatty acids.

4. Discussion

4.1. Growth Performance

The inclusion of thymol at the concentration used in our experiment did not show any significant
effect on the animals’ weight, weight gain and conversion ratio. Although thyme has been shown to
improve the palatability and feed intake in growing rabbits, its beneficial effects on the live growth
performance in rabbits has not yet been confirmed [26]. According to Erdelyi et al. [27], due to the
specific digestive physiology of rabbits, essential oils or plant extracts have much lesser positive
effects than in broilers or piglets. Windisch et al. [28] reported that the use of thyme in animal
diets could be limited when applied in certain amounts, because it is highly aromatic. According
to Gerencsér et al. [29], thyme leaves did not demonstrate any substantial effects on the growth
performance or health status. This statement is in agreement with our study, in that the thymol did not
affect the feed intake, and most animals remained in optimal condition.

4.2. Thymol in Plasma, Intestinal Wall and Faeces

We found a significant correlation between thymol levels in the small intestinal wall and plasma
during the period of thymol addition to the feed. This result is in agreement with Placha et al. [2],
who confirmed the efficient absorption of thymol from the digestive tract into the systemic circulation
in broiler chickens. According to Ocel'ova [30], after the absorption of plant compounds from the
intestine, they are metabolised and eliminated from the organism.

One of the most original features of rabbit-feeding behaviour is caecotrophy. The result of this
process, in which soft faeces are swallowed and then stored intact in the fundus of the stomach, is that
they undergo the same digestive processes as normal feed. Some parts of the initial food intake
may be recycled even up to four times in this way [31]. The detection of thymol in faeces points
to its excretion from the organism in an unmetabolised form (Table 2). This unmetabolised thymol
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could be recycled and again absorbed in the intestinal wall, where it is finally metabolised by the
processes of biotransformation. The part of the metabolites in the intestinal wall can be transported
back into the intestinal lumen by efflux transporters, converted to thymol (parental compound) and
again reabsorbed by the enterocytes. Another molecule can be transported through the basolateral
membrane of enterocytes directly to the blood circulation. All these processes play a crucial role in
affecting the thymol concentration in blood [7].

Thymol sulphate and thymol glucuronide are the main metabolites of thymol biotransformation,
and so far, little is known about their bioactivity or whether these compounds are only inactive
forms [3]. Pisar¢ikova et al. [20] first detected thymol sulphate and thymol glucuronide in the liver
and duodenal wall of broiler chickens after a sustained four-week administration of thyme essential
oil, and according to Kohlert et al. [32] and Rubi¢ et al. [9], thymol metabolites could be deconjugated
to the parental compounds and, in this way, express their pharmacological properties. We have to bear
in mind that, during biotransformation, plant compounds change their pharmacological properties,
which usually differ from the properties of the parental compounds.

There are only a few studies concerning thymol distributions in animal tissues. Thymol conjugates
have been detected in the plasma of humans and animals, and thymol after enzymatic cleavage
was detected in the plasma of horses, chickens and pigs [1,10,32-35]. According to Placha et al. [2],
erythrocytes can act as depots of polyphenols due to their ability to bind to the surface of red blood
cells, and in this way, they can circulate in the organism. There is the question whether bound thymol
is able to unbind from tissue depots if the amount of circulated thymol decreases. Since we detected
thymol in rabbit faeces also after its withdrawal, this mechanism could be indicated (Table 2).

4.3. Biochemical Parameters in Blood

Despite the fact that plant bioactive compounds undergo fast biotransformation and elimination,
Ocel'ova et al. [10] and Placha et al. [2] confirmed the accumulation of thymol in the breast muscles,
kidneys and livers of broiler chickens after four weeks of thyme essential oil diet supplementation.
Moreover, they found the highest concentration of thymol in the kidneys and the lowest in liver
tissues, which could point to intensive metabolism in the liver and accumulation in the kidneys.
Bardal et al. [36] showed that the distribution of plant compounds from systemic circulation to the
tissues is restricted, since only free drugs in plasma are able to diffuse into the target tissue.

Gumus et al. [37] reported that specific polyphenols such as thymol may reduce plasma lipids by
altering the hepatic triglyceride secretion, as well as inhibiting the activity of cholesterol-synthesizing
enzyme 3-hydroxy-3-methylglutaryl-coenzyme A reductase. If some imbalance between the cellular
free radical formation and the antioxidant defence system exists, excessive amounts of free radicals are
produced, and cellular components such as the lipids are attacked. The administration of antioxidants
such as thymol could combat oxidative stress by the scavenging of free radicals and, in this way,
effectively reduce the serum levels of lipid parameters such as triglycerides and cholesterol [6].
Our study suggests that thymol in the rabbit organism possesses a lipid-reducing function by this
mechanism (Table 3).

AST, ALT and ALP are enzymes that significantly reflect the liver function. These parameters in
our study were in the range of the reference interval. We assumed that thymol in this concentration was
able to express its antioxidant properties and positively affected these parameters, although only ALP
was affected significantly. The values of urea and creatinine also remained within the normal ranges.
This suggests that no hepatic or renal injuries occurred in this experiment. The slight increase in the
urea and creatinine amounts could imply the effect of thymol and/or its metabolites on the kidney
function, particularly on glomerular filtration. Ocel'ova [30] and Kohlert et al. [32] suggested the role
of the kidneys in the metabolism and elimination of phenolic compounds. They assumed that thymol
metabolites could be cleaved at the brush border of the renal tubule and reabsorbed as thymol back
into the peritubular capillaries. As mentioned above, thymol can accumulate in the kidneys, and based
on this finding, we can hypothesise that thymol concentrations in the kidneys in our experiment could
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lead during the metabolic processes to the formation of some toxic substances that could be responsible
for altering the renal function (Table 3).

The nutritive value of the protein is determined not only by its amino acid composition but, also,
by its digestibility [38]. The antioxidative and antimicrobial properties of thymol may beneficially affect
the gastrointestinal microbiota ecosystem and, in this way, improve the nutrient utilisation. Moreover,
phytogenics can stimulate the production of digestive enzymes and, also, beneficially affect the nutrient
digestibility [39]. Ocel'ova [30] found that the duodenal wall in chickens was repeatedly exposed
to thymol molecules after the four-week addition of thyme essential oil to their diet. Based on the
significant correlation between thymol in the plasma and intestinal wall in our experiment, we assumed
that the same processes were also present in the rabbit intestinal wall. Many studies have suggested
that thymol possesses useful antioxidant properties that are responsible, among other things, for the
renewal rate of mature enterocytes at the surface of the intestinal villi, which causes an increase in their
absorption capacity [40]. Gasco et al. [41] reported that serum TP synthesis depends on the content of
available protein in the diet. We assume that the increased TP in our groups with the thymol addition,
as well as thymol withdrawal, was caused by extending the absorption surface of the intestinal wall,
which probably evoked a better absorption of the proteins from the diet, and/or also by a higher
production of the digestive enzymes (Table 3).

4.4. Antioxidant Parameters and LDH in Blood and Tissues

In the present study, the positive effect of thymol on the activity of GPx, which protects intracellular
lipids against peroxidation, as well as on MDA levels as an indicator of lipid peroxidation, was expressed
in plasma. This finding reflects the fact that thymol was efficiently absorbed from the digestive tract to
the blood, where it manifested its antioxidant properties. The antioxidant properties of thymol were
also demonstrated in muscles during the thymol addition, as well as after its withdrawal. Oxidative
stress is associated with damage in a wide range of macromolecular species and derangements of the
cellular metabolism, which permeabilise the cellular or organelle membranes and cause apoptosis [42].
LDH is an intracellular enzyme, and its increased level is an indicator of cellular damage. We detected
decreased LDH levels, which points to the sparing effect of thymol on cellular metabolism (Table 4).

4.5. Fatty Acids in Muscle

Rabbits need adequate amounts of essential FA, which are primarily represented by linoleic
(C18:2, n-6) and «-linolenic acids (C18:3, n-3) in their diet. The stability of these essential FA is
very low, and for example, linolenic acid is oxidized ten times more rapidly than linoleic acid [43].
Polyunsaturated FA are easily oxidized because of the unstable double bonds between their carbon
atoms and are rapidly broken down into short-chain compounds, which is undesirable from the
nutritional aspect. The lipoperoxidation of the cell structure is a consequence of oxidative stress.
These biological reactions are initiated by the production of ROS, which remove protons from FA [44].
Dabbou et al. [45] demonstrated that bilberry pomace, which is characterised by high antioxidant
activity due to high contents of phenols, effectively prevented the oxidation of unsaturated lipids in
the muscles of rabbits. An increase in unsaturated FA and, mainly, linolenic acid were observed in
our study after the addition of thymol, which probably blocked the oxidation of the lipids with its
strong antioxidative properties. After thymol withdrawal, linoleic acid, as well as }¥:n-6, decreased,
which could be the reason for the insufficient effect of thymol in connection with its low deposition in
the muscles (Table 5). Moreover, as was mentioned above, linoleic acid is more rapidly oxidized than
other polyunsaturated FA.

5. Conclusions

In conclusion, after its sustained application, thymol is able to accumulate and circulate in the
rabbit organism, particularly due to the rabbits” specific digestive characteristic, i.e., caecotrophy.
The investigated parameters were affected not only during the thymol addition to the feed but, also,
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after its withdrawal, which points to thymol accumulation in the organism. The thymol concentration
used in this experiment clearly demonstrated its antioxidant properties and inhibited the lipid
peroxidation and formation of oxidative deterioration compounds and may become an important
antioxidant food supplement. However, further studies should be conducted to confirm the thymol
distribution and deposition within the rabbit organism. Since there is a lack of literature describing
the absorption and distribution of thymol in rabbit tissues in connection with its beneficial effects on
animal health, to our knowledge, this is the first study attempting to explain these processes in the
rabbit organism.
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Simple Summary: A milk replacer must be given as the main diet to young rabbits that are separated
from their mothers before they reach weaning age (31-35 days). This procedure, which is a rescue
protocol, allows them to survive. Moreover, the early separation of young rabbits before weaning
prevents negative consequences in lactating rabbits, which is beneficial to pet rabbit producers.
Kitten (KMR®, Pet-Ag Inc., Hampshire, IL, USA: KMR) or mammal (Zoologic® Milk matrix 30/52,
Pet-Ag Inc., Hampshire, IL, USA: MMR) milk replacers have generally been suggested for use in
rabbits; however, rabbit milk has a unique composition. Therefore, a rabbit milk replacer (RMR) was
formulated in this study for comparison with these commercial products. Early weaned rabbits at
18 days of age were fed daily with RMR, KMR or MMR until 36 days after birth, while a commercial
pelleted diet and water were provided at an amount exceeding the normal intake. The results indicated
that it is possible to use RMR as a milk replacer for rabbits without serious adverse consequences.
However, the RMR group presented a lower trend in nutrient digestibility than the other groups,
although there was no statistical significant difference. Therefore, prebiotics and/or probiotics should
be added to RMR formulations to improve this parameter.

Abstract: Early weaned rabbits should be fed using a milk replacer in order to survive. Therefore, a
rabbit milk replacer (RMR) was developed and compared with a kitten milk replacer (KMR®: KMR)
and a mammal milk replacer (Zoologic® Milk matrix 30/52: MMR). Thirty-six native crossbred rabbits
aged 18 days were divided into three experimental groups (six replicates/group, two rabbits/replicate),
fed RMR, KMR or MMR daily until they were 36 days old and euthanized at 38 days, while a complete
pelleted diet and water were provided ad libitum. No statistically significant differences were observed
in growth performance parameters, water intake, faecal weight, nutrient digestibility, internal organ
weight, caecal pH, caecal cellulose activity, number of faecal pellets and amount of crude protein
intake (p > 0.05). Caecal amylase activity in the KMR group and caecal protease activity in the RMR
group were higher than in the MMR group (p < 0.05). The villus height and crypt depth of the MMR
group were greater than in the RMR and KMR group (p < 0.05). In conclusion, it is possible to feed
RMR to early weaning rabbits without serious adverse effects. However, probiotics and/or prebiotics
should be supplemented in milk replacers and their benefits studied.

Keywords: digestibility; enzyme activity; gut histology; milk replacer; rabbit
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1. Introduction

The size of the pet market has increased sharply in recent years and was estimated to be around
131.7 billion US dollars in 2016 [1]. Moreover, the compounded annual growth rate of the global pet care
market was forecast to be 4.9% between 2018 and 2025 due to changes in the new generation’s lifestyle,
such as living alone or child-free marriage [1]. Nevertheless, humans still need interactions with
living things, which add social, medical, emotional and physical benefits to their lives [2]. Companion
animals are one solution that can offer these benefits [2]. Although rabbits are not as popular as dogs
and cats, they occupy third place among companion animals because they are clean, quiet, non-harmful
and require little space [3].

Generally, rabbits are weaned at 31-35 days of age by rabbit producers in Thailand and other
countries [4,5] and begin to consume pelleted diets around 18 days of age [6]. Milk replacer has been
suggested as a means of feeding early weaned rabbits and orphaned rabbits and of solving the problem
of female rabbits that do not produce milk, this being rabbits’ major nutrient source for survival [7] as
well as preventing gastrointestinal disease [8]. The early separation of young rabbits from their mother
can prevent a negative energy balance due to lactation, which supports a higher production yield and
reduces disease transmission from the mother to young rabbits, of benefit for pet rabbit producers [4,9].
In addition, the smallest rabbit breed (Netherland Dwarf) can produce around 4-6 kittens per litter;
however, the milk yield of this breed is not sufficient to support their kittens, leading to a high mortality
rate among young rabbits [5]. Furthermore, milk replacer can be used to rescue unweaned wild
rabbits [8]. Therefore, the use of a milk replacer provides one solution to these problems.

Commercial rabbit milk replacer remains lacking or unavailable in some countries. For this
reason, kitten milk replacer (KMR) has been suggested as a substitute [7]. However, although kitten
milk replacer can be used in early weaning rabbits, its growth performance has been found to be
inferior to rabbit milk for rabbits [8]. In addition, two milk replacer formulas using mixtures of
kitten milk replacers—Fox Valley Ultraboost and/or Fox Valley 32/40 (Fox Valley Animal Nutrition,
INC., Lakemoor, IL, USA)—have been used to rescue young desert cottontail (Sylvilagus audubonii)
and eastern cottontail rabbits (S. floridanus), for which the mortality rate was 26-59% [8]. The high
concentration of nutrients (fat, protein and energy), the near absence of lactose, the high proportion
of medium-chain saturated fatty acids with bacteriostatic properties (C8:0 and C10:0) and the short
milking period required constitute the unique characteristics of rabbit milk and feeding behaviour [6,10].
Therefore, milk replacer for rabbits should be formulated respecting the properties of real rabbit
milk [10]. Moreover, cost-effectiveness is another problem for rabbit producers, owners and wildlife
rescue center [8]. Therefore, this study aimed to compare the efficiency of a developed rabbit milk
replacer with two commercial products (kitten and mammal milk replacers) based on the growth
performance and health status of early weaning rabbits (18 days old).

2. Materials and Methods

2.1. Ethics Statement

This study was conducted following standard guidelines at the animal experimental unit, Faculty
of Veterinary Medicine (Kasetsart University, Bangkok, Thailand) and was approved by the Institutional
Animal Care and Use Committee of Kasetsart University, Bangkok, Thailand (ACKU62-VET-037).

2.2. Animals, Diets, Milk Replacer Preparation and Experimental Design

Thirty-six 18-day-old native crossbreed rabbits with initial body weights of 134 + 6.31 g/head
(mean + standard deviation) were taken from a local rabbit farm (Saha farm, Kanchanaburi, Thailand).
Rabbits were randomly separated into three experimental groups with equal numbers of each sex
(six replicates per group and two rabbits per replicate) containing: (1) rabbits fed rabbit milk replacer,
which was formulated in this study (RMR); (2) rabbits fed kitten milk replacer (KMR®; Pet-Ag Inc.,
Hampshire, IL, USA); and (3) rabbits fed mammal milk replacer (Zoologic® Milk matrix 30/52; Pet-Ag
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Inc., Hampshire, IL, USA; MMR). Rabbits were placed in a stainless cage (35 cm X 35 cm X 35 cm)
with controlled room temperature, light and humidity at 20 + 2 °C, 16L:8D and 75 + 10%, respectively.
The experiment was conducted for 20 days until the rabbits reached 38 days of age. At the end of the
experiments, one rabbit per replicate was euthanized by intraperitoneal injection with pentobarbital
sodium at 100 mg/kg (Nembutal, Ceva corporate, France) [11] and the samples were collected for
further analysis, while another rabbit of each replicate was returned to the farm and reared until it
reached 60 days of age.

The formulation of the RMR, including the chemical composition of the milk replacer, complete
pelleted diet and rabbit milk, is illustrated in Table 1. Every day, rabbits were fed 10 mL at 38 °C of a
freshly prepared mixture of milk replacer powder and clean water using a sterile syringe at 7:00 until
they reached weaning age (36 days), while clean water and complete commercial rabbit diets (Lee Feed
Mill, Publ. Co., Ltd., Phetchaburi, Thailand) were provided ad libitum throughout the experiment.
The KMR and MMR powders were diluted with warmed water at a 7:13 ratio and homogenized.
The RMR consisted of two parts: a hydrogenated palm fat part and a mixed dried powder part,
containing all ingredients except hydrogenated palm fat and polyoxyethylene (80) sorbitan monooleate.
For RMR preparation, hydrogenated palm fat was heated in an 800 W microwave for 60 s, changing
from solid to liquid form as a result. The dried mixed powder part was then mixed with warm water.
Subsequently, the two parts were homogenized and polyoxyethylene (80) sorbitan monooleate was
added as an emulsifier. The ratio of mixed dried powder to hydrogenated palm fat to warm water
was 24.5:17.5:78. The dilution ratio was selected based on equal dry matter content between the milk
replacers and the solubility of the milk mixture.

Table 1. Ingredients and chemical components of different milk replacers, rabbit milk and diet.

Artificial Milk Replacers

It Rabbit Diet 3 oL b
ems RMR KMR MMR abbit Diet Rabbit Milk

Ingredients (%)

Sodium caseinate 43.8 - - - -
Skimmed milk powder 7.73 - - - -
Hydrogenated palm fat 415 - - - -
Monodicalcium phosphate 3.13 - - - -
Limestone 2.30 - - - -
Salt 0.94 - - - -
Premix ¢ 0.50 - - - -
Polyoxyethylene (80) sorbitan monooleate 0.10 - - - -
Chemical composition

Dry matter (%FM) 95.8 96.2 95.2 90.7 29.8

Crude ash (%DM) 9.77 6.66 827 5.69 7.38

Crude protein (%DM) 414 48.5 30.1 16.1 413

Ether extract (%DM) 43.8 229 525 242 43.3

Crude fiber (%DM) ND ND ND 252 ND

Nitrogen free extract (%DM) d 5.03 22.0 9.13 50.6 8.05

Metabolizable energy content (kcal/100g DM) ¢ 535 441 584 254 540

RMR = Rabbit milk replacer which was performed in this study, KMR = Kitten milk replacer (KMR®, Pet-Ag Inc.,
Hampshire, IL, USA), MMR = Mammal milk replacer (Zoologic® Milk matrix 30/52, Pet-Ag Inc., Hampshire, IL,
USA), FM = Fresh matter, DM = Dry matter, ND = Not detect; * A commercial pelleted diet for rabbits (Lee Feed Mill,
Publ. Co., Ltd., Phetchaburi, Thailand); ® Chemical composition of rabbit milk [10]; ¢ Vitamin and mineral premix
(Topmix-B111, Top Feed Mills Co., Ltd., Pathumthani, Thailand) were supplied per kilogram of diets at 4,800,000 IU
of vitamin A; 1,200,000 IU of vitamin D3; 6000 IU of vitamin E; 600 mg of vitamin K; 600 mg of vitamin B1; 2200 mg
of vitamin B2; 10,000 mg of vitamin B3; 800 mg of vitamin B6; 4 mg of vitamin B12; 48 mg of biotin; 4800 mg of
Calcium pantothenate acid; 200 mg of folic acid; 24,000 mg of Zn, 16,000 mg of Fe; 32,000 mg of Mn; 32,000 mg of
Cu; 200 mg of I; 40 mg of Se; 40 mg of Co; d Calculation [12]; ¢ Calculation based on Atwater system [13].

2.3. Perfomance, Digestibility and Faecal Evaluation

The animals were weighed at 18, 24, 30 and 36 days of age, whereas average daily feed intake
(ADFI), average daily weight gain (ADG), feed conversion ratio (FCR), water intake and weight of
faeces output were evaluated at 19-24, 25-30 and 31-36 days of age. The apparent digestibility of dry
matter, organic matter, ether extract and crude protein was conducted at 23-27 and 31-35 days of age
and contained six replicates/groups. The procedures for feeding, faecal collection, chemical analysis
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and calculation were in accordance with [14]. Briefly, feed intake was measured during the period of
the digestibility trial. Faeces were removed from the cage at 9:00 on the first day of the digestibility
trial. Subsequently, all faeces on a net under the cage were collected at 9:00 for four days. The faeces
were weighted immediately after collection, put in a sterile plastic bag and kept at —20 °C for further
chemical composition analysis following the procedure of [14]. Another study was conducted, where
the amount of daily faecal pellet excretion was measured by counting the dried faecal pellets between
19 and 36 days old from photos.

2.4. Internal Organs, Gut Histology and Caecal pH

The internal organ weight and the body weight of the euthanized rabbits were determined.
The duodenal part of the small intestine was fixed in 10% buffered formalin for further villus
morphometric evaluation. Briefly, small pieces of middle duodenum after fixation were processed,
embedded in paraffin, sectioned at 7-um thicknesses by means of a rotary microtome (Leica RM2155;
Leica Instruments GmbH, Nussloch, Germany) and stained by haematoxylin and eosin method.
Villi height and crypt depth were evaluated under a microscope using an image analysis programme
(Image Pro Plus; Media Cybernetics, Bethesda, MD, USA). Caecal pH was measured directly using
a Crison MicropH 2001 pH meter (Crison Instruments, Barcelona, Spain). The caecal content was
immediately placed in sterile plastic tubes under ice for enzyme preservation and kept at —20 °C for
further analysis of caecal enzyme activity.

2.5. Caecal Enzyme Activity

The crude enzyme extracted from the caecal content was extracted by homogenized caecal content
with phosphate buffer solution (pH 7) at a 1:5 ratio (w/v). The homogenates were centrifuged at
18,000 g for 30 min at 4 °C to obtain the supernatant used to evaluate amylase, protease and cellulase
activity. Amylase and cellulase activity were assayed according to [15,16] using 5% soluble starch and
1% carboxyl-methyl cellulose (CMC; medium viscosity) as the substrate, respectively. One hundred
microlitres of crude enzyme extract were added to activate the digestion of the substrates. The products
of the carbohydrate-digestive enzymes were stained using 1% dinitrosalicylic acid (DNS) and measured
using a spectrophotometer at 540 nm against a linear range of maltose standards for amylase and
glucose standards for cellulase. Protease activity was assayed according to the method described
by [17] using 0.6% casein as the substrate. The product of the protein-digesting enzyme was measured
spectrophotometrically at 660 nm against a linear range of tyrosine. The activity of the observed
digestive enzymes was expressed as U.

2.6. Crude Protein Assessment

Each rabbit’s feed intake between 19-24, 25-30 and 31-36 days old and the amount of crude protein
in the milk replacer and diet were used as information to calculate the amount of crude protein intake.

2.7. Statistical Analysis

The results of this study are represented as the mean and pooled standard error of the mean.
A completely randomized design was employed in this study. Therefore, one-way analysis of variance
(ANOVA) was used to compare the different types of milk replacers (fixed factors) for internal organ
characteristics, caecal pH, caecal digestive enzyme activities and duodenal histology, whereas the
growth performances, water intake, faeces excretion, apparent digestibility, number of faecal pellets
and amount of protein intake were analyzed by two-way mixed analysis of variance, with treatment
groups or age serving as the between-subjects or the within-subjects factor, respectively. Duncan’s
multiple range test was used for post hoc analysis. Differences were considered statistically significant
at p < 0.05. All statistical analyses in this study were performed with R-statistic software using the
Remdr package [18].
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3. Results

The effects on performance, apparent digestibility, amount of faeces excretion and crude protein
intake from rabbits fed the different milk replacers are shown in Table 2. No statistically significant
differences between the groups and the interactions between the studied factors (groups and age) for all
parameters in Table 2 were apparent (p > 0.05). The age increment was correlated with increased body
weight, ADFI, ADG, FCR, water intake, faeces excretion and crude protein intake (p < 0.05), whereas
apparent digestibility did not affect dry matter, organic matter or ether extract (p > 0.05). However,
the crude protein digestibility of rabbits at 31-35 days old was lower than rabbits at 23-27 days old
(p < 0.05). The rabbits fed KMR and MMR displayed higher nutrient digestibility in both age ranges
compared with rabbits fed RMR, but there was no statistically significant difference (p > 0.05). Rabbits
in RMR, KMR and MMR were received the crude protein from milk daily at 2.23, 2.61 and 1.62 g dry
matter/head. No deaths, morbidities or clinical signs were observed in rabbits during the experimental
period. Moreover, a rabbit in each replicate was not euthanized at the end of the experiment and
remained alive until it reached two months of age. In addition, there were no problems of milk
perception and palatability in any group in this experiment, because the rabbits sucked milk directly
from the syringe without any force feeding.

Table 2. Effect of different milk replacers on rabbit performances, apparent digestibility and crude
protein intake.

Factors p-Value
P Artificial Milk Replacers (AMR) Age (days) SEM
AMR Age AMR * Age
RMR KMR MMR 0 6 12 18

BW (g/head) 210 198 202 1342 157 214¢ 3089  9.086 038  0.001 0.94

1924 25-30 31-36 -
ADFI (g/head/day) 2211 26.7 221 7472 221b 39.6¢ - 2.239 0.59 0.001 0.56
ADG (g/day) 9.62 9.33 8.52 440°  108% 14.6° - 0.808 0.84 0.001 0.77
FCR 2.39 2.62 2.74 191*  221°  275b N 0.115 0.44 0.01 0.56
Water intake a b o
(g/head/day) 41.8 30.9 342 10.1 31.9 68.0 - 3.902 0.1 0.001 0.38
Faeces excretion 15 143 15.4 1292 549°  8.14°¢ - 093 081  0.001 032
(g/head/day)
Crude protein intake (g/head/day) 1
Diet 3.72 3.73 39 120%  3.56° 6.37°¢ - 0.361 0.59 0.001 0.56
Diet and milk 5.95 6.34 5.52 3392 565"  856°¢ - 0.364 0.11 0.001 0.56

23-27  31-35 - -
Apparent digestibility (%)
Dry matter 59.6 63.3 63.5 60.5 63.4 - - 1.126 0.29 0.22 0.96
Organic matter 60.7 65.1 65.2 62.8 64.2 - - 1123 0.18 0.51 0.85
Ether extract 68.3 73.8 70.7 71.3 70.3 - - 2418 0.75 0.88 0.97
Crude protein 76.5 80.8 81.1 81.5> 7712 N 1.007 0.07 0.03 0.34

RMR = Rabbit milk replacer, which was used in this study, KMR = Kitten milk replacer (KMR®, Pet-Ag Inc.,
Hampshire, IL, USA), MMR = Mammal milk replacer (Zoologic® Milk matrix 30/52, Pet-Ag Inc., Hampshire, IL,
USA), SEM = pooled standard error of mean, BW = Body weight, ADFI = Average daily feed intake, ADG = Average
daily weight gain, FCR = Feed conversion ratio; b.¢.d The differences in superscript letter in the same row
represented statistical significant differences (p < 0.05); ! The rabbits in the RMR, KMR and MMR groups received
crude protein from milk at 2.23, 2.61 and 1.62 g/head/day, respectively.

The consequences for internal organ weight, caecal pH, duodenal wall histology and digestive
enzyme activities between the groups are compared in Table 3. The weight of each internal organ was
not statistically significantly different between the groups (p > 0.05). Caecal pH was not influenced by
the differences in milk replacers (p > 0.05). Caecal amylase activity in the MMR group was lower than
in the KMR group (p < 0.05), whereas greater caecal protease activity was observed in the RMR group
compared to the MMR group (p < 0.05). Cellulase activity was not affected by the treatments (p > 0.05).
Respectively, the shortest villus and the shallowest crypt depth were found in the RMR and the KMR
groups compared to the MMR group (p < 0.05).
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Table 3. Effect of different milk replacers on internal organ weight, caecal pH, intestinal villi morphology
and digestive enzyme activity.

Artificial Milk Replacers (AMR)

Parameters SEM p-Value
RMR KMR MMR
Internal organs characteristics (g/live body weight)

Liver 4.46 4.00 3.81 0.162 0.25
Spleen 0.14 0.10 0.10 0.015 0.51
Kidney 1.24 1.18 1.12 0.046 0.61

Thoracic organs ! 1.07 1.09 1.15 0.063 0.38
Pancreas 0.06 0.07 0.05 0.007 0.99
Full stomach 7.40 7.44 7.22 0.555 0.79
Stomach wall 2.09 2.01 1.99 0.061 0.65
Intestinal organs 2 7.38 6.87 7.37 0.242 0.54
Full caecum 16.3 16.1 16.2 0.422 0.97
Caecal wall 2.75 249 2.34 0.134 0.48
Caecal pH 6.50 6.30 6.38 0.081 0.63

Caecal digestive enzyme activities (U)
Amylase 12.22b 18.5° 1042 1.41 0.04
Protease (x1071) 726" 6.84 2b 5792 0.253 0.04
Cellulase 3.71 3.50 3.60 0.057 0.31
Duodenal villi morphology (um)

Villus height 3202 361 2P 380 8.50 0.04
Villus crypt 66.2 2P 6262 68.4° 0.737 0.007

RMR = Rabbit milk replacer, which was used in this study, KMR = Kitten milk replacer (KMR®, Pet-Ag Inc.,
Hampshire, IL, USA), MMR = Mammal milk replacer (Zoologic® Milk matrix 30/52, Pet-Ag Inc., Hampshire, IL,
USA), SEM = pooled standard error of mean, BW = Body weight, FI = Feed intake, ADG = Average daily weight
gain, FCR = Feed conversion ratio; b The differences in superscript letter in the same row represented statistical
significant differences (p < 0.05); 1 Thoracic organs includes lungs and heart; 2 Intestinal organs includes stomach,
small intestine, large intestine, caecum and rectum with content.

The average number of faeces pellets from two rabbits of each replicate in the experiments is
illustrated in Figure 1 and Table Al. The graph shows a steady increase in the number of faecal pellets
with increasing age (p < 0.001); however, a sharp drop occurred in all study groups at 35 days of age,
followed by another increase. The largest number of faecal pellets existed in the MMR group compared
to the RMR group (p < 0.05; Appendix A Table Al), with the KMR group between them (p > 0.05).
A significant interaction between the fixed factors (age and treatment group) was identified (p < 0.05).
Generally, the same increasing trend was observed in all groups, except for the sharp rise in the number
of faecal pellets in the MMR, RMR and KMR groups at 22-23, 24-26 and 34-36 days of age, respectively.
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Figure 1. Effect of different milk replacers on number of faecal pellets (RMR, rabbit milk replacer in
this study; KMR, kitten milk replacer, KMR®, Pet-Ag Inc., Hampshire, IL, USA; and MMR, mammal
milk replacer, Zoologic® Milk matrix 30/52, Pet-Ag Inc., Hampshire, IL, USA).

4. Discussion

The RMR was formulated according to the profile of rabbit milk; therefore, its chemical composition
was the most similar to the composition of rabbit milk [10]. KMR contained a higher proportion of
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crude protein and was lower in fat and energy than RMR and rabbit milk. On the other hand, MMR
was lower in crude protein and higher in fat and energy than RMR and rabbit milk. A high density of
nutrients and energy was the unique characteristic of rabbit milk, which contained respectively around
four and three times higher proportions of protein and lipids than cow’s milk [10]. A short milking
time is a common nursing behaviour, explaining the high density of rabbit milk [6]. The amount of milk
replacer fed to young rabbits was calculated on the basis of stomach capacity. Milk replacer in powder
form was used for all formulations in this study because a highly concentrated milk mixture can be
formulated from dried powder but not in liquid form [8,9]. Rabbit milk protein comprises around
70% and 30% casein and whey protein, respectively [10]. Therefore, casein served as a major protein
ingredient in the milk replacer formulation for RMR and the two other commercial milk replacers,
whereas dried skimmed milk powder represented another protein source, which was used in a lower
proportion than casein. Respectively, either whey or milk protein concentrate was supplemented
in KMR and MMR, whereas in RMR they were not. A low level of lactose is present in rabbit milk;
therefore, cow’s or goat’s milk is limited as a milk replacer formulation [10]. Moreover, lactase activity
in rabbits decreases with age and does not respond to the lactose concentration in the diet. Therefore,
excessive lactose intake can lead to a digestive disorder [6]. Differences in the type of raw protein
source and quantity influence the diversity of the amino acid profile. Although the amino acid profile
was not evaluated in this study, the intake of amino acids would have been sufficient for rabbits
because casein, considered an ideal protein, was used as the main ingredient and the percentage of
crude protein in all milk replacers was higher than nutrient requirements [4,6].

Fat in rabbit milk represents the major energy sources for rabbits [10], whereas excessive starch
intake promotes digestive problems and increases the mortality rate of young rabbits [4]. The highest
nitrogen-free extract was present in the KMR formulation; however, no adverse effects were observed
in this group. Medium-chain fatty acids, mainly caprylic (C8:0) and capric acid (C10:0), were the major
components of fatty acids in rabbit milk, comprising around 50% of total fatty acids [10]. Vegetable
oil or hydrogenated palm oil served as the only lipid sources in milk replacers, comprising a high
proportion of polyunsaturated fatty acids; however, they still contained these medium-chain fatty
acids. Another function of caprylic and capric acid was their antibacterial properties, which maintained
microbial community development and prevented pathogen invasion. Supplementation with these
medium-chain fatty acids should confer health benefits on rabbits. Nevertheless, no health problems
occurred in this study, although these medium-chain fatty acids were not supplied in the formulations.
The essential fatty acids were supplied in sufficient amounts to fulfil the nutritional requirements of
all the study groups, as there was a very high amount of fat in all the formulations [6]. However,
an antioxidant such as tocopherol should be supplemented to prevent lipid oxidation. The minerals
and vitamins in RMR were higher than the minimum requirements in rabbits [6]. In the early
period of the experiment, the rabbits received nutrients and energy from the milk replacers in high
proportions compared to the pelleted diet, which represented only around 1/3 of the total intake in
the first period. Subsequently, a higher intake of the pelleted diet became the main nutrient and
energy source. Growth performances did not differ between treatment groups, and no morbidity or
mortality of rabbits occurred during or after the experimental period. Moreover, the rabbits’ final
body weights were similar to those of their counterparts reared with their mother at the same age,
as reported in the study of [5]. These findings demonstrate the potential of using milk replacers in
early weaned rabbits. However, the low energy and nutrient requirements of the rabbits in this study
were characteristics of a native breed with a slow growth rate compared to hybrid or commercial meat
rabbits [5]. Therefore, milk replacers can certainly be used in local breed or pet rabbits, possibly offering
benefits to veterinarian and pet rabbit producers. Rabbits raised in intensive rearing systems and/or
with high growth rates may be studied further as to which milk replacer can support their growth
performances and the maintenance of a healthy condition. Another study [9] reported lower growth
performances in commercial meat rabbits fed KMR compared with rabbits fed rabbit milk.
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A previous report has shown that the gut microbial community of rabbits plays an important role
relating to the efficiency of nutrient fermentation, productive performance and heath condition [19].
A sterile gut is observed in rabbits immediately after birth. Subsequently, microbes slowly and
continuously colonize the rabbit gut and the amount of antimicrobial substances in rabbit milk and
nutrients have major effects on the development of gut functions and the microbial community [10,19].
A large variation in the bacterial community was observed between young rabbits at an early age.
However, the composition of the bacterial community between rabbits became more similar with
increasing age, especially with pelleted diets [13,19]. To our knowledge, the caecum is a major
organ of bacterial fermentation in rabbits, providing around 50-60% of daily energy requirements.
The caecal environment greatly affects the microbial community in rabbits, especially in terms of
pII, being influenced in a major way by fermentable products called volatile fatty acids. A low
nutrient fermentation efficiency can result in a higher value of caecal pH, increasing the risk of a
digestive disorder [6]. The caecal pH of the RMR group seemed to be higher than that of the other
groups. However, the caecal pH of the RMR group was lower than 6.73, insufficient to promote
a gut health problem [6]. Moreover, there was no statistically significant difference in caecal pH,
growth performance, digestibility, morbidity and mortality during the experiments, supporting the
possibility of using RMR in rabbits.

Caecal enzyme activity was another indicator representing microbial activity. The amount of caecal
amylase and protease in the RMR and KMR groups was higher than in the MMR group. Fermentation
products from probiotic bacteria and prebiotics play an important role in supporting the development
of a normal flora in rabbits [20]. Supplementation with fermentation products from several normal
flora bacteria (Lactobacillus sp., Enterococcus faecium, Bifidobacterium bifidum, Pediococcus adicilactici)
and prebiotics (fructooligosaccharide) in the KMR formulation contributed to higher enzyme activity,
whereas RMR and MMR did not contain these supplements. Such findings are in accordance with
another research study [8]. A higher survival rate was observed in the milk replacer with probiotics
and prebiotics (35.3%) compared to without these additions (21.3%) in infant cottontail rabbits in which
the chemical composition of these milk replacers were similar [8]. Thus, probiotics and/or prebiotics
may have been the key factor determining this result. The unsuitable chemical components of KMR
with respect to rabbit milk and the slow growth rate of bacteria in the first period could have been
the cause of the lower feed intake in the first period in the KMR group. Subsequently, feed intake
in the KMR group was higher than in the others at the end of the experiment, as a consequence of
the full development of microbes. The closeness of the chemical component of RMR to that of rabbit
milk may have promoted the appropriate substrate for early microbial colonization, leading to higher
caecal enzyme activity. None of prebiotic supplement and difference in chemical composition in MMR
could be the cause of the lower enzyme activity in the caecum compared to other groups. Therefore,
supplementation with probiotics and/or substrates for a normal flora in feed formulation with the
appropriate chemical components (i.e., in line with rabbit milk) may represent the best procedure to
achieve good development of the microbial community in early weaned rabbits. However, a microbial
community analysis should be performed in a future study to confirm this hypothesis.

No statistically significant difference in growth performance was observed in this study. However,
a trend existed that can be explained in detail. The lowest FCR was observed in the RMR group as
a consequence of the lower ADFI and the higher ADG. This may have been due to the appropriate
crude protein and fat proportion in the RMR, which promoted lower adaptation following the milk
replacer in the first period. However, the highest ADFI was observed in the KMR group as the
lowest energy density because the feed intake was stimulated by a physiological function until the
animal had obtained its daily energy requirement [6]. Therefore, a lower pelleted diet intake could be
observed in the group already receiving a high-density milk replacer in the RMR and MMR groups.
The digestibility of dry matter and nutrients in the RMR group tended to be lower than in the other
groups. The supplementation of prebiotics and substrates for microflora in KMR can support the
microbial community and facilitate increased digestibility. In addition, MMR contained the highest
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energy density, which bacteria can use as energy sources to produce butyrate. Intestinal epithelial cells
can utilize such short-chain fatty acids as an energy source, promoting proliferation, differentiation and
gut immunity [21]. Thereby, the greatest villus height and villus crypt depth were seen in the MMR
group, enabling better digestion and absorption and providing higher nutrient digestibility RMR as a
result [22]. Furthermore, the amount and characteristics of hard faeces can be used to indicate digestive
health [7]. The total weight of faecal excretion did not differ between groups, but the largest number of
faecal pellets was found in MMR, followed by KMR and RMR. Moreover, no soft faeces were found
under the rabbit cage, indicating that crude protein intake did not exceed their requirement [19].

Lower growth performance and survival rates were reported in the group fed with KMR compared
with the group fed with rabbit milk from lactating does [8]. Unfortunately, this study did not compare
the milk replacers with rabbit milk. Early separation at 14 days of age may have been the cause of the
negative consequences found in the study of [8], whereas separation at 18 days of age did not result in
any serious adverse outcomes here. In addition, a high mortality rate was observed in the study of [8]
because the rabbits were too young, were injured and were experiencing high levels of stress due to
being wild rabbits.

5. Conclusions

Differences in efficiency between the RMR developed in this study and commercial milk replacers
(KMR and MMR) used in 18-day-old rabbits were revealed in the current study. Based on the
results, it was possible to use RMR as a milk replacer for 18-day-old rabbits and to wean at 36 days
of age, this not providing any adverse consequences for final body weight, ADG, FCR, ADF],
nutrient digestibility, internal organ characteristics, caecal pH, amount of faeces excretion and crude
protein intake. Lower nutrient digestibility was observed in the RMR group without statistically
significant differences. Therefore, probiotics and/or prebiotics can be supplemented in formulations to
promote a suitable microbial community and to provide benefits in terms of growth performance and
nutrient digestibility.
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Appendix A

Table A1. Effect of different milk replacers on number of faecal pellets.

Artificial Milk Replacers Age (days) Number of Feces
RMR #
19 0?
20 0?
21 62b
22 117°
23 244 cd
24 263 ¢
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Table A1. Cont.

Artificial Milk Replacers Age (days) Number of Feces
25 338 def
26 401 efgh
27 379 defg
28 385 defg
29 371 cde
30 543 hi
31 548 fgh
32 590 hi
33 592 ghi
34 454 def
35 587 ghi
36 7421
KMR AB
19 75.6
20 70.8
21 191
22 180
23 418
24 432
25 435
26 456
27 421
28 428
29 378
30 493
31 467
32 505
33 441
34 431
35 519
36 563
MMR B
19 0
20 3.33
21 523
22 151
23 311
24 245
25 426
26 509
27 444
28 432
29 406
30 520
31 463
32 476
33 497
34 350
35 436
36 477
SEM 12.02
p-Value
Groups 0.03
Age 0.001
Groups * Age 0.02

RMR = Rabbit milk replacer in this study, KMR = Kitten milk replacer (KMR®; Pet-Ag Inc., Hampshire, IL, USA),
MMR = Mammal milk replacer (Zoologic® Milk matrix 30/52; Pet-Ag Inc., Hampshire, IL, USA; SEM = Pooled
standard error of mean; * B The differences in superscript capital or lower case letter in the same column represent
statistical significant differences of groups or age, respectively (p < 0.05).
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Simple Summary: Weaning is the most important and critical period in rabbits breeding; the cecal
digestion is very complex and only small dietary and/or environmental changes can disturb the
stable microbial population/fermentation and gut health, leading to digestive dysbiosis and increased
morbidity, often with fatal outcome and big economic losses. Control of the microbiota, prevention of
digestive disturbances and improving gut health and immunity can be achieved through the
natural substances application in rabbit nutrition. While probiotics are frequently used in rabbit
farms, the in vivo administration of bacteriocins (antimicrobial substances produced by bacteria,
which usually also possess probiotic properties) in these animals is often limited and has become an
area of research activity. Moreover, the most of probiotic strains used in rabbits are non-autochthonous
(have a different origin than the rabbits ecosystem). Therefore, our study focused on improving rabbits’
health using the autochthonous strain Enterococcus faecium EF2019 (CCM7420) and its enterocin
(Ent7420) in broiler rabbits. The antibacterial and anticoccidial effect of additives was observed,
with good colonization ability of the CCM7420 strain. Both additives showed a tendency to modulate
the serum biochemistry parameters and to improve the immunity, jejunal morphology, weight gains,
feed conversion ratio and meat quality (physicochemical traits and mineral content).

Abstract: The present review evaluates and compares the effects achieved after application of
rabbit-derived bacteriocin-producing strain Enterococcus faecium CCM7420 with probiotic properties
and its bacteriocin Ent7420. The experiments included varying duration of application (14 and
21 days), form of application (fresh culture and lyophilized form), combination with herbal extract
and application of the partially purified enterocin—Ent7420, produced by this strain. Results from
these studies showed that E. faecium CCM7420 strain was able to colonize the gastrointestinal tract
(caecum) of rabbits (in the range < 1.0-6.7 log cycle, respectively 3.66 log cycle on average), to change
the composition of intestinal microbiota (increased lactic acid bacteria, reduced counts of coliforms,
clostridia and staphylococci), to modulate the immunity (significant increase of phagocytic activity),
morphometry (enlargement absorption surface in jejunum, higher villi height:crypt depth (VH:CD)
ratio), physiological (serum biochemistry; altered total proteins, glucose and triglycerides levels) and
parasitological (Eimeria sp. oocysts) parameters and to improve weight gains (in the range 4.8-22.0%,
respectively 11.2% on average), feed conversion ratio and meat quality (physicochemical traits and
mineral content).

Keywords: rabbit; Enterococcus faecium; enterocin; microbiota; intestinal morphology; phagocytic
activity; serum biochemistry; meat quality; weight gain
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1. Introduction

Rabbit breeding has a great potential because of the small body size, short generation interval,
rapid growth rate, high productive capacity and healthy, easily digestible meat of rabbits [1,2]. Moreover,
rabbits can convert a higher amount (20%) of the protein they eat into edible meat, compared with
pigs (16-18%) and cattle (8-12%; [3]). In several European countries, in which the rabbit breeding
has a long history and high production efficiency, presently is regressing, whereas in the developing
countries of the world rabbit farming has become to an important emerging enterprise. In growing
rabbits, the most critical period is the weaning, when the kits are separated from mother and the milk
is substituted with solid feed [4]. During these environmental and physiological changes/stresses,
the rabbits are very sensitive to digestive disturbances, also called non specific enteritis (usually
caused by dietary stresses, parasites—Coccidia and bacteria—Clostridia sp. and enteropathogenic
Escherichia coli) and gastrointestinal infections (epizootic rabbit enteropathy—ERE, a multifactorial
gastrointestinal syndrome, [5]). These dietary and bacterial changes are the main reason of morbidity
and mortality and have negative effects on feed consumption, growth performance and health status
of animals in this period and also on the economic aspects of rabbit farming.

To overcome this period, to reduce economic losses and to improve and stabilize the health status
and gastrointestinal tract development, antibiotic growth promoters (AGPs) have been widely used for
years. Although, these synthetic drugs showed good effects on production indicators, on the other
hand, there was a risk of increasing resistance to antibiotics and transferring of antibiotic resistance
genes from animal to human, which also threatened the human health and quality of meat and
food [6]. For this reason, AGPs have been banned by the European Union (began in 1986 in Sweden
and completely banned in January 2006, when the last four antibiotics have been permitted as feed
additives was no longer allowed to be marketed or used from this date; IP/03/1058; [7,8]). As a result
of the ban, researchers had to substitute AGPs and to find new feed additives that were supposed to
be safer, without leaving residues and spreading resistance to themselves, but also improving health
and productivity of rabbits. Therefore, the antibiotics have been replaced with new, naturally based
supplements: probiotics, prebiotics, synbiotics, enzymes, bacteriocins, organic acids, herbs and their
extracts, which are well-tried tools for disease prevention and therapy in various animal species,
including rabbits [9].

The last two decades have seen a substantial increase in the use natural supplements and/or
additives in animal nutrition, in which their antimicrobial activity has been highlighted many
times. The EU in its Regulation EC 1831/2003 defined the terms “feed additives” as “substances,
microorganisms or preparations, other than feed material and premixtures, which are intentionally
added to feed or water” and the “antimicrobials” as “substances produced either synthetically or
naturally, used to kill or inhibit the growth of microorganisms, including bacteria, viruses or fungi,
or of parasites, in particular protozoa” [10]. According to the World Health Organization (WHO)
probiotics are defined as “live microorganisms which, when administered in adequate amount, confer a
health benefit on the host”. Although this definition is widely accepted, a 2007 guidance document
from the European Commission on Regulation EC 1924/2006 on nutrition and health claims (NHCR)
categorizes the term “probiotic” as a health claim on the basis that it implies a health benefit. For this
reason, the term “beneficial microbes” is used more often instead of a “probiotic microorganism” [11].

The use of several natural feed additives has already been reviewed in rabbit breeding [10,12-15].
The positive effects of probiotics and their antibacterial products—bacteriocins on health, growth
performance, nutrient utilization and metabolism changes, microbial composition [14,16-35], blood serum
biochemistry, oxidative stress, immune response, intestinal morphology [21,24,28-31,34,36-38] and
meat quality of rabbits [32,34,39-43] was described. However, in spite of the achieved results, there are
still few declared probiotic preparations based (Lactina, Toyocerin; [44,45]; Prorabbit—declared in
Slovakia; [25]) and detailed studies of microorganisms with beneficial properties that have also the
ability to produce antimicrobial substances, enterocins.
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The aim of this review was to summarize all achieved properties and physiological effects of the
bacteriocin-producing strain with probiotic properties Enterococcus faecium CCM7420 (EF2019 previous
working labeling, [46]) isolated in 2003 from rabbit feces in the Laboratory of Animal Microbiology of
the Institute of Animal Physiology, Centre of Biosciences of the Slovak Academy of Sciences (Kosice,
Slovakia) and tested to date in 180 rabbits. These experiments included varying duration of application
(2 and 3 weeks), form of application (fresh culture in water; the concentration of cells was x10° CFU/mL
in a dose 500 pl/animal/day; lyophilized (freeze-dried) form rehydrated in water (x10° CFU/mL;
dose 500 pL/animal/day) as well as mixed in feed and pelleted (15 g/100 kg feed), application of its
partially purified bacteriocin (PPB)—enterocin (Ent) EF2019 (applied into water) and fresh culture in
combination with natural substance (Eleutherococcus senticosus).

2. Enterococcus faecium CCM?7420 (EF2019) and Its Bacteriocin-Enterocin (Ent7420)

Enterococcus faecium EF2019 (CCM7420) is a bacteriocin-producing strain [47], which was isolated
from the rabbit feces and genetically confirmed by the PCR method and subsequently by MALDI-TOF
mass spectrophotometry as well as the sequencing procedure of this strain was provided (Dr. Kopcakova,
IAP CBs SAS). This strain produces lactic acid, tolerates low pH (3.0; 63% surviving of cells) and is able
to grow even in 5% oxgall—bile (80% surviving of cells), shows sensitivity to antibiotics, including
vancomycin [25,48] and possess lipolytic activity [49]. Other unpublished data suggests that the
CCM7420 does not produce biogenic amines and enzymes such as 3-glucuronidase, 3-galactosidase
or N-acetyl-B-glucosaminidase (enzymes produced by unfriendly gut bacteria; their increased levels
are usually the indicators of colon cancer), and it does not show any gelatinase (absence of the gelE
gene) or hemolytic activities with low ability to form biofilm (0.092). The strain was deponed into
Czech Collection of Microorganisms in Brno, Czech Republic to have number CCM7420. This strain
showed the broadest inhibitory activity from all tested rabbits enterococcal strains against the indicators
E. avium EAS, Listeria innocua LMG13568 and L. monocytogenes CCM4699 and against other tested
enterococci and staphylococci tested such as clostridia, pseudomonads, enterobacteria and coliform
bacteria [48]. The presence of the structural genes for enterocins (ent) A, P and L50B was detected;
however, the CCM7420 did not possessed gene for ent B [47]. The molecular mass of its bacteriocin-like
substance ranged from 3 to 10 kDa. Proteinaceous substance produced by CCM7420 strain was
partially purified (partially purified bacteriocin (PPB) or enterocin (Ent) 2019 =7420). It is thermostable
substance as well as stable at pH 4.0, 7.0 and 9.0. Its production starts in early logarithmic growth
phase and it culminates in the late logarithmic phase of CCM7420 strain growth. By its properties,
it can probably be included in the II. classification group of bacteriocins. Ent2019 or Ent7420 added to
the growing strain L. innocua LMG13568 (after 4 h) inhibited its growth already at 1 h after enterocin
addition with a difference of 1.5 log cycles (5 h of cultivation). This effect was prolonged up to
24 h. The Ent7420 was tested against more than 300 strains of enterococci, staphylococci, clostridia,
pseudomonads, enterobacteria and coliforms [48]. The inhibitory activity of this substance was
preserved after 24 months of storage at —20 °C (6400 AU/mL; [48]) and also after lyophilization (freeze
dried) and redissolution in PBS buffer (25600 AU/mL; not published data). The CCM7420 strain is
currently available in the ProRabbit, probiotic product for rabbits and other rodents, made by the
International Probiotic Company Kosice (Slovakia).

3. Application Effects of E. faecium CCM7420 and Its Enterocin Ent7420 Observed in Experiments

3.1. Effect on Growth Performance

The results from all these experiments indicated that the CCM7420 strain could improve
the average daily weight gain (ADWG; between 4.8 and 22.0%; Table 1) regardless of the
form of bacteriocin-producing strain (fresh, p < 0.001 compared to control data; or freeze
dried-lyophilized—numerical increase) and its application time (2 or 3 weeks). The feed conversion
ratio (FCR) was influenced only through the Ent7420 administration and the combinative application
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of the CCM7420 strain with Eleutherococcus senticosus extract. The effect of probiotics, including
registered probiotic preparations and new beneficial microorganisms on the growth performance
of rabbits have been already described/reviewed; they usually confirmed the increased body
weight [14,15,17,19,24,25,31,32]. The most of these studies described faster growth and higher
weight gain of rabbits using probiotic preparations and feed additives based on the following
bacterial strains and yeasts alone or in their combinations: Saccharomyces cerevisiae, S. boulardii,
Bacillus licheniformis, B. cereus, B. cereus var. toyoi, Pediococcus acidilactici, Lactococcus lactis, Lactobacillus
acidophilus, L. plantarum, L. helveticus, L. delbrueckii and L. sporogenes [14]. Up to now, only several
commercial products recommended especially for rabbits contain especially the species strain
Enterococcus faecium as a component of the probiotic bacterial mix (Lactina—E. faecium NBIMCC
8270 [44]; Prorabbit—E. faecium CCM7420 [25]) or for companion animals with diarrhea (Pro-enteric
Triplex—E. faecium DSM 10663/NCIMB 10415 [50]). In all experiments, higher ADWG was noted during
CCM7420 administration. Surprisingly, the highest increase of ADWG (by 22%, Table 1) was noted after
2 weeks addition (model experiment, only seven animals were used in the group). The three weeks
long CCM7420 dietary inclusion also improved the growth performance; however, only by 6.7% on
average (from results of fresh culture application in two experiments; [25,26]). Similarly to our results,
Laukova et al. [21] and Szab6ova et al. [35] also reported higher ADWG through bacteriocinogenic and
probiotic E. faecium AL41 (CCM8558) and CCM4231 strains application in rabbits. Improved body
weight in rabbits was also noted after probiotics administration by Bovera et al. [30], Bhatt et al. [32]
and Kalma et al. [51]. On the other hand, after PPB CCM7420 addition increased the body weight only
slightly (by 2.2%, Table 2), but in this group, better FCR was achieved, compared to strain application.
The bacteriocin dietary inclusion showed better feed conversion also in the case of other bacteriocins:
EntM, EntCCM4231, EntEF55 and gallidermin [21,52-54], applied in rabbit husbandry.

Table 1. The effect of Enterococcus faecium CCM7420 and its enterocin Ent7420 on the growth performance

of rabbits.
Tested Zootechnical . . Enterocin (Ent)
Parameters E. faecium CCM?7420 Strain 7420
Lyophilized Lyophilized
Fresh Culture Fresh Culture Form Resolved ~ Form Mixed Fresh ?ulture +

s . E. senticosus
in Water into Pellets

Reference number of . - - -

publication [24] [25] [55] [55] [26] [25]

Length of application 14 days 21 days 21 days 21 days 21 days 21 days

Number of rabbits n=7) (n=24) (n=24) (n=24) (n=24) (n=24)

Initial live weight G5 d of 11505, 1009 97702970 10023 +1623  10425+3157 107751022  963.0 = 101.0

age; 0 d of experiment), g

Intermediate live weight

(49/56 d of age; 14/21 d of ~ 1507.0 + 120.0 1850.0 + 152.0 1664.4 + 170.0 1856.9 + 361.4 1943.3 +222.2 1788.0 + 199.0
experiment), g

Final weight (70/77 d of

age; 35/42 d of 2325.0 + 260.0 2622.0 +104.0 2206.7 + 164.6 2319.2 + 164.6 2723.3 + 204.7 2431.0 + 142.0
experiment), g

Average daily weight gain

(g/d; increase compare to ~ 28.00 (22.0%) 39.17 (4.8%) 38.35 (10.0%) 38.51 (10.5%) 39.19 (8.5%) 34.95 (2.2%)
control data%)

Feed conversion ratio

between 35 and 56 days Not tested 271 223 2.28 2.59 2.68

of age (g/g)

Feed conversion ratio

between 56 and 77 days Not tested 4.67 341 3.42 3.97 3.87

of age (g/g)

Feed conversion ratio per
kg gain

Mortality (1(%) in
experimental group/n(%)  0(0.0%)/0(0.0%)  3(12.5%)/5(20.8%) 3(12.5%)/7(29.2%) 3(12.5%)/7(29.2%) 0(0.0%)/4(16.7%)  1(0.04%)/4(16.7%)
in control group)

Not tested 3.47 2.82 2.85 3.28 322

The fresh culture of the CCM7420 strain was applied into water (at concentration of cells x10°
CFU/mL; dose 500 uL/animal/day); lyophilized (freeze-dried) form rehydrated in water (><10g CFU/mL;
dose 500 ul/animal/day) as well as mixed in feed and pelleted (15 g/100 kg feed).
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Table 2. The effect of Enterococcus faecium CCM7420 and its enterocin Ent7420 on the fecal microbiota

of rabbits.
E. faecium CCM?7420 Strain Enterocin
: (Ent)7420
Lyophilized Lyophilized
. Tested . Fresh Culture  Fresh Culture  form Resolved  Form Mixed Fresh Cl'llllll‘e *
Microorganisms . . E. senticosus
in Water into Pellets
Reference number of . - - -
publication [24] [25] [55] [55] [26] [25]
Length of application 14 days 21 days 21 days 21 days 21 days 21 days
. Increased Increased
Enterococci Increased (p <0.01) Increased Increased Unchanged (p <0.05)
Lactic acid bacteria Increased
(LAB) (p <0.01) Unchanged Increased Increased Unchanged Decreased
Clostridia Decreased Decreased Unchanged Unchanged ]:():c;eoagg;i Unchanged
Coagulase-p(?SItlve Decreased Unchanged Unchanged Unchanged Decreased Decreased
staphylococci (p <0.01)
Staphylococcus aureus Unchanged Decreased Unchanged Unchanged geirg%%eg Decreased
Coliforms Unchanged Decreased Unchanged Unchanged gezrg%s;lc; Decreased
CCM7420 6.7 log cycle 6.7 log cycle <1.0 log cycle 2.8 log cycle 1.11og cycle -

The fresh culture of the CCM7420 strain was applied into water (at concentration of cells x10°
CFU/mL; dose 500 pL/animal /day); lyophilized (freeze-dried) form rehydrated in water (x10° CFU/mL;
dose 500 ul/animal/day) as well as mixed in feed and pelleted (15 g/100 kg feed). Statistical analysis was performed
using one-way analysis of variance (ANOVA) with the post hoc Tukey test with the level of significance set at
(p < 0.05), within experimental groups during each individual experiment.

3.2. Effect on Fecal Microbiota

In all experiments, administration of E. faecium CCM7420 was associated with increased enterococci
(p < 0.01) and lactic acid bacteria (LAB) counts during the treatment period by a 1.3 log cycle on
average (Table 2), while the application form or time length had no impact on the bacterial counts
increase. The numerical increase of enterococci and LAB was recorded also in previous experiments
with non-autochthonous E. faecium probiotic strains inclusion in rabbits [21,29,56]. Other authors
also noted abundance of microflora in caecum and higher lactobacilli counts after Lactobacillus strains
application [57]. Outgoing from results of several studies focusing on the molecular profiling of rabbits
gut [58-60] and colonization ability of applied enterococcal probiotic strains [33], enterococci were
found as predominant microbiota from the phyla Firmicutes and they were able also to colonize
the caecum and the small intestine (ileum and jejunum) in sufficient counts. The microbiological
examinations in fecal samples confirmed the presence of E. faecium CCM7420 strain. This strain
was able to colonize the digestive tract of rabbits, reaching counts in the range 2.8-6.7 log cycle
during the 2 or 3 weeks treatment. These numbers are comparable with the level of autochthonous
probiotic strains of several Enterococcus spp. after their application in rabbits [35]. Obviously, decreased
CCM7420 counts (1.0-3.3 log cycle) were noted in the post-treatment period (3 weeks after strain
cessation), but it was still able to persist in the rabbit’s intestine. However, the lowest counts in fecal
samples were achieved during the experimental application of the lyophilized CCM?7420 strain [60],
this level is comparable to that one achieved through fresh culture addition of non-autochthonous,
bacteriocinogenic and the probiotic E. faecium AL41 (CCM8558) strain in rabbits [21]. Important results
concerning the spoilage microbiota, including clostridia, coliforms and staphylococci were described in
our experiments. Significant reduction of coagulase-positive staphylococci was noted in fecal samples
of rabbits, administering fresh culture of CCM7420 (p < 0.01; [24]); the S. aureus counts were also
reduced by 0.5-1.2 log; p < 0.001 [25,26]. The CCM7420 strain seems to be useful in rabbits suffering
from diarrhea disturbances involving coliforms (reduced by 1.6 log; p < 0.001 [26]) and/or clostridia
(reduced by 0.5-1.5 log; p < 0.05 [25,26]). Similarly to our results, decreased counts of coliforms,
S. aureus and clostridia were presented in probiotic-treated rabbits [21,23,29]. In rabbits administering
the enterocin Ent7420, reduction in coliforms, coagulase-positive staphylococci, including S. aureus
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was noted [25]. Our results are in accordance to those presented by Laukovd et al. [21], who tested the
effect of nisin on the rabbits gut microbiota and noted reduced counts of the most bacterial species.
The gut microbiota is an important constituent in the intestine’s mucosal barrier; the increase of the host
defense had been already demonstrated by the application of potentially beneficial microorganisms
and other natural antimicrobials (bacteriocins, organic acids and plant extracts; [61]).

Changes in bacterial composition—decrease of fecal coliforms, Pseudomonas-like sp.,
Clostridium-like sp. and S. aureus—during the additives supplementation confirm the antibacterial effect
of CCM7420 strain. The inhibitory effect of the bacteriocin-producing and probiotic enterococci and their
enterocins on rabbits’ intestinal microbiota was already reported in our previous studies [24,25,28,29,52].
Kritas et al. [23] also described the lower frequency of E. coli and C. perfringens in rabbits treated by
probiotic. The dominancy in antimicrobial activity of CCM7420 strain combined with E. senticosus
can be confirmed by the fact that the E. senticosus extract possesses slight or no antimicrobial
activity [26]. We supposed that the dietary modulation of the gastrointestinal microbiota by natural
antimicrobial substances could result in an enhancement of colonization resistance against potentially
pathogenic bacteria.

3.3. Effect on Eimeria sp. Oocysts

Coccidiosis is one of the most frequent and prevalent parasitic diseases in rabbit farms. The most
markedly and typical symptoms are weight loss, diarrhea (from mild intermittent to severe) with
the presence of blood and/or mucus in feces, which leads, through dehydration, to the mortality of
animals. The high morbidity and mortality rates among all ages, especially in the young rabbits may
be responsible for important economic losses [62]. The oocysts are always present in the intestines
of rabbits and they cannot be completely eliminated even by the use of coccidiostat because of the
caecotrophy and the symptomless, but potential source of infections of adults. These oocysts are
able to cause not only pure eimeriosis after their multiplication and massive infection, but they may
also be the cause of multifactorial diseases, when associated with other bacterial or viral infections.
Eimeria infections can cause severe disease depending on Eimeria species, especially in young animals
and the highest incidence of oocysts was usually found around the weaning period [63]. The EU
has banned the use of antibiotics as feed additives for growth promotion in animals since 2005 [64].
Today, these antibiotics are replaced with alternative anticoccidials, including prebiotics and probiotics,
based on their bactericidal and/or bacteriostatic activities, with immunostimulation and improved
growth performance and productivity of the host organism. The experimental application of the
CCM7420 strain and its Ent7420 was associated with the reduction of fecal Eimeria sp. oocysts.
The different treatment period had no impact on oocysts reduction. When the fresh culture of the
CCM7420 strain at concentration x10° CFU/mL/g was applied only for 2 weeks to compare its effect
with the commonly used probiotic strain Lactobacillus rhamnosus GG, the decrease in oocysts counts
was observed after probiotic application (8.3 X 10! OPG; oocysts per 1 g of feces) compared to control
data (1.5 x 10* OPG), but also compared to the initial counts in experimental group (7.5 x 102> OPG).
This reduction effect was maintained until the end of the experiment, also after cessation of the CCM7420
strain. Moreover, at the end of the experiment (at day 42), the difference one order of magnitude in
Eimeria sp. oocysts was found comparing the control (1.5 x 10* OPG) and the experimental groups
(7.2 x 10° OPG; [26]). On the other hand, when CCM7420 was applied with its bacteriocin Ent7420 in
rabbits through 3 weeks, after 1 week of their addition, oocysts showed a trend towards a numerical
reduction (not significant; [25]) in both experimental groups compared to the control group (Table 1).
Surprisingly, at the end of CCM7420 strain addition, increased oocyst counts was observed in this
group, while Ent7420 administration was more effective due to a significant reduction in oocysts
(p < 0.05) at the end of probiotic application (day 21). This finding could be explained by the irregular
excretion of oocysts. In the group with Ent7420 addition, a decreasing tendency of oocysts occurrence
(not significant) was observed up to the end of enterocin substance application. This could lead to
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consideration that longer application of CCM7420 strain did not influence more the Eimeria sp. oocysts
counts in rabbits.

While probiotics are widely used in animals because they improve the growth performance,
productivity, health status and stimulate the immunity, studies concerning the protective effect
against Eimeria sp. are still limited and focused on mainly the avian coccidiosis [65,66]. In rabbits,
natural alternatives—prebiotics and herbal extracts—to coccidiostats have been studied [52,67-69].
To the best of our knowledge, only several works demonstrated the anticoccidial effect of
beneficial microbes and/or probiotics as well as their antimicrobial products bacteriocins in
rabbits [24,25,28,52,53,55,70]. The in vitro effect of four probiotic/bacteriocin-producing strains towards
poultry Eimeria sp. oocysts was also documented by Strompfova et al. [71] and no differences in the
reductive effect of bacteriocin-producing and non-producing strains (p < 0.05) were found in this
experiment. The in vivo administration of bacteriocin-producing and probiotic strains decreased
Eimeria sp. oocysts in rabbits. Outgoing from these results, we supposed that anticoccidial effect
could be done due to the lactic acid production or by the effect of bacteriocins produced by the
mentioned strains. Moreover, the potential protective effect of the CCM7420 strain against zoonotic
Trichinella spiralis infection was also investigated in the framework of a new therapeutic strategy aimed
at using probiotics to control parasitic zoonoses [72], when the authors demonstrated the reduced
intensity of T. spiralis infection and female fecundity ex vivo and in vitro (about 60%) throughout the
CCM7420 administration.

3.4. Effect on Serum Biochemistry

The measurement of biochemical parameters is data mostly used for diagnostic investigations and
presents a useful way for controlling the health of animals. However, in some cases, several “components”
of the host biochemistry are less specific because of the reparation/compensation ability of healthy
tissues/organs and/or metabolic processes.

The tested serum parameters were in the range of normal values defined for these parameters in
previous studies with rabbits [73-75], although there are differences in physiological or reference ranges
in rabbit serum. During the E. faecium CCM7420 application, increased (even though not significantly)
concentration of the total protein (TP) was noted in most experiments, and remained stable or higher
also three weeks after the strain ceasing (cessation). The highest increase in TP was measured through
the fresh CCM7420 culture administration in rabbits (Table 3) [24-26], while the lyophilized (freeze
dried form resolved in water and mixed in pellets did not affect the TP level [60]. Application
of enterocin Ent7420 as well as the combinative application of CCM7420 with the E. senticosus
extract also improved the TP concentration [25,26]; similarly as was reported by Fathi et al. [33]
and Kalma et al. [51] who observed a slight increase in serum TP after probiotic supplementation
in rabbits. The increased level of TP could be explained by better resorption and utilization from
the gut; this finding could be also confirmed by higher ADWG. On the other hand, application of
non-autochthonous probiotic strains E. faecium CCM4231 and AL41 as well as their enterocins did
not affect the TP in blood serum [21,29,38]. Blood glucose is an important source of energy for
many cells and this is a parameter of the balance between glucose source/availability and utilization.
Similarly to TP, higher glucose content was observed during fresh (both 2 and 3 weeks) and lyophilized
CCM7420 culture mixed in feed as well as during Ent7420 application. The increased glucose level
can be explained by conversion of lactic acid to pyruvate through the gluconeogenesis in the liver.
Oppositely, reduced glucose level was observed in the case of the rehydrated-lyophilized CCM7420
strain and its combination with E. senticosus (p < 0.01). It could be that the glucose concentration
was reduced by increased H* concentration due to higher organic acid values in the cecum content,
which inhibited gluconeogenesis [76]. The increased H* (lactate accumulation) in the organism first
stimulates physicochemical mineral dissolution by increasing the osteoclast and osteoblast activity
(bone resorption) and mostly the Ca?* and Mg?* reabsorption in renal tubules for pH neutralization;
it is usually confirmed also with higher serum calcium levels. This hypothesis was confirmed also

69



Animals 2020, 10, 1188

by us, when the slight increase of calcium content was noted during three weeks CCM7420 fresh
culture and its Ent7420 application. The rabbits’ blood calcium levels fluctuate widely, dependent upon
the level of calcium in their diet and the intestinal absorption as well [77]; this is a difference in the
calcium metabolism from other mammals. While Laukova et al. [21] and Szabodova et al. [35] described
no influence of probiotic strains on serum glucose, triglycerides and calcium levels, Fathi et al. [33]
presented numerical increase of triglycerides associated with dietary probiotic treatment in rabbits,
similarly to our achievements [25]. The hypocholesterolemic effect of probiotics in rabbits has been
already presented [30,34,51]; surprisingly, our results did not confirm those findings. Moreover,
increased/higher cholesterol levels (however, without significant changes) were measured during fresh
culture CCM7420 and its combinative administration with E. senticosus [26,55] in rabbits; the detected
levels were still within the physiological norm.

Table 3. The effect of Enterococcus faecium CCM7420 and its enterocin Ent7420 on the serum biochemistry

of rabbits.
E. faecium CCM7420 Strain Enterocin
-faecium B (Ent)7420
Lyophilized Lyophilized Form
Tested Blood Fresh Culture  Fresh Culture  Form Resolved Mixed into Fresh CL.‘“‘“E +
Parameters . E. senticosus
in Water Pellets
Reference number of p - - -
publication (24] [25] [55] [55] [26] [25]
Length of application 14 days 21 days 21 days 21 days 21 days 21 days
. Increased Increased
Total proteins (g/L) (p <0.05) Increased Unchanged Unchanged Increased (7 < 0.05)
Total lipids (g/L) Increased Increased Unchanged Unchanged Unchanged Increased
Cholesterol (mmol/L) Not tested Not tested Unchanged Unchanged Increased Not tested
Glucose (mmol/L) Unchanged Increased Increased Decreased Decreased Increased
Calcium (mmol/L) Unchanged Increased Unchanged Unchanged Not tested Increased
Glutathione-peroxidase . . . . . .
(GSH-Px; U/mL) Increased Decreased Increased Increased Decreased Decreased
. - Increased
o, 8 § 8 8 .
Phagocytic activity (%) Not tested Not tested Increased Increased (p < 0.0001) Not tested

The fresh culture of CCM7420 strain was applied into water (at concentration of cells 1 X 10°
CFU/mL; dose 500 uL/animal /day); lyophilized (freeze-dried) from rehydrated in water (1 X 10° CFU/mL;
dose 500 ul/animal /day) as well as mixed in feed and pelleted (15 g/100 kg feed). Statistical analysis was
performed using one-way analysis of variance (ANOVA) with the post hoc Tukey test with the level of significance
set at (p < 0.05), within experimental groups during each individual experiments.

Exogenous factors such as manipulation, nutritional, weather and temperature changes (mainly
hot environmental conditions) often induce physiological oxidative stress, which is avoided by the
host’s defense system. The host’s reaction to stress can be marked mostly by the glutathione-peroxidase
(GPx) enzyme activity in blood. In addition, there were no significant differences in GPx activity
in blood among experimental groups whereas they were differently affected by CCM7420 (Table 3).
Application of CCM7420 strain did not disturb the GPx level; while Ent7420 has a reducing effect on
GPx during its application (day 21; p < 0.05; [25]). Comparing our previous experimental applications
of probiotic strains and their enterocins in rabbits, we suppose that enterocins were more active to
protect the host organism; our assumptions were confirmed by reduced GPx levels during Ent7420
and EntM application [25,36]. Outgoing from results we suppose that application of CCM7420 and its
bacteriocin Ent7420 did not evoke oxidative stress in the rabbits, similarly to other probiotic strains or
enterocins administration [21,29,38].

3.5. Effect on Organic Acids

In rabbits, approximately 40% of digested organic matter of the feed is digested in the caeco-colic
segment; so the caecum and the proximal colon are the primary fermenters [78]. The digestion process
of nutrients continues in the small intestine by the digestive enzymes of the host, but some components,
e.g., plant cell walls and fibers (mainly lignins, cellulose, hemicellulose, pectins) are hydrolyzed by
bacterial enzymes into soluble smaller compounds and fermented into the end products: volatile fatty
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acids (VFA: acetic, propionic and butyric acid), ammonia, intermediary metabolites (lactic, succinic and
formic acid) and gas (CO,, CHy and Hy; [79]). The stable microbial fermentation is essential for rabbit
health, and only small dietary and environmental changes can lead to increased morbidity and/or
mortality via microbial dysbiosis and digestive disturbances. Natural substances applications could
prevent those disturbances [12-14]. The concentrations of VFA are usually measured in the cecal content
of rabbits [21,28-30,38,78]; in our first experiment we decided to follow the VFA and organic acids
concentrations in feces (it was a model experiment with a low number of rabbits in the experimental
groups). Application of E. faecium CCM7420 to rabbits led to an increase of fecal levels of acetic acid
(p <0.001) compared to control animals [24], while other tested organic acids (butyric, succinic and
lactic acids) were unaffected with the CCM7420 treatment. Similarly to our results, application of other
probiotics (E. faecium CCM4231; [28] or bacteriocins (EntM and nisin; [21,38]) in rabbits did not influence
the molar proportion of VFA in caecum, while the total VFA production and cecal fermentative activity
was increased after L. plantarum spray application [29]. Concluded from these results—enhanced
enzymatic activity and organic/fatty acid production, better feed conversion ratio and improved
jejunal morphology (data shown below) during the CCM7420 strain application, we hypothesized a
positive correlation between weight gain and cecal fermentation, improved gut functionality (jejunal
morphology) and nutrient absorption. Despite many reports presenting the beneficial results during
natural substance application in rabbits, there is a need to extend the existing knowledge and find new
possibilities to improve the cecal fermentation and rabbit gut health.

3.6. Effect on Immunity and Jejunal Morphometry

Knowledge of the immune response and homeostasis in farm animals represents important
information to protect animals from especially bacteria-derived diseases, to improve their health and
productivity. The overall organization of the rabbit’s digestive immune—lymphoid system is mostly
similar to other species, but at the same time it is very special. There are two additional structures
identified only in this species, the sacculus rotundus and the vermiform appendix (a place of lymphoid
cells differentiation and maturation); they generally act synergistically. The gut microbiota contribute
to intestinal homeostasis via inducing the intestinal immune cells and also influence the systemic host
immunity. The probiotic consumption shows a beneficial effect in several ways, including intestinal
microbiota balance and ability to modulate host innate and specific immune response. Their effect on
non-specific immunity was reported as enhanced phagocytosis of pathogenic bacteria and modified
cytokine production [80], while the specific way is usually followed through immunoglobulins
testing. Nevertheless, the effect of probiotic administration on the immune system of rabbits has been
reported on a limited scale [61,81]. Our studies with E. faecium CCM7420 alone and in combination
with Eleutherococcus senticosus demonstrated significant increases in total phagocytic activity (PA) of
leukocytes and PA of neutrophils at the end of the treatment period (21 days) and also after three
weeks of the ost-treatment period (42 days; p < 0.0001; Table 3; [26]). The freeze-dried CCM7420 strain
has not influenced the PA in rabbits during its application, either resolved in water or composed in
pellets. However, the prolonged effect of CCM7420 strain rehydrated in water was observed at the
end of the experiment (42 days; p < 0.0001; [55]). Another rabbit studies with non-autochthonous
strains E. faecium CCM4231 (ruminal isolate) and AL41 (CCMB8558; isolate from animal waste) also
showed stimulation of non-specific immune reaction in rabbits; the significant increase of PA (p < 0.001)
was noted in both experiments during the treatment and increased several weeks after the strain’s
cessation. Fathi et al. [33] also represented improved cell-mediated immunity adding 400 g probiotic/t
feed in rabbits” diet. Contrary to results reported above, Wang et al. [57] noted no probiotic influence
on the number of mast cells in duodenum and jejunum, but increased the number of mast cells in
caecum and also, increased IgG and IgM in serum. During enterocin Ent7420 administration in rabbits,
the prolonged immuno-stimulative effect was observed, which was demonstrated by a significant
increase of PA in the experimental group (p < 0.05) compared also to the control data [82]. The same
immunomoderate influence was noted during experimental applications of enterocins produced by
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strains CCM4231 and AL41 (Ent4231 and EntM/EntAL41; [21,28]) as well as in the case of nisin feed
inclusion in rabbits [38]. We expected that enterocins are able to stimulate the immune system through
the gut microbiota modulation on behalf of lactic acid bacteria (LAB) and via supporting/improving
the GALT by the stimulation of the IgA system. This fact could explain the “timeshift” of the enterocins
influence compared to the probiotic strain application, since probiotic bacteria begins to act and
multiply immediately, while bacteriocins firstly modulate the environment on behalf of beneficial
microbes (LAB) inhibiting other bacterial species in the gut. On the other hand, the prolonged or
maintaining immunostimulative effect (even at 21 days after ceasing the administration of enterocins)
should be also explained by the adopting of animals on them. More studies testing the effect of the
CCM7420 strain as well as its enterocin Ent7420 on the immune response, containing PA and other
parameters of innate immunity in rabbits are necessary. Moreover, we would like to focus also on the
intestinal immunity, mainly on the IgA level.

It is well known, that probiotic supplementation improves not only the growth rate and enhances
the efficiency of feed conversion but also may positively influence the health status via enhancing gut
health in rabbits [61]. Gut health, including microbial and immunological stability, is often influenced
by exogenous factors (dietary changes, stress from manipulation, transfer, climate changes, etc.),
mainly around the weaning period. Therefore, the alternative strategies are required to improve the
animal’s health. The stable or improved intestinal environment (gut microflora, mucosal immunity,
epithelial morphology and function) directly influences the health status and growth performance
of animals due to better nutrient absorption in the gut [61,83]. The effect of natural feed additives,
including probiotics on the intestinal histomorphology in animals is often presented, mostly in chicken
and pigs. However, studies reported changes of morphometric parameters in the small intestine
of rabbits during probiotic application are limited [31,82-84]. Our results showed that the surface
area and villi height: crypt depth (VH:CD) ratio also increased throughout the E. faecium CCM7420
strain administration [83]. These results could support the hypothesis about higher weight gain,
better feed conversion and nutrient utilization due to enlargement of the absorption surface and
improved morphometry parameters. Similarly to these results, increased surface area, VH, VH:CD and
decreased CD was observed after Ent2019 addition in rabbits. To the best of our current knowledge,
our team is the first that deals with experiments regarding the morphological changes in rabbits during
enterocins administration (Ent2019 and EntM; [80,85]). This knowledge leads us to a more detailed
study of these physiological changes in the rabbit’s digestive tract, which will not only allow us to
extend our knowledge, but also gain new information to understand the complexity of physiological,
microbiological and immunological processes in the host organism.

3.7. Effect on Meat—Nutrient Content and Physicochemical Properties

Rabbit meat is greatly valued for its high nutritional and dietary quality, especially its low
amounts of cholesterol, fat and sodium and high content of polyunsaturated fatty acids (PUFA),
potassium, phosphorus and magnesium [85,86]; for these reasons it is recommended mainly for
children, pregnant women and patients with cardiovascular illnesses. Previously there have been many
studies/reviews concerning rabbit meat, including its production, quality, physicochemical properties
and composition [1,2]. A lot of them dealing with the effects of dietary supplementation with functional
compounds, mainly probiotics, prebiotics, fatty and organic acids, vitamins, selenium and antioxidants
and their combinations on rabbit carcass quality [12-14,31,33,40,87-89]. In general, there is a lack of
studies testing the beneficial microbiota and/or their antimicrobial substances (bacteriocins) on rabbit
meat quality and composition, including fatty acids, amino acids and minerals [31,41-45]. Moreover,
to the best of our knowledge we presented the first reports about the effect of beneficial/probiotic
strains as well as bacteriocins on the minerals and amino acids of rabbit meat [39,40,42] and also the
effect of bacteriocins on the fatty acid content of rabbit meat [41-43]. All presented results concerning
the physicochemical properties—pH, protein, fat, ash and water content, energy value, lightness and
color of rabbit meat—showed that probiotic administration in rabbits had no negative effect on the
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rabbit meat quality. On the other hand, Fathi et al. [33] presented a significant effect of probiotic
supplementation on moisture, dry matter, organic matter and ash content. Only limited information
about rabbit minerals are available, in response to natural feed additives. Our result showed increased
iron content (p = 0.0011) in treated groups with freeze-dried CCM7420 strain (both, rehydrated in water
and enriched in feed pellets), in contrary to other findings with reduced iron content during microbial
fermented feed utilization with Lactobacillus plantarum and Pediococcus acidilactici [90] and after enterocin
administration [42]. Although the pH of the luminal content was not measured, we hypothesized a
more acidic environment in the gut due to the previous results of higher lactic acid production and
lower pH in the caecum during CCM7420 strain administration in rabbits [48]. This acidic environment
can enhance the ionization of minerals, which in turn results in passive diffusion [91] and could be
one alternative explanation of the higher iron absorption from the gut. Another hypothesis could
be the larger absorption surface due to enterocyte proliferation, which is confirmed by improved
morphometry parameters—villus height, crypt depth and villus height:crypt depth ratio—also recorded
during our previous experiments with CCM7420 administration [82] and lantibiotic—nisin application
to rabbits [38]. The enlargement of the luminal surface could ensure better mineral absorption and
their inclusion to rabbit meat. On the other hand, significantly decreased concentrations of copper
(p = 0.0004) and calcium (p < 0.0001) were noted. Similarly to these results, the copper concentrations
in rabbit meat also reduced during the enterocin M addition to rabbits, however, not significant but
only numerically changes were recorded. Similarly to us, lower concentrations of copper, zinc and
manganese was found by Shah et al. [90] after probiotic supplementation. Copper is an essential trace
element, performing important biochemical functions; its level in rabbit meat varies widely [92,93].
Regarding the higher iron concentration, we hypothesized an iron competitive influence on the copper
intestinal absorption and its lower deposition to meat. The calcium metabolism in rabbits is very
unique, widely fluctuates and its intestinal absorption is very vitamin D independent, in contrast to
most mammals [77]. Despite the generally known fact that probiotics can increase the organic and
short chain fatty acids in caecum, which also stimulate the minerals ionization and diffusion through
the intestine, we noted decreased calcium concentration, although, still in the range presented in the
literature [86,92]. Inferring from achieved results, we assumed no adverse effect of the CCM7420 strain
on the meat characteristics; in addition, it could enhance the mineral quality of meat and also increased
its value to the functional food level.

4. Conclusions

The strain E. faecium CCM7420 in different application forms (fresh culture at concentration
1 x 10° CFU/mL of cells in a dose 500 puL/animal /day applied into drinking water) was lyophilized
(freeze-dried) from rehydrated water (1 x 10° CFU/mL; dose 500 uL/animal/day) as well as mixed in
feed and pelleted (15 g/100 kg feed), either alone and in combination with Eleutherococcus senticosus
and its enterocin Ent7420 (50 uL/animal/day applied into drinking water) were tested in rabbits.
During these experiments, the following effects of the strain and its enterocin were observed: improved
average daily weight gain and feed conversion ratio, good colonization ability of the tested strain
with maximum counts in the first 2-3 weeks of application, increased lactic acid bacteria and reduced
coagulase-positive staphylococci including S. aureus, coliforms and clostridia population as well
as the Eimeria sp. oocysts counts in the rabbit’s gut. Improved biochemical blood parameters
(total proteins, glucose and triglycerides) have been noted during the CCM7420 strain application;
however, the glutathione-peroxidase level was not disturbed and oxidative stress was not evoked
through the additives application. Another interesting finding was the significant stimulation of blood
phagocytic activity and also the improved morphometry parameters (enlargement of the absorption
surface in jejunum and higher villi height: crypt depth (VH:CD) ratio). The physicochemical properties
of rabbit meat were not negatively affected by the CCM7420 strain, while the meat iron content
significantly increased during its application, which improved the rabbit meat quality. It could be also
emphasized that knowing the probiotic properties and the ability of Enterococcus faecium CCM7420 to
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produce enterocin Ent7420 with an antimicrobial effect is of great interest mainly in the case of several
disease/pathologies, such as epizootic rabbit enteropathy, which are difficult to prevent and combat
because their etiology is not known and there is no vaccine. This strain is the main component of the
Prorabbit probiotic preparation, which is often used in Slovak rabbit farms (at dosage 1-2 g/animal/day
for 21 days as prevention and 3 g/animal/day with a therapeutic effect; resolved in water or mixed into
feed). Moreover, to the best of our current knowledge, our team is the first that deals with experiments
regarding the morphological changes in the jejunum of rabbits during enterocins administration;
the first reports regarding the effect of beneficial/probiotic strains and bacteriocins on the mineral and
amino acid concentrations as well as the effect of bacteriocins on fatty acid content of rabbit meat were
also published by our team.
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