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Simple Summary: Strong and healthy bones allow for efficient locomotion and overall functioning
of the musculoskeletal system of pigs. This is the first study to provide information on the effect of
including fermented rapeseed meal as a partial wheat replacement in the diet on bone quality in
weaner piglets.

Abstract: Quality feed is essential for correct bone development and proper functioning of animals.
Post-weaned piglets experience a radical change in eating behaviour that can influence their feed
intake. For this reason, functional feed additives and ingredients that can be used in post-weaning
feeds are needed. The objective of this study was to evaluate the effects of partially replacing
wheat with rapeseed meal fermented using Bacillus subtilis strain 87Y on overall bone quality and
bone metabolism in weaner piglets. From the 28th day of life, barrows were fed either a standard
wheat-based diet or a diet containing 8% fermented rapeseed meal (FRSM) with or without a feed
additive containing enzymes, antioxidants, probiotics, and prebiotics. The experimental period lasted
60 days, after which femur quality indices were assessed. Differences in bone length and weight were
observed, but there were no changes in bone mineralization or bone mid-diaphysis morphometrical
traits between treatments. FRSM inclusion reduced bone mid-diaphysis biomechanical properties,
but these changes were dependent on feed-additive supplementation. Analysis of the levels of
serum bone turnover markers suggests the intensification of bone resorption in FRSM-fed groups
as deoxypyridinoline levels increase. The results obtained warrant further research on what the
disturbances in bone mechanical properties and metabolism observed in FRSM-fed weaners means
for the subsequent fattening period.

Keywords: piglets; fermented rapeseed meal; bones; mechanical properties; bone markers

1. Introduction

Rapeseed meal (RSM) is the by-product of crude rapeseed oil extraction obtained after
the pressing process. Since the nutritional value of RSM extract is still high (contains 25–40%
digestible proteins), it is routinely used as a good ingredient in the feeds of a variety of
livestock [1]. Additionally, more than 83.14 million metric tonnes of rapeseed are produced
worldwide [2]. However, besides its relatively good protein composition, some components
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such as oxazolidinethione, isothiocyanates, thiocyanates, glucosinolate-derived nitriles,
tannins and phytic acid, which limit the utilization of basal nutrients, are also present in
RSM [3,4]. Feeding trials have shown that the glucosinolates present in rapeseed press
cake reduce feed intake and weight gain in experimental pigs [5]. Certain technologies
have been developed to reduce the levels of anti-nutritional components and to improve
the nutritional value and digestibility of RSM. The most common methods rely on the
hydrolyzation catalysed by enzymes [6], as well as on dehulling [7] and fermentation [4,8].
The latter seems to be the method of choice, since it is well known that during fermenta-
tion the structure of plant cell walls is decomposed, allowing the production or release
of biologically active substances, including antioxidants [9]. Several experiments have
demonstrated that fermented RSMs (FRSMs) positively affect intestinal morphology [10,11],
gut microflora [12] and immune status [8,13–15].

It is well known that quality feed is essential for proper bone development and enables
the attainment of a bone mass necessary for the proper functioning of animals [16,17].
Nutritional components such as inorganic minerals are of primary importance and their
deficiency usually leads to reduced bone mass, osteoporosis, increased frailty, and fractures.
Proteins are also very important because it is generally believed that higher protein intake
might be beneficial for bone mass [18], although some authors have found it prudent not
to combine a high protein diet with low calcium intake since this combination might lead
to increased risk of bone fractures [19]. The primary role of bones is to protect internal
organs, ensure motion and counteract gravity. However, taking into account the fact that
farm animals are increasingly being bred to have higher muscular mass, bones have to bear
greater and greater loads. Measuring bone mechanical properties in experimental studies
is a very powerful tool that helps in the evaluation of bone quality [20].

The immunomodulatory properties of fermented components in pig feeds, for example
FRSM or fermented soybean meal, limit intestinal diseases and improve homeostasis
in the body [11,14], showing beneficial effects on the microbiome and in performance
parameters [11,14]. However, how it influences bone metabolism and bone mechanical
endurance is not known.

Therefore, the present study evaluated the effect of including FRSM—a protein-rich
ingredient—in the diet on weaners’ bone quality when consumed over a 60-day period
during the growing phase, after which bone morphological traits, mechanical properties
and serum levels of bone turnover markers were assessed. It was also hypothesized that
due to its immunomodulatory properties, FRSM can be added to the diets of weaners with
or without the inclusion of feed additives (enzymes, organic acids, antioxidants, additional
Zn, probiotics and prebiotics).

2. Materials and Methods

The study was conducted in accordance with the ARRIVE guidelines. The experimen-
tal procedure was approved by the Local Ethics Committee on Animal Experimentation of
the University of Life Sciences in Lublin, Poland (approval no. 50/2018, of 1 April 2018).

2.1. Preparation of Fermented Rapeseed Meal (FRSM)

FRMS was obtained through fermentation using Bacillus subtilis 87Y from the strain
collection at InventionBio (Bydgoszcz, Poland). The preparation of bacterial inoculum as
well as the procedure for RPS aerobic fermentation through which FRSM was obtained is
described in detail in [21]. In brief, resuspended Bacillus subtilis 87Y precultures were mixed
with pasteurized RSM in a 1:1 ratio to achieve 50% humidity. Solid-state fermentation
was performed at 37 ◦C for 24 h. After fermentation, the obtained biomass was snap
frozen at −80 ◦C and then air-dried. The FRSM composition is presented in Supplementary
Table S1 [8].
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2.2. Animals and Study Design

A total of 144 Yorkshire x Danish Landrace crossbred, clinically healthy barrows
weaned at 28 days of age were used in this study. The barrows were individually tagged,
weighed and assigned to one of three dietary treatment groups, with equal numbers
of barrows in each group. Each dietary treatment consisted of six replicate pens, with
8 barrows per replicate. Body weight variation within and between each pen/replicate
and group was minimized as far as practically possible. The barrows were divided into
controls (the Contr group), those fed a standard diet, and two experimental groups (FRA
and FR groups), which were fed 8% FRSM [8,14]. Additionally, the FR group, in contrast to
the FRA group, was fed a diet lacking 0.33% of the feed additive. The same feed additive
was included in the feed given to the Contr group. The additive was mixed with the bulk
feed and subjected to a technological agglomeration process to produce feed pellets. As
the experiment was conducted in an actual pig breeding farm, all diets (Tables 1 and 2)
were formulated to meet or exceed the nutritional requirements specified by the NRC [22],
irrespective of additional supplementation with the feed additive. Barrows were fed ad
libitum and had free access to water. Prior to the experiment, the animals were examined
by a veterinarian to confirm that their health status would not affect the results.

Table 1. Ingredient composition (% of air-dried matter) and nutrient content of piglets’ diets [14].

Ingredient, % Group
Contr FRA FR

Wheat 60.48 58.33 58.8
Barley 20 20 20

Soybean meal, 46.5% CP 9.24 3.46 3.32
Fermented rapeseed meal (FRSM) 0 8 8

Fish meal, 65% 4 4 4
Soybean oil 2.1 2.13 2.13

Chalk 0.95 0.87 0.87 0.95 0.87 0.87
L-Lysine_HCl, 78% 0.82 0.91 0.91

L-Threonine 0.37 0.4 0.4
DL-Methionine 0.26 0.25 0.25

Sodium chloride 0.43 0.39 0.39
Calcium monophosphate 0.52 0.43 0.43

Premix 1 0.5 0.5 0.5
Feed additive 2 0.33 0.33 0

1 Mineral-vitamin premix, content in 1 kg: Ca, 240 g; K, 1 g; Fe, 20 g; Mn, 11 g; Cu, 2.5 g; Se, 60.0 mg; I, 120 mg; Co,
150 mg; vit. A, 1,600,000 IU; vit. D3, 200,000 IU; vit. E, 10.0 g; vit. K, 600 mg; vit. B1, 500 mg; vit. B2, 1400 mg; vit.
B6, 800 mg; vit. B1,2 10.0 mg; nicotinic acid, 4.0 g; pantothenic acid, 4 g; chloric choline, 40 g; folic acid, 300 mg.
2 Feed additive content in 1 kg feed: mixture of formic and propionic acid 3:1 (2.5 g); E. coli phytase (0.15 g with
an activity of 5000 FTU/g); xylanase (0.15 g with an activity of 12,200 U/g); beta-glucanase (0.15 g with an activity
of 1520 U/g); pentosanase, hemicellulase and enzymes that can hydrolyse pectic substances (0.10 g); ZnO (78%,
0.160 g Zn), Saccharomyces cerevisiae (0.20 g).

2.3. Sample Collection

The experiments were conducted for 60 days. At the end of the experiments, ani-
mals were fasted overnight and one barrow chosen randomly from each replicate pen
was selected for weighing and blood collection. The animals were then euthanized using
i.m. injections of Ketamine (350 mg/100 kg b.w.), Stresnil (200 mg/100 kg b.w.), Sedazin
(30 mg/100 kg b.w.) and intravenous Morbital, 26.7 mg/mL (0.3–0.6 mL/kg b.w.). Imme-
diately after euthanasia, the femurs were dissected, cleaned of adherent tissue, weighed,
wrapped in gauze soaked in isotonic saline and frozen at −26 ◦C until analysis. The total
number of euthanized animals was 18 (n = 6 per treatment group). The left femur was
earmarked for densitometry and biomechanical test, while the right femur was used to
measure bone mid-diaphysis geometry. Serum samples were prepared by centrifuging
coagulated blood (1300× g for 10 min). The collected serum was aliquoted and stored at
−86 ◦C until assays were performed.
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Table 2. Metabolized energy (ME, MJ/kg) and chemical composition (g/kg) of experimental diets [14].

Item
Group

Contr FRA FR

ME, MJ/kg 13.48 13.51 13.50
Crude protein 170.9 170.2 169.9

Crude fat 37.65 39.05 40.45
Crude fibre 27.14 29.64 30.14
Crude ash 51.83 56.85 51.27

Ca 7.07 7.00 7.14
P 5.47 5.54 5.43

Phytin P 2.47 2.08 2.04
Fe 0.204 0.209 0.205
Cu 0.015 0.016 0.015
Zn 0.167 0.169 0.040

Lactic acid 0.885 5.28 5.00
Tannins 7.13 3.22 4.98

Glucosinolates,
mmol/kg 11.40 0.101 0.987

2.4. Bone Analysis

Prior to the analysis, bones were thawed at room temperature for 6 h. Bone density
was assessed by determining whole bone mineral content (BMC) and bone mineral density
(BMD) using the DXA method (Norland XR 43 densitometer, Norland, Fort Atkinson,
WI, USA) and calculating the Seedor index by dividing the weight of the left femur by
its length [23]. To evaluate the mechanical properties of bone mid-diaphysis, a 3-point
bending test was performed using a universal testing machine (Zwick Z010, Zwick, Ulm,
Germany). During the test, the load was applied at a constant rate of 10 mm/min until
the bone fractured. Recorded load-deflection curves were used to determine mechanical
properties of femurs in the elastic region of deformation (yield force, yield deflection, elastic
work and stiffness) and at bone breakage (breaking force, breaking deflection and breaking
work). The right femur was cut transversally at the midpoint of the bone diaphysis using
a diamond bandsaw (MBS 240/E, Proxxon GmbH, Foehren, Germany) and the external
and internal diameters of the mid-diaphysis cross-section of medial-lateral (horizontal)
and cranial-caudal (vertical) planes were measured using a digital calliper, enabling the
calculation of the following geometric parameters of bone mid-diaphysis cross-section:
mean relative wall thickness (MRWT), cortical index, cross-sectional area (CSA), and cross-
sectional moment of inertia about medial-lateral axis [24]. Femoral properties (yield strain,
yield stress, breaking strain, and breaking stress) were determined on the basis of previously
calculated femur mechanical and mid-shaft geometrical parameters [24].

2.5. Bone Turnover Markers

Blood serum levels of the following bone turnover markers were quantified using
commercial pig-specific enzyme-linked immunosorbent assay (ELISA) kits: C-terminal
telopeptide of type I collagen (CTX-I; QY-E40211, Qayee Biotechnology, Shanghai, China),
pyridinoline (PYD; QY-E4020, Qayee Biotechnology), deoxypyridinoline (DPD; QY-E40210,
Qayee Biotechnology), osteocalcin (OC; QY-E40100, Qayee Biotechnology), receptor activa-
tor of nuclear factor κ B ligand (RANKL, AMS.E07R0392, AMS Biotechnology, Abingdon,
UK) and osteoprotegerin (OPG; ELK5799, ELK Biotechnology, Wuhan, China). All assays
were performed on two technical replicates according to the manufacturers’ protocols using
an Epoch microplate spectrophotometer (Agilent, St. Clara, CA, USA).

2.6. Statistical Analysis

Data were analysed using Statistica 13 software (TIBCO Software Inc., Palo Alto, CA,
USA), with each barrow as the experimental unit. Distribution of the variables was tested
for normality using the Shapiro–Wilk test. Normally distributed variables were compared
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using one-way analysis of variance (one-way ANOVA). When a treatment effect was
observed, Tukey’s post hoc test was used to determine the differences between treatments.
Where variables were not normally distributed, comparisons were made using the non-
parametric Kruskal–Wallis H test and post hoc analysis was conducted using Dunn’s test.
For all tests, p < 0.05 was taken as statistically significant. Results obtained in each group
are presented as mean values and standard error.

3. Results
3.1. Body Weight

There were no differences in average daily weight gain, daily feed intake or feed
efficiency between control and experimental groups throughout the experiment [25].

3.2. Basic Femur Properties

While there were no differences in the mean body weights of pigs in each group
(Figure 1A), the femurs of animals fed with FRA were significantly heavier (Figure 1B).
However, no differences were observed between treatments when bone weight was nor-
malized to specific animal weight (relative bone weight, RBW) (Figure 1C). The lengths of
femurs of pigs in the FRA group decreased significantly in comparison with that of pigs in
the FR group (Figure 1D). Among the measured densitometric indices, the Seedor index
indicated a significant increase in bone volumetric density in the FRA group (Figure 1E);
however, BMD and BMC analyses performed using the DXA method showed that bone
mineral content and mineral concentrations were not affected by the inclusion of dietary
FRSM (Figure 1F,G).
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Figure 1. (A) Pig weights and basic femur properties of animals in experimental groups: (B) bone
weight, (C) relative bone weight (RBW), (D) bone length, (E) the Seedor index, (F) bone mineral
density (BMD), (G) bone mineral content (BMC). Bar plots show mean values and standard errors.
A range of p-values has been assigned above plots where two groups show significant differences:
* p < 0.05, ** p < 0.01, *** p < 0.001.

3.3. Geometrical Properties of Femoral Mid-Diaphysis

Feeding pigs FRA and FR did not influence femur mid-diaphysis cross-sectional
diameters (Figure 2A–D), mean relative wall thickness (MRWT, Figure 2E) or cortical
index (Figure 2F), but the femurs of pigs in the FRA group had statistically higher mid-
diaphysis cross-sectional areas compared with those of pigs in the FR group (Figure 2G).
This difference, however, had no influence on the cross-sectional moment of inertia in the
medial-lateral axis (Figure 2G).
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(A) horizontal external diameter, (B) horizontal internal diameter, (C) vertical external diameter, (D)
vertical internal diameter, (E) mean relative wall thickness (MRWT), (F) cortical index, (G) cross-
sectional area, (H) moment of inertia. Bar plots show mean values and standard errors. A range of
p-values has been assigned above plots where two groups show significant differences: * p < 0.05.

3.4. Mechanical Properties of Femurs

Dietary FRMS inclusion, both with (the FRA group) and without (the FR group)
enzyme supplementation, significantly decreased femur yield force (Figure 3A), elastic
work (Figure 3C) and breaking force (Figure 3E). Breaking work of femur in animals in
the FR group also significantly decreased compared with those of control animals. On the
contrary, dietary treatments had no effect on femur yield and braking deflection (Figure 3B,F,
respectively), or on femur bending stiffness (Figure 3D).
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Figure 3. Mechanical properties of bone mid-diaphysis of femurs of animals in experimental groups.
(A) yield force, (B) yield deflection, (C) elastic work, (D) stiffness, (E) breaking force, (F) breaking
deflection, (G) breaking work. Bar plots show mean values and standard errors. A range of p-values
has been assigned above plots where two groups show significant differences: * p < 0.05, ** p < 0.01,
*** p < 0.001.
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3.5. Bone Material Properties

While FRMS inclusion had no effect on femur yield strain (Figure 4A), a significant
decrease in yield stress was observed in both FRMS-fed groups, with lower yield stress
observed in the FRA group (Figure 4B). Breaking strain was significantly higher in the FRA
group than in the FR group, although both FRMS-fed groups did not differ from the Contr
group (Figure 4C). Significantly lower breaking stress was observed in animals in the FRA
group compared with animals in the control group (Figure 4D).
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Figure 4. Material properties of bone mid-diaphysis of femurs of animals in experimental groups.
(A) yield strain, (B), yield stress (C), breaking strain (D), breaking stress. A range of p-values has
been assigned above plots where two groups show significant differences: * p < 0.05, ** p < 0.01,
*** p < 0.001.

3.6. Bone Turnover Markers

Feeding pigs FRA and FR did not influence serum levels of markers such as CTX-I
(Figure 5A), PYD, (Figure 5B), OC (Figure 5D) and OPG (Figure 5F).
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Figure 5. Serum levels of biochemical bone turnover markers in animals in experimental groups.
(A) C-terminal telopeptide of type I collagen (CTX-I), (B) pyridinoline (PYD), (C) deoxypyridinoline
(DPD), (D) osteocalcin (OC), (E) receptor activator of nuclear factor κ B ligand (RANKL), (F) osteopro-
tegerin (OPG). A range of p-values has been assigned above plots where two groups show significant
differences: * p < 0.05, ** p < 0.01, *** p < 0.001.

The concentration of DPD was significantly higher in the sera of animals fed either
FRA or FR than in the sera of the controls; however, no significant differences were found
between the FR and FRA groups (Figure 5C). The level of RANKL in animals fed FRA was
significantly lower than in animals in the Contr group, although not in animals in the FR
group (Figure 5E).
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4. Discussion

Until recently, there were limitations to the practical application of introducing rape-
seed meal in pigs’ diets because previous studies showed rather negative effects of RSM on
animal health and performance due to the presence of numerous anti-nutritional factors [26].
However, numerous studies have shown that fermentation improves the nutritional charac-
teristics of RSM. For example, crude fibres and glucosinolates in FRMS decreased by 25.5%
and 43%, respectively [10,27–29]. The process of fermentation helps to reduce toxic and
anti-nutritional factors present in RSM and improves its quality [3,30,31]. In addition, the
microorganisms responsible for the fermentation use the RSM carbohydrate to produce
proteins, which are then degraded into peptides [32,33]. Moreover, fermentation increases
the quantity of many amino acids [34,35].

Studies have reported that adding 4% or 8% RSM or FRSM, respectively, in the diets
of pigs during the growing or finishing phases does not negatively influence growth
performance or meat quality, and can even improve their immunological responses [36,37].
A previous study has also shown that the inclusion of 20% solvent-extracted RSM does
not affect weight gain; however, this was given for only 28 days [38,39]. Another study
also showed that inclusion of 25% RSM in weanling diets had no effect on growth [40].
The inclusion of 30% and 40% RSM was also investigated [41,42], but the period of the
study and the age of piglets differed significantly from that presented in the current
study. Administering 4% dried FRSM to pregnant sows also improved postnatal bone
development in offspring [43].

All these studies evaluated the influence of RSM or FRSM on performance parameters;
however, studies on bone metabolism and bone mechanical properties are scarce. Pigs, like
many other livestock intended for extensive production systems, are genetically selected to
achieve greater weight gain; however, some species are predisposed to bone development
disorders, especially under commercially intensive production systems [44]. The bone is
a dynamic organ and undergoes two processes, synthesis and resorption, that are kept
in balance to maintain normal bone mass necessary for movement and body support,
protection of vital organs and general mineral management in the living organism [23,45].
Leg fractures, deformities and bone weakness impair pig welfare and behaviour and are
important contributors to economic losses in terms of reduced daily gains and carcass
quality [17,46–49]. Stronger and healthier bones allow for more efficient musculoskeletal
performance of the well-supported body. This results in proper behaviour and food intake,
thus improving the overall well-being of the pig at all stages of its life.

When studying bone quality in pigs, the metacarpal is generally preferred because it
is more appropriate for routine examinations under commercial slaughter conditions [50].
However, due to the fact that no differences in mineralization of various bones are observed
in pigs as a result of dietary interventions [50], we selected the femur for our study, as this
bone is considered a model bone for biomechanical testing in quadrupedal animals where
it is often subjected to bending stress [51].

The present study showed the effect of including 8% FRSM in the diet of pigs in
the growth phase on femoral properties. Pigs fed FRSM without enzyme additives have
longer bones compared with pigs fed FRSM with feed additives; however, enzyme sup-
plementation resulted in heavier and denser bones (in terms of the Seedor index, a bone
volumetric density indicator) with greater cross-sectional area of bone mid-diaphysis. This
indicates a positive effect of enzyme supplementation on bone geometry quality indices, as
bone weight-bearing capacity, including rapidly growing livestock animals, is associated
with bone cross-sectional geometry but not with its length [52]. This indicates that for a
certain bone length, pigs whose diets are supplemented with FRSM are able to carry greater
weight compared with pigs not fed on FRSM. This is partially in line with other studies
showing improved availability of nutritional components in the RSM [11,40,53]. However,
the moment of inertia, the geometrical parameter determining the strength of the bone
mid-diaphysis against bending loads [54], was not affected by the inclusion of FRSM in the
feed. Both cross-sectional area and moment of inertia describe the spatial distribution of
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bone mass and the observed differences are not necessarily contradictory, as cross-sectional
area represents overall bone area, while the moment of inertia describes the distribution of
bone mass in relation to the selected axis of the bone, the one in reflection on which the
bending test was performed.

The inclusion of FRSM showed no effect on the quantitative indicators of bone miner-
alization (BMD and BMC). Generally, these indices represent the overall mineral density of
bones, which dominates the mechanical functions of bones to a large extent compared with
bone volumetric density and ash content [50]. However, although DXA analysis provides
measurable insights into bone quality, it estimates the mineral content on the basis of 2D
bone scans [55].

Moreover, numerous studies have shown differences in BMD and BMC in different
parts of the bone (proximal and distal epiphysis or bone mid-diaphysis) in long bones
of pigs [56,57]. Taken together, the possibility that mineralization in some bone regions
was affected by dietary treatments cannot be excluded, especially as changes in bone
biomechanical parameters were evident in pigs in the FRSM groups.

In both FRSM groups, a reduction in numerous biomechanical parameters, including
yield and breaking force, indicate lower bone resistance to breakage despite the lack of
changes in femoral mid-diaphysis geometry and mineralization. From a biomechanical
point of view, when quantifying differences in bone quality, it is better to discuss bone
material properties (relationship between stress and strain), since they correctly measured
raw bending or breaking forces, or deflections for bone mass spatial distribution (bone
geometry) and bending test procedures (loading rate, span distance) [58–60]. The lack of
changes in the calculated femur yield strain and increased breaking strain observed in
pigs fed FRSM containing enzymes indicated that the bones of these pigs showed greater
bone deflection in both plastic regions of deformation compared with pigs in the enzyme-
deprived group. Furthermore, the bones of pigs in the FRA group were characterized by
the lowest internal stress values at which deformation changed from elastic to plastic (yield
stress). To explain changes in the bone characteristics in pigs fed on FRSM, especially those
in the FRA group, an analysis of the bone organic phase is required, especially collagen
fibres, whose network not only contributes significantly to the elastic properties of bones,
but is also responsible for tissue integrity, since it provides a structural scaffold for the
mineral phase [51].

The bone mechanical strength results are consistent with measured serum markers of
bone homeostasis and turnover rate. In the present study, the concertation of pyridinoline
(PYD) and deoxypyridinoline (DPD), the two cross-linking compounds of collagen fibres
that stabilize mature collagen derived from an enzymatic pathway initiated by the enzyme
lysyl oxidase [61], was identified in the sera of experimental animals. One of these, DPD,
increased significantly in pigs fed on FRSM. In addition, the C-terminal telopeptide of
fibrillar I collagen (CTX-I) has been used as a biomarker of bone turnover rate. Second,
osteocalcin (OC), which is secreted by mature bone cells, is the most abundant non-collagen
protein in the bone and is an indicator of bone mineralization. Both markers were not
affected by the inclusion of FRSM, while the increase in DPD indicated an intensification
of bone resorption. This was especially evident in the FR group, which was deprived
of feed additive supplementation containing, among others, additional zinc. It is well
known that dietary zinc is essential for collagen synthesis, stimulation of DNA synthesis
in osteoblasts and reduction in osteoclast resorption [62–64]. On the other hand, bone
homeostasis regulates not only growth hormone or insulin-like growth factor, but also the
RANK/RANKL/OPG system [65–67]. Studies in pigs show the possibility of nutritional
modulation of this system [68–71]. The current study showed that FRSM inclusion in
feed for growing pigs intensified bone turnover processes and the imbalance between
bone synthesis and resorption, which confirm other findings in the study. All observed
changes in bone properties were dependent on the intensification of bone turnover and
the activities of osteoblasts and osteoclasts. The main factors involved in this process are
OPG, an osteoclastogenesis inhibitor released by osteoblasts, and RANKL, a glycoprotein
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released by mature osteoblasts and their precursors, that activate the process of osteoclast
maturation, next released by osteoclasts themselves. The binding of RANKL to its receptor,
RANK (receptor activator of nuclear factor κ B), activates osteoclast precursors that undergo
metabolic and structural alteration, leading to bone resorption. OPG, a decoy receptor for
RANKL, prevents this process and can inhibit the osteoclast maturation pathway. The
maturation, differentiation and metabolic activity of osteoclasts responsible for the intensity
of bone resorption depend on the balance between RANKL and OPG. When RANKL levels
are higher than OPG levels, bone resorption is increased [72]. As indicated in the current
study, the equilibrium between OPG and RANKL levels was not maintained, and this
was an important reason for the worsening bone metabolism, additionally supported by
markers of bone resorption (increase in DPD levels), which all together worsened bone
parameters. There is a need for further investigation of this issue in light of the results
obtained.

Impaired bone metabolism in RSM-fed pigs during the production cycle intended
for fattening cannot be a reason to stop further research, especially since the lifespan of
pigs is relatively short. First, it is important to replace soy in the diet with another source
of protein and energy. As mentioned above, rapeseed is a very common crop that is not
genetically modified [73]. Moreover, even though some studies show that the weight
gained is comparable to or a little lower than that observed with traditional feeding, the
feed conversion ratio is significantly improved [4,73]. Furthermore, dietary FRSM can
prevent intestinal dysbiosis in weaners [74].

5. Conclusions

In conclusion, although it seemed that including 8% FRSM in growing piglets’ diets
was not optimal for proper bone mechanical properties and bone turnover, no changes were
observed in overall bone mineralization, meaning that FRSM is still a valuable protein and
energy source, especially since numerous studies on pigs have shown a lack of negative
effects of FRMS on animal performance. Nevertheless, the results obtained warrant further
research on what this means for the subsequent fattening period.
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of Protein and Macro- and Microminerals and Improves the Performance of Weaner Pigs. Department of Animal Hygiene and
Environmental Hazards, Faculty of Animal Sciences and Bioeconomy, University of Life Sciences in Lublin: Lublin, Poland, 2023;
to be submitted.

26. Mejicanos, G.; Sanjayan, N.; Kim, I.H.; Nyachoti, C.M. Recent Advances in Canola Meal Utilization in Swine Nutrition. J. Anim.
Sci. Technol. 2016, 58, 7. [CrossRef]

27. El-Batal, A.I.; Abdel Karem, H. Phytase Production and Phytic Acid Reduction in Rapeseed Meal by Aspergillus Niger during
Solid State Fermentation. Food Res. Int. 2001, 34, 715–720. [CrossRef]

28. Pal Vig, A.; Walia, A. Beneficial Effects of Rhizopus Oligosporus Fermentation on Reduction of Glucosinolates, Fibre and Phytic
Acid in Rapeseed (Brassica Napus) Meal. Bioresour. Technol. 2001, 78, 309–312. [CrossRef] [PubMed]

http://doi.org/10.2527/jas1984.584996x
http://doi.org/10.3390/agriculture12060849
http://doi.org/10.1080/17450390109386201
http://doi.org/10.15376/biores.9.2.2010-2025
http://doi.org/10.1080/00039420400005018
http://doi.org/10.1016/j.aninu.2019.05.004
http://doi.org/10.3390/antiox10122004
http://doi.org/10.1080/09540105.2015.1079592
http://doi.org/10.1038/s41598-021-96117-w
http://www.ncbi.nlm.nih.gov/pubmed/34417512
http://doi.org/10.3390/microorganisms9020360
http://doi.org/10.1111/jpn.13593
http://doi.org/10.1038/s41598-022-20227-2
http://www.ncbi.nlm.nih.gov/pubmed/36130989
http://doi.org/10.2478/aoas-2021-0034
http://doi.org/10.1080/10408390500466174
http://www.ncbi.nlm.nih.gov/pubmed/17092827
http://doi.org/10.2478/aoas-2022-0061
http://doi.org/10.1093/ajcn/87.5.1567S
http://doi.org/10.1024/0300-9831/a000063
http://doi.org/10.1146/annurev-bioeng-062117-121139
http://www.ncbi.nlm.nih.gov/pubmed/29865872
http://doi.org/10.3390/biom11020239
http://doi.org/10.2478/aoas-2020-0115
http://doi.org/10.3382/ps/pew301
http://doi.org/10.1186/s40781-016-0085-5
http://doi.org/10.1016/S0963-9969(01)00093-X
http://doi.org/10.1016/S0960-8524(01)00030-X
http://www.ncbi.nlm.nih.gov/pubmed/11341693


Animals 2023, 13, 1080 12 of 13

29. Rozan, P.; Villaum, C.; Bau, H.M.; Schwertz, A.; Nicolas, J.P.; Mejean, L. Detoxication of Rapeseed Meal by Rhizopus Oligosporus
Sp-T3: A First Step towards Rapeseed Protein Concentrate. Int. J. Food Sci. Technol. 1996, 31, 85–90. [CrossRef]

30. Hill, R. A Review of the ‘Toxic’ Effects of Rapeseed Meals with Observations on Meal from Improved Varieties. Br. Vet. J. 1979,
135, 3–16. [CrossRef]

31. Rakariyatham, N.; Sakorn, P. Biodegradation of Glucosinolates in Brown Mustard Seed Meal (Brassica Juncea) by Aspergillus Sp.
NR-4201 in Liquid and Solid-State Cultures. Biodegradation 2002, 13, 395–399. [CrossRef]

32. Hong, K.-J.; Lee, C.-H.; Kim, S.W. Aspergillus Oryzae GB-107 Fermentation Improves Nutritional Quality of Food Soybeans and
Feed Soybean Meals. J. Med. Food 2004, 7, 430–435. [CrossRef]

33. Hölker, U.; Höfer, M.; Lenz, J. Biotechnological Advantages of Laboratory-Scale Solid-State Fermentation with Fungi. Appl.
Microbiol. Biotechnol. 2004, 64, 175–186. [CrossRef]

34. Ouoba, L.I.I.; Rechinger, K.B.; Barkholt, V.; Diawara, B.; Traore, A.S.; Jakobsen, M. Degradation of Proteins during the Fermentation
of African Locust Bean (Parkia biglobosa) by Strains of Bacillus subtilis and Bacillus Pumilus for Production of Soumbala. J. Appl.
Microbiol. 2003, 94, 396–402. [CrossRef] [PubMed]

35. Zhang, S.B.; Wang, Z.; Xu, S.Y. Downstream Processes for Aqueous Enzymatic Extraction of Rapeseed Oil and Protein Hy-
drolysates. J. Am. Oil Chem. Soc. 2007, 84, 693–700. [CrossRef]

36. Yun, H.M.; Lei, X.J.; Lee, S.I.; Kim, I.H. Rapeseed Meal and Canola Meal Can Partially Replace Soybean Meal as a Protein Source
in Finishing Pigs. J. Appl. Anim. Res. 2018, 46, 195–199. [CrossRef]
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