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meal to modulate inflammatory and oxidative stress
in piglets after weaning

l. Taranu'*, D. Marin', G.C. Pistol', A. Untea', M. Vlassa?, M. Filip%, M. Gras', C. Rotar' and A.C. Anghel'

! National Research-Development Institute for Animal Biology and Nutrition INCDBNA-IBNA), Balotesti, 077015 lifov, Romania
2 Babes Bolyai University, Raluca Ripan Institute for Research in Chemistry,
400294 Cluj-Napoca, Romania

KEY WORDS: fermented rapeseed, ABSTRACT. The aim of the study was to investigate the potential of a diet con-
inflammation, oxidative stress, pig, weaning taining rapeseed meal fermented by Saccharomyces cerevisiae as a new sus-
tainable feed to reduce transient intestinal inflammation, diarrhoea and oxidative
stress in piglets after weaning. In this study, 16 male post-weaning piglets, with an
initial weight of 9.04 + 0.19 kg, were randomly allocated to two dietary treatments:
control and 10% fermented rapeseed meal (FRSM) — 8 pigs/treatment. The ex-
periment lasted 21 days. At the end of the trial, the animals were slaughtered and
Received: 14 January 2022 samples of blood and segments of the jejunum, ileum and colon were collected
Revised: 7 March 2022 for determination of plasma biochemical, inflammatory and oxidative stress pa-
Accepted: 5 April 2022 rameters. Pig performance and diarrhoea incidence were also investigated. The
results showed that the FRSM diet had no significant effect on piglet performance,
weight and average daily weight gain, as well as plasma biochemical parameters.
However, the number of piglets with diarrhoea was higher in the control group
than in the group receiving the FRSM diet throughout the experimental period.
Moreover, a decrease in TNF-a (P = 0.03) and IL-1R (P < 0.05) cytokine levels
was recorded in the colon and jejunum samples from the FRSM group. In ad-
dition, IL-8 and IL-6 concentrations were decreased (P = 0.0009 and P = 0.03,
respectively) in the ileum of piglets fed FRSM, indicating the modulatory capacity
of this feed in reducing weaning-associated intestinal inflammation. The FRSM
diet also improved the antioxidant status and significantly reduced lipid peroxida-
tion and thiobarbituric acid reactive substance levels in plasma (P = 0.022) and
in the jejunum (P = 0.028) and colon (P = 0.003), suggesting the potential of
fermented rapeseed meal to limit oxidative reactions. In conclusion, the present
study showed that fermentation of rapeseed meal using S. cerevisiae enriched the
nutrient composition and reduced the concentration of anti-nutrients (e.g. glucosi-
* Corresponding author: nolates). Moreover, the addition of FRSM to diets of pigs after weaning improved
e-mail: ionelia.taranu@ibna.ro their intestinal health status, indicating its beneficial effect.

Introduction new sources of antimicrobial compounds, which has
opened up many opportunities for animal nutrition

The ban on the use of antibiotics in feed (EC, research. The processing of plants (oilseeds, cereals,
2006) has had a significant impact on the livestock medicinal plants, etc.) for feed or food, or non-food
sector, especially for pigs after weaning (Taranu products (e.g. oil, alcohol, kerosene, etc.) generates
et al., 2015). Consequently, it is necessary to find a wide range of by-products with significant
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nutritional values and bioactive properties that
can be an important and applicable alternative
to conventional feed (Dragomir et al.,, 2015).
These by-products can also be easily processed
by modern biotechnologies that increase their
nutritional and energy value, while reducing or
removing undesirable anti-nutritional factors. The
processing and utilisation of by-products is also
very important for the environment. Fermented
by-products have been recently of great interest
as fermentation is considered an efficient way
to increase feed nutritional quality, thereby
improving animal performance, gut immunity and
its bacterial ecology (Hong et al., 2004; Zhu et al.,
2017). Microbial fermentation is very efficient in
eliminating anti-nutritional factors and enriching
the diet in bioactive components such as vitamins,
enzymes, organic acids, etc. (Czech et al., 2021).
For example, the effect of Aspergillus oryzae
GB-107 fermentation on the nutritional quality of
food-grade soybean and feed-grade soybean meals
showed that the fermentation increased protein
content by 10%, while eliminating trypsin inhibitors
and reducing peptide size (Hong et al., 2004).
Furthermore, Lee et al. (2007) reported a 3—18 times
higher free amino acid content and a higher protein
digestibility compared to control in soybean meal
after two-stage fermentation by lactic bacteria and
mould. Fermented feed has been studied in farm
animals such as poultry (broilers, ducks), but piglets
were of particular interest because they are very
sensitive after weaning and demonstrate reduced
performance, diarrhoea, inflammation and higher
mortality (Lallés et al., 2004; Satessa et al., 2020b).
The use of soybean meal fermented by a probiotic
mixture (Lactobacillus plantarum, Bacillus subtilis
and Saccharomyces cerevisiae) in the diet of post-
weaning piglets reduced diarrhoea caused by E. coli
and improved intestinal morphology and digestive
enzyme activity (Yuan et al.,2017; Zhu et al., 2017).
Studies of Yuan et al. (2017) and Feng et al. (2020)
also showed that the addition of fermented soybean
meal to the diet of weaned piglets positively affected
nutrient digestibility, intestinal enzyme activity,
faecal microbiome and performance. Although
soybean meal has many advantages, it remains an
expensive feed raw material, dependent on import,
with rapid changes in its availability (Onarman Umu
et al., 2018). Crisis situations, such as the Covid19
pandemic, have shown that downtimes may occur
in its supply (Chuang et al., 2021), and thus local
alternatives needs to be found. Rapeseed meal,

a by-product of the oil industry, is a valuable feed
ingredient rich in high-quality proteins, unsaturated
lipids, fibre and phytochemicals (e.g. polyphenols,
organic acids, vitamin E, vitamin B complex and
mineral elements) (Mejicanos et al., 2016; Li et al.,
2020).Ithasbeenused inpignutritionasanalternative
to soybean meal, but in low concentrations due to
the negative effects caused by the presence of anti-
nutritional factors such as glucosylates (Fazhi et al.,
2011). Rapeseed fermentation has been proposed as
a viable solution to reduce glucosynolate contents,
increase palatability and improve digestibility
of crude protein and phosphorus. It has also
been claimed that fermentation improves fibre
digestion, reduces phytic acid concentration, while
increasing lactic acid levels (Grela et al., 2019).
To date, several types of fermentation have been
applied in rapeseed meal, e.g. lactic fermentation
(Lactobacillus fermentum, Bacillus subtilis) or
fungal fermentation (Aspergillus sp.). These
microorganisms responsible for the fermentation
process are a source of phytase that destroys phytase
complexes, resulting in a decrease in antinutritional
factors like phytic acid (Wang et al., 2010b).
Nutrition studies with fermented rapeseed meal
have focused particularly on growth performance,
energy and nutrient digestibility (Chen et al., 2018).
Thus, the inclusion of Lactobacillus-prefermented
rapeseed meal in broiler chicken diets was shown
to enhance feed digestibility and utilisation, gut
morphology and antioxidant capacity based on
the reduction of anti-nutritional factors (Hu et al.,
2016). Replacing soybean meal with fermented
rapeseed meal cake stimulated the antioxidant
status by decreasing lipid hydroperoxides (LOOH)
and malondialdehyde (MDA), while increasing
antioxidant enzyme (superoxide dismutase — SOD,
glutathyon peroxidase — GPx) levels in turkey
(Drazbo et al., 2018). Feeding weaned piglets
with increasing dietary proportion (8, 10, 12,
15 and 25%) of rapeseed meal prefermented by
lactic acid bacteria improved growth performance,
increased some haematological parameters and
intestinal histomorphometric indices, as well as
elevated immunoglobulin (IgA, IgM and IgG) and
interleukin-6 titres; the optimum effect was observed
for lower doses of prefermented meal (8 and 10%)
(Satessaetal.,2020b). In another study, these authors
reported that lactic acid bacteria-fermented rapeseed
meal added to the diet (10%) was able to stimulate
better the development of jejunum villi, colon
mucosa and colonic microbiota composition than
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the control feed and feed with ZnO supplementation
used as positive control (Satessa et al., 2020a).
Data on the effect of fermented rapeseed meal on
immune response, inflammation and oxidative
stress, i.e. processes that are significantly affected
in pigs during the weaning period are still limited.
In addition, according to our knowledge, the use
of yeast-fermented rapeseed meal has not yet been
investigated in pigs. Therefore, the current study
was carried out to assess growth performance,
diarrhoea incidence, immune response parameters,
inflammatory and antioxidative status in piglets
fed a diet with 10% rapeseed meal fermented by
Saccharomyces cerevisiae. The ability of in-feed
fermented rapeseed meal to modulate markers
of inflammation and oxidative stress signalling
pathways was also investigated.

Material and methods

Fermentation of rapeseed meal

Rapeseed meal was fermented with S. cere-
visiae (EC1118 — commercial winemaking yeast,
Nizza Monferrato, Italy). Briefly, medium (Sa-
buraud, Sigma, Saint Louis, MO, USA) for yeast
fermentation was inoculated with S. cerevisiae ex-
tract (10 g/1) and fermented for 24 h at 37 °C with
shaking at 130 rpm. Then the medium was cen-
trifuged 4 min at 3 000 rpm. The supernatant was
discarded and yeast was resuspended in 800 ml of
distilled water. Rapeseed meal was placed in ster-
ile plastic bags (1 kg/bag) (Multi Lab, Buchares,
Romania), inoculated with resuspended yeast and
fermented for 24 h. Prior to the in vivo experiment,
a series of tests on the effect of fermentation time
were carried out in the laboratory. Two time periods
were tested: 24 and 72 h. The results did not show
significant differences. After fermentation, the con-
tent of each bag was homogenized and mixed with
2.5 1 of distilled water, allowed to decant, and then
the supernatant was discarded. The contents of bags
were transferred onto a sterile plastic plate (Roth Ro-
tilabo, Karlsruhe, Germany) in a uniform layer and
dried at 38 °C (Ecocell oven, BMT Medical Tech-
nology, Stadlern, Germany) until a moisture content
of about 60—65%. After drying, the fermented rape-
seed meal was packed in paper bags and stored in
a cool and dry place until added to the compound
feed (complete feed) together with other ingredients
of the experimental diet. Both unfermented and fer-
mented rapeseed meal were analysed for their main
nutrient components before use (Table 1).

Table 1. Rapeseed meal composition

Rapeseed meal

unfermented fermented
Dry matter, % 91.99 89.71
Crude protein, % 33.51 35.08
Ether extract, % 1.23 0.85
Crude fibre, % 8.38 11.89
Ash, % 6.57 6.32
Ca, % 0.58 0.56
P, % 1.18 1.31
Na, % 0.009 0.01
K, % 1.44 1.05
Mg, % 0.58 0.54
Fe, ppm 208.03 266.38
Cu, ppm 25.15 25.95
Mn, ppm 174.86 226.42
Zn, ppm 495.91 536.52
Total polyphenols, mg GAE/g  88.94 54.13
Glucosinolates, mg sinigrin/g 478 2.39

GAE - gallic acid equivalent

Animals and diets

The experimental protocol was approved by the
Ethics Committee (No. 118/2019) of the National
Research-Development Institute for Animal Nu-
trition and Biology, Balotesti, Romania. Animals
were cared for in accordance with the Romanian
Law 43/2014 for handling and protection of animals
used for experimental purposes and the EU Council
Directive EC/63/2010 on the protection of farmed
animals.

A total of 16, 27-day-old male weaned piglets
(TOPIG hybrid [(Landrace x Large White) x
(Duroc % Pietrain) NORVEGIAN], provided by
a private breeder (Fermeplus, Cazanesti, Romania),
were used in this study. Animal protocol was as
follows: three days after birth, the piglets received
liquid milk substitute in addition to sow’s breast
milk and at the age of one week (7 days), the milk
replacer was removed and the piglets had access to
liquid and solid pre-starter feed. The piglets were
weaned at 27 days of age and average body weight
0f' 9.06 + 0.14 kg and randomly assigned, based on
their body weight, to one of two experimental diets
formulated to meet the NRC (2012) requirements for
weaned pigs: 1) a starter diet based on corn-soybean
meal as a control diet (control diet); 2) a modified
control diet with soybean meal replaced with 10%
fermented rapeseed meal as an experimental diet
(FRSM diet) (Table 2). Both diets were prepared
in a powder form the day before the start of the
experimental trial, stored in a cool and dry place
and daily administered to animals for 21 days after
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weaning. During the experimental period, feed and
water was administered ad [libitum. The animals
were individually ear-tagged and housed in pens.
Eight pigs were used for each experimental group
(two replicates per group and 4 pigs per replicate).
Pigs were weighed (balance SWS-International,
Bucharest, Romania) individually at the beginning
and at the end of the experimental period, and
daily weight gain was calculated from the obtained
difference. Feed intake was measured weekly at the
pen level. The occurrence of diarrhoea was checked
daily for each piglet and the percentage in relation
to the total number of piglets was calculated as
described by Pistol et al. (2020).

Sample collection

At the end of the experimental period, blood
samples were aseptically collected into 9-ml Vacu-
tainer tubes containing 14.3 U/ml lithium heparin
(Vacutest Kima, Arzergrande, Italy) from the jugu-
lar vein of all piglets before slaughter. Subsequently,
they were centrifuged at 775 g for 25 min (SIGMA
2-16KL, Berlin, Germany) for plasma separation.
All pigs were fasted, electrically stunned, exsan-
guinated and samples from the jejunum, ileum and
colon were collected. Portions of the jejunum, ileum
and colon were perfused with ice-cold saline solu-
tion (1:9, w/v) to remove blood and stored at —80 °C
until analysed for inflammatory and anti-oxidant
stress markers. Before analysis, gut aliquots were
homogenized in liquid nitrogen to a fine powder us-
ing an analytical mill (IKA-Werke, M-20, Stouten,
Germany).

Blood plasma biochemistry measurement

Blood plasma was assessed for general health
parameters such as total cholesterol, total protein,
urea, creatinine, hepatic markers (aspartate-amino-
transferase — AST, alanine aminotransferase — ALT,
gamma glutamyltransferase — GGT, alkaline phos-
phatase — ALP and bilirubin) and electrolytes (Ca,
P and Mg) using an automated clinical chemistry
analyser (Pentra C400, Horiba, Montpellier, France).

Measurement of feed chemical composition

The chemical composition of rapeseed meal
and experimental feed: dry matter, crude protein,
crude fat, crude fibre and ash was analysed from un-
fermented and fermented rapeseed meal and from
complete feed in triplicate, according to the meth-
ods of the International Standard Organization (ISO,
2010). Concentration of mineral elements (Ca, P, Na,
K, Mg, Fe, Cu, Mn, Zn) was measured using flame
atomic absorption spectrophotometry with Zeeman

background correction and a graphite furnace (Pye
Unicam, Thermo Electron, Solaar M6, Cambridge,
UK). Total polyphenols were determined by the
Folin-Ciocalteu reaction and polyunsaturated fatty
acids (PUFA) using gas chromatography (Clarus
500, Perkin Elmer, Shelton, CT, USA), as described
by Untea et al. (2012) and Palade et al. (2019).

Glucosinolate levels were measured after wa-
ter extraction using high-performance liquid chro-
matography with a diode array detection detector
(Agilent Technologies 1200 Series, Morge, Switzer-
land), using a Phenomenex Luna Omega Polar C18
column (100 A, 250 x 4.6 mm, 5 um) at a tempera-
ture of 25 °C. Concentration was expressed as mg of
sinigrin used as an external standard.

Detection of inflammatory and humoral
immune response markers

Gut (jejunum, ileum and colon) samples frozen in
liquid nitrogen (2 mg), prepared as described above,
were homogenized in phosphate buffer containing
1% IGEPAL, 0.1% SDS, 0.5% sodium deoxycho-
late (Sigma-Aldrich, Saint Louis, MO, USA) and
complete protease inhibitor cocktail tablets (EDTA
free, Sigma-Aldrich, Saint Louis, MO, USA). The
homogenates were kept on ice for 30 min and sub-
sequently centrifuged twice at 10 000 g at 4 °C for
10 min. Inflammatory markers such as pro-inflam-
matory cytokines IL-18, IL-6, IL-8, TNF-a, [FN-y
were assayed by ELISA in undiluted supernatants
using R&D kits (anti-swine primary and biotinyl-
ated secondary antibodies included; Minneapolis,
MN, USA) according to the manufacturer’s instruc-
tions (Marin et al., 2013). IgA, IgM and IgG were
also determined in plasma using ELISA according
to the manufacturer’s instructions (Medist, Mont-
gomery, TX, USA), as described by Taranu et al.
(2018). A Tecan microplate reader (Tecan Infinite
M200 PRO, Salzburg, Austria) was used to measure
the absorbance at 450 nm. Protein recombinant cy-
tokines (IL-1B, IL-6, IL-8, TNF-a and IFN-y) were
diluted according to the manufacturer’s instructions
and used as standards to prepare the standard curve.

Detection of antioxidant marker activity

The activity of antioxidant markers such as
SOD, catalase (CAT) and GPx was measured in
plasma and intestinal segments (jejunum, ileum,
colon) using Cayman’s kits and instructions (Ann
Arbor, M1, USA). Briefly, 1 ml of plasma and 0.2 g of
frozen powdered tissue obtained by homogenization
in liquid nitrogen was further homogenized in
chilled phosphate buffer (50 mM potassium
phosphate, containing 1 mM EDTA per gram of
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tissue for CAT, 20 mM HEPES buffer for SOD and
50 mM Tris-HCI (pH 7.5, containing 5 mM EDTA
and 1 mM DTT per gram of tissue for GPx) and
centrifuged at 1 500 or 15 000 g at 4 °C for 15 min.
The resulting supernatant was used to determine
enzymatic activities. The absorbance was read at
540 nm (CAT), 440460 nm (SOD) and 340 nm
(GPx) using a microplate reader (Tecan Infinite
M200, Salzburg, Austria).

Detection of oxidative stress and intestinal
barrier integrity markers

Lipid peroxidation (thiobarbituric acid reactive
substances — TBARS) and intestinal barrier integ-
rity markers (diamine oxidase — DAQO) were as-
sayed in intestinal segments (jejunum, ileum, colon)
and plasma using commercial kits and instructions
supplied by Cayman Europe (Tallin, Estonia) and
Sigma-Aldrich (St. Louis, MO, USA), respectively.
Plasma samples were homogenized in deionized
water, 0.5 N HCI and thiobarbituric acid (TBA),
(Sigma-Aldrich, St. Louis, MO, USA). Intestine
samples were homogenized in buffers provided in
individual kits, centrifuged at 15 000 and 10 000 g
for 15 or 5 min at 4 °C. The resulting supernatant
was used to assess enzyme activity. TBARS and
DAO fluorescence was measured at 548 nm with
excitation at 515 nm (TBARS) and 535/587 nm in
kinetic mode for DAO using a microplate reader
(Tecan Infinite M200, Salzburg, Austria).

Immunoblot analysis

Immunoblot analysis was used to detect total
protein expression of NF-xB (p65) and nuclear
factor erythroid 2-related factor 2 (Nrf2) signalling
molecules in intestinal segments (jejunum, ileum
and colon) as described by Marin et al. (2020).
Briefly, after separation using 10% sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE), the samples were transferred onto 0.45 pm
nitrocellulose membrane and 5% non-fat dry milk
blockage overnight. Membranes were incubated
with primary rabbit anti-porcine antibodies for
B-actin, phospho-NF-xB/p65 and Nrf2 (Cell
Signalling Technology, Beverly, MA, USA and
Abbexa, Cambridge, UK, respectively) for two
hours at room temperature. The membranes were
subsequently incubated with secondary antibody
(horseradish-peroxidase-conjugated anti-rabbit IgG,
Cell Signaling Technology, Danvers, MA, USA) for
one hour. Immunoblotting images were developed
using a MicroChemi Imager (DNR Bio-Imaging
Systems LTD, Neve Yamin, Israel) and protein
expression level was evaluated using GelQuant

software (DNR Bio-Imaging Systems LTD, Neve
Yamin, Israel).

Statistical analysis

The results are presented as means + standard
error (SEM) from two independent determinations.
Histograms created using GraphPad Prism 8.0
(GraphPad Inc. La Jolla, CA, USA) were used for
graphical representation. Statistical differences be-
tween the two groups receiving different diets were
assessed using one-way ANOVA and Student’s
t-test (SAS Analytics, USA), followed by Fisher’s
least square difference procedure. Each animal was
considered an experimental unit for all determined
parameters with the exception of feed consumption
and the gain:feed ratio. P-value equal or lower than
0.5 was considered significant and P-value of 0.1
was considered a trend.

Results and discussion

Chemical composition of fermented versus
unfermented rapeseed meal

Yeast fermentation processes caused several
changes in the nutritional composition of rapeseed
meal (Table 1). Yeast is a rich source of valuable
molecules and fermentation of rapeseed meal by
yeast contributed to increased levels of crude pro-
tein fibre and mineral elements (P, Na, Fe, Cu, Mn
and Zn), with the highest concentration record-
ed for Fe (266.38 ppm vs 208.03 ppm) and Mn
(226.42 ppm vs 174.86 ppm), two elements impor-
tant in immune response, while a decrease in crude
fat content was observed.

Glucosinolates are among the most toxic anti-
nutritional compounds from rapeseed (Drazbo et al.,
2020) that reduce animal performance, as well as af-
fect immune response and internal organ functional-
ity (Hu et al., 2016; Drazbo et al., 2018). Importantly,
it should be noted that yeast fermentation was able to
significantly reduce the content of glucosinolates by
about half compared to unfermented rapeseed meal
(Table 1), which could be related to the action of mi-
crobial enzymes (enzymatic and heat degradation
following fermentation; Maribo and Saur, 2012) and
suggest that fermentation is a good way to improve the
nutritional value of rapeseed meal and prevent interfer-
ence with nutrient absorption (e.g. minerals). The de-
crease in glucosinolate contents was also observed by
Plaipetch and Yakupitiyage (2013) after fermentation
of canola meal with S. cerevisiae in a study aimed
at evaluating the efficacy of yeast fermentation to re-
duce the content of glucosinolates and phytic acid.
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The enrichment of the chemical composition (protein,
fibre, mineral elements, etc.) of canola meal, as well
as its effect on performance, feed utilisation, nutrient
digestibility and retention was investigated in Nile ti-
lapia. The results of this study confirmed our findings
and showed that yeast fermentation increased crude
protein and fibre contents of canola meal by 9% and
some minerals by 8-32%, while decreased ash and
fat content by 1 and 13%, respectively; the latter de-
crease was explained by the authors by water soaking
and decanting (Plaipetch and Yakupitiyage, 2013).
Similarly, in the current study, yeast fermentation
caused changes in fibre content, increasing it above
the level determined in unfermented rapeseed meal.

Literature data have shown that S. cerevisiae is
rich in fibre (31.4%) (Yamada and Sgarbieri, 2005),
which is known for its beneficial effects in the in-
testine. Fibre reduces nutritive value but improves
gastrointestinal peristalsis and promotes the activ-
ity of bacteria in the colon, which convert it into
lactate, acetate and butyrate, having beneficial ef-
fects for the intestinal environment and preventing
inflammation (Govers et al., 1999; Fukuda et al.,
2002). For example, oral administration of fibre
for 6 days significantly reduced inflammation in
the colon and increased caecal butyrate levels in
rats (Govers et al., 1999; Fukuda et al., 2002). The
combination of fibre and Bifidobacterium infantis
alleviated DSS-induced acute colitis and had an
anti-inflammatory effect based on decreasing the
synthesis of cytokines and MDA in the colon and in-
creasing short-chain fatty acid concentration in the
intestine digesta (Osman et al., 2006). In contrast,
the concentration of total polyphenols in our study
was lower in fermented compared to unfermented
rapeseed meal (54.13 mg GAE/g FRSM vs 88.94
mg GAE/g FRSM), respectively (Table 1).

Diarrhoea, performance and health of
piglets

Throughout the experimental period, the inci-
dence of diarrhoea was independent of the treat-
ment, but the number of piglets and days with diar-
rhoea were higher in the control group than in the
group receiving the diet containing fermented rape-
seed meal (Table 2). It is noteworthy that the group
fed dietary fermented rapeseed did not show any
signs of diarrhoea during the first week after wean-
ing and treatment. The trend in diarrhoea incidence
was as follows: 4 piglets in the control group (1-3
days) and 0 piglets in the FRSM group during the
first week, 6 piglets in the control group (4—7 days)
and 2 piglets in the FRSM group (0-3 days) during

Table 2. Ingredients and calculated nutrient content of control and
fermented rapeseed meal (FRSM) diets

Weaned phase'

Ingredients, % Control FRSM
diet diet
Corn 65.76 64.96
Soybean meal 24.00 15.00
Fermented rapeseed meal - 10.00
Corn gluten 1.5 15
Monocalcium phosphate 0.83 0.48
Limestone 1.40 1.45
NaCl 0.10 0.10
DL-methionine 0.07 0.06
L-lysine 0.23 0.34
Choline premix 0.10 0.10
Mineral vitamin-premix? 1.00 1.00
Analysed nutrient content, %
dry mater 90.62 90.30
crude protein 19.00 18.95
ether extract 1.77 1.70
crude fibre 3.33 3.70
ash 6.48 6.61
Ca 0.87 0.89
P 0.86 0.84
Calculated nutrient content
digestible protein, % 12.07 11.94
metabolisable energy, kcal’lkg 3294 3228
lysine, % 1.20 1.20
digestible lysine, % 1.01 1.01
Met + Cys, % 0.72 0.72
Total 100.00 100.00

"body weight 9.06 + 0.14 kg; 2 mineral-vitamin premix (1%) sup-
plied per kg diet as follows: 1U: vit. A 10 000, vit. D, 2 000, vit. E 30;
pg: vit. B,, 0.06; mg: vit. K 1.96, vit. B, 3.84, vit. B, 14.85, d-pantothe-
nic acid 19.20, niacin 2.94, biotin 24.50, folic acid 0.03, vit. B, 0.98,
vit. C 24.50, Fe 100, Zn 100, Cu 100, Mn 40.30, | 0.38, Se 0.23 and
maize starch as carrier

the second week and 5 piglets in the control group
(2-5 days) and 1 piglet (2 days) in the FRSM group
during the third week. A reduced diarrhoea inci-
dence and significantly fewer days with diarrhoea
were also observed by Grela et al. (2019) in piglets
from primiparous gilts and multiparous sows receiv-
ing 4 to 9% fermented rapeseed feed additive; the
latter authors also recorded an increase in litter size
and litter weight. Grela et al. (2019) reported no ef-
fect on the weight of piglets derived from primipa-
rous gilts at birth and 28 days of age, but they found
a significant reduction in piglet weight from mul-
tiparous sows. In our study, the fermented rapeseed
diet had no significant influence on piglet perfor-
mance. At the end of the experiment, the weight and
average daily weight gain of piglets receiving FRSM
had comparable values to piglets receiving the con-
trol diet (Table 3). Daily feed intake was also similar
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Table 3. Effect of dietary fermented rapeseed meal (FRSM) on pig
performance

Feeding groups

Control FRSM  P-value SEM
Initial weight, kg 900 9.00 - 0.158
Final weight, kg 1450 1483 0.682 0.618
Daily weight gain, kg 0.262 0.278 0.703  0.021
Daily feed intake, kg 0.738 0.837 - 4.690
Gain:feed, kg:kg 0.355 0.332 - 0.155
Diarrhoea incidence, % 6250 16.67 0.025 11.82
Total days with diarrhoea, no 162 6° 0.001  0.990

SEM - standard error of the mean; ® — means within a column with
different superscripts are significantly different at P < 0.05; ANOVA
(one-way) followed by Fisher’s tests were performed to analyse the
effect of the diets on animal performance (n = 8)

between groups (Table 3). There is less documented
research concerning the effect of fermented rape
seed meal on pigs and their performance. Few of the
existing studies investigated the effect of rapeseed
meal fermented mainly using lactic acid bacteria.
The most recent studies of Satessa et al. (2020a; b)
showed that feeding piglets during three growth pe-
riods: 10 days before weaning (18-27 days of age),
28-41 days of age and 28-85 days after weaning
with increasing dietary levels (8, 10, 12, 15 or 25%)
of rapeseed meal pre-fermented with three lactic
acid bacteria resulted in a similar growth perfor-
mance as in control. Higher performance
(P <0.01) than in control was observed for the pe-
riod of 28-41 days of age with 8% FRM inclusion.
The use of lactic bacteria-fermented rapeseed meal
in the diet of other species (broiler chickens, duck,
fish) resulted in better performance and health (Chi-
ang, 2010; Fazhi et al., 2011; Plaipetch and Yaku-
pitiyage, 2011; 2013). In contrast to these positive
results, Maribo and Saur (2012) reported lower
gains, poor feed conversion ratio and no effect on
health in pigs after weaning (9-30 kg) fed 15% rape
seed cakes fermented with lactic acid bacteria, bran,
soy molasses and potato peel.

Much more research has been carried out in the
past and currently on the possibility of replacing
soybean meal with unfermented rapeseed meal and
the effects on pig performance, protein digestibility,
etc. Contrary to previous literature results, which
suggested that replacing soybean meal with canola
meal (rapeseed hybrid) affected pig performance
(Bell, 1993; Mejicanos et al., 2016), recent stud-
ies of Landero et al. (2011; 2012; 2018), and Pérez
de Nanclares et al. (2019) did not find significant
differences in the growth and feed performance of
weaned piglets when soybean meal was substituted

with 5, 10, 15, 20 and 30% solvent-extracted canola
meal during 28 days of the trial; however, a decrease
in the apparent total tract digestibility (ATTD) of dry
matter (DM), energy and crude protein was observed
when the inclusion percentage was increased Do et al.
(2017) and Mejicanos et al. (2016) also demonstrated
that the use of different dietary levels of rapeseed
meal or canola meal (up to 8%) exerted no detrimen-
tal effects on weaned pigs’ performance and that both
could partially or completely replace soybean meal.
The analysis of plasma biochemistry parameters
revealed no significant differences between control
and fermented rapeseed diet in plasma biochemistry
(Table 4), which was consistent with findings report-
ed by Satessa et al. (2020a), who fed weaned piglets
with pre-fermented rapeseed diet using lactic acid
bacteria. On the other hand, the latter results were
contrary to the outcomes of Czech et al. (2021), who
observed an increase in these parameters (ALP, AST,
ALT and LDH) in comparison to control and other
experimental groups, which according to the authors,
could be due to an increase in amino acid metabolism.

Table 4. Effect of dietary fermented rapeseed meal (FRSM) on
biochemical parameters of piglet blood plasma

Feeding groups

Control FRSM  P-value SEM
ALAT, U/l 4377 39.66  0.289 1.869
ASAT, U/l 50.00 4915 0.813 1.693
ALP, U/ 148.58  130.06  0.141 6.206
GGT, Ul 26.01 2318 0467 1.852
Total protein, g/l 57.92 5467 0.135 0.158
Total bilirubin, umol/l 2.74 291 0.727 0.006
Albumin, g/l 30.0 26.7 0.186 0.128
Urea, mmol/l 3.14 316  0.895 0.611
Creatinine, umol/l 108.29 10859  0.964 0.05
Cholesterol, mmol/l 2.03 197  0.951 2.094

ALAT - alanine transaminase, ASAT - aspartate transaminase,
ALP - alkaline phosphatase, GGT - gamma-glutamyltransferase;
SEM - standard error of the mean; (P > 0.05); ANOVA (one-way)
followed by Fisher’s tests were performed to analyse the effect of the
diets on animal performance (n = 8)

Inflammation

During weaning, piglets are exposed to environ-
mental and dietary changes that modify intestinal
morphology and function (decrease in transepitheli-
al electrical resistance and increase in barrier perme-
ability) (de Groot et al., 2021). These disturbances,
along with infiltration of T lymphocytes into the co-
lon and sometimes small intestine, may activate the
intestinal inflammatory response by upregulating
the expression of pro-inflammatory cytokine genes
(Pié et al., 2004; Satessa et al., 2020a; Long et al.,
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2021). In our study, interleukins IL-18, IL-6, IL-8,
TNF-a and IFN-y — early nonspecific mediators of
inflammation (Pi¢ et al., 2004) were further deter-
mined to assess intestinal inflammation. Our results
showed a decrease in the most potent pro-inflam-
matory cytokines, i.e. TNF-a (P < 0.03) and IL-18
(P < 0.05), in colon samples from pigs fed the
diet with fermented rapeseed meal (Figure 1).
TNF-a concentration also decreased in the jejunum
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in piglets after weaning (Satessa et al., 2020b). Yeast
were shown to inhibit the activation of NF-kB and
NF-kB-mediated IL-8 gene expression in intestinal
epithelial cells, resulting in decreased inflammation
(Sougioultzis et al., 2006). In the present study, re-
duced IL-8 and IL-6 levels were also found in the il-
eum (P <0.0009 and P < 0.03) of piglets fed FRSM,
while no differences were recorded in the jejunum.
Interestingly, colon IL-6 concentration increased
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Figure 1. Effect of fermented rapeseed meal (FRSM) diet on intestinal inflammatory markers. The means value + SEM were calculated and
presented as a histogram (n = 8). Statistical analysis was performed using one-way ANOVA followed by Fisher’s test (*P < 0.05). TNF-a — tumour
necrosis alpha, IL-1B — interleukine 1 beta, IL-6 — interleukine 6, IL-8 — interleukine 8

(P<0.04), while IL-15 only showed a reduced tenden-
cy (P <0.1) in the jejunum in the FRSM diet group,
indicating the modulatory capacity of fermented rape-
seed meal in reducing weaning-associated intestinal
inflammation. Therefore, it was concluded that the
anti-inflammatory effect was due to yeast controlling
and limiting T cell infiltration in the small intestine,
and especially in the colon (Satessa et al., 2020b).
The same authors found immune cell infiltration only
in the stroma of intestinal segments in another study
aimed at investigating the potential of fermented
rapeseed meal as a replacer of medicinal zinc oxide

(P = 0.0170) in response to the 10% FRSM diet.
Satessa et al. (2020b) also reported elevated serum
IL-6 levels in pigs fed a diet supplemented with 8%
or 10% FRM compared to control; however, in con-
trast to our study, the latter authors also recorded an
increase in the levels of serum immunoglobulins
(IgG, IgM, IgA) 14 days after weaning.

The effectiveness of using nutrition as a strategy
to control inflammation is becoming increasingly
important. In this context, the application of plant
extracts with anti-inflammatory properties as alter-
natives to antibiotics was described by Zhou et al.
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(2014), Long et al. (2019) and Mendivil et al. (2019),
who demonstrated, among others, that capsaicin,
a bioactive compound from chili pepper, reduced
the levels of pro-inflammatory cytokines TNF-a,
IL-1B and IL-6 and increased immune response in
pigs fed a diet containing natural capsicum extract
(80 mg/kg). Reduction in inflammation was mod-
ulated by downregulation of the NF-kB pathway
(Zhou et al., 2014).

Dietary interventions to modulate inflamma-
tion and oxidative status in pigs have also proposed
probiotics/immunobiotics as alternative sources to
avoid high levels of inflammation above the protec-
tive limit (Suda et al., 2021). Among immunobiot-
ics, lactobacillus strains demonstrated the ability to
differentially regulate inflammatory and anti-inflam-
matory cytokines and to confer protection against
infection (Suda et al., 2021). Various studies found
that oral administration of Lacticaseibacillus casei
CRLA431, Lactiplantibacillus plantarum CRL1506,
and Lacticaseibacillus rhamnosus CRL1505 de-
creased IL-8 and MCP-1 levels and increased I[FN-y
and IL-10 levels in the gut of mice with intestinal and
viral infections (Nakanishi et al., 2006; Salva et al.,
2010; Villena et al., 2018). Similarly, Lactobacillus
delbrueckii subsp. delbrueckii TUA4408L modu-
lated the inflammatory cytokine profile in ETEC-
challenged intestinal epithelial cells and weaned pig-
lets by reducing the expression and levels of IL-6,
IL-8 and MCP-1 cytokines (Suda et al., 2021).

Antioxidant status and humoral immune
response

We further investigated the antioxidant status and
immune response as assessed by antioxidant enzyme
activities and immunoglobulin levels in serum and in-
testine segments, knowing that weaning stress could
affect these two important piglet health parameters
(Campbell et al., 2013; Long et al., 2021). Rapeseed
meal is a rich source of several active components
with antioxidant properties, such as vitamin E, vita-
min B complex, minerals, unsaturated fatty acids and
phenolic acids — stimulators of antioxidant enzyme

activity (Niciforovi¢c and Abramovi¢, 2014; Chen
et al., 2018). Moreover, several metabolic by-prod-
ucts are formed during yeast fermentation, including
enzymes, vitamins and other nutrients and impor-
tant co-factors (Yang et al., 2016). In addition, yeast
wall contains polysaccharides that have antioxidant
properties due to their polymeric structure trapping
free radicals like B-glucans (Pourahmad et al., 2011).
Yang et al., (2016) showed that feeding weaned
piglets with yeast products containing B-glucans
enhanced serum and intestinal antioxidant indices
(total antioxidant capacity, SOD and CAT). In our
experiment (Table 5), the diet containing 10% FRSM
significantly increased SOD (P < 0.0001) and CAT
(P < 0.02) activities at the systemic level in plasma,
but not in the intestine (Table 6). Conversely, piglets
receiving either a diet containing 8% fermented rape-
seed meal or a combination of fermented rapeseed
and fermented soybean meal showed no increase
in blood plasma SOD and CAT levels, but had sig-
nificantly enhanced local activity of these enzymes
in the jejunum (Czech et al., 2021). In turkeys, the
inclusion of 15% fermented rapeseed cakes in the
diet did not modify SOD and CAT and decreased

Table 5. Effect of dietary fermented rapeseed meal (FRSM) on
antioxidant indices and humoral immune response in pig plasma

Feeding groups
Control FRSM  P-value SEM

Plasma antioxidant indices

total antioxidant capacity, U/ml  0.706  0.708 0.750 0.00
superoxide dismutase, U/ml 4.623° 6.188° 0.0001 0.26
catalase, U/ml 11.1422 18.228" 0.0001 3.16
glutathione peroxidase, U/ml 1.933 1.670 0.253 0.10
TBARS/MDA, nmol/ml 3.9132 2938 0.022 0.18
Plasma humoral response, mg/ml
IgA 0.647 0.648 0.511 0.08
IgM 1603 1.714 0501 0.1
lgG 6.332 5501 0.181 0.53

TBARS/MDA - thiobarbituric acid substances/malondialdehyde,
Ig — immunoglobulin; SEM - standard error of the mean; ® — means
within a column with different superscripts are significantly different at
P < 0.05. ANOVA (one-way) followed by Fisher’s tests were performed
to analyse the effect of the diets on animal performance (n = 8)

Table 6. Effect of dietary FRSM on antioxidant enzyme activity in pig intestinal tissue

SOD, U/g tissue

CAT, pumol/min/g tissue

GPx, umol/min/g tissue

Control FRSM  P-value SEM Control FRSM  P-value SEM Control FRSM  P-value SEM
Jejunum 37421 368.68 0.73 7.58 2.55 3.36 0.25 0.36 3.96 3.25 0.32 0.41
lleum 356.56 347.94 0.58 7.38 2.25 2.66 0.38 0.22 3.30 3.61 0.64 0.32
Colon 334.06 347.84 0.18 2.60 4.09 3.98 0.76 0.18 2.09 1.84 0.45 0.16

SOD - superoxide dismutase, CAT - catalase, GPx — glutathyon peroxidase; SEM — standard error of the mean; (P > 0.05); ANOVA (one-way)
followed by Fisher’s tests were performed to analyse the effect of the diets on animal performance (n = 8)
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GPx activities in blood, which was a worse result
compared to unfermented rapeseed (Drazbo et al.,
2018).

Our 10% FRSM diet did not differentially modi-
fy plasma immunoglobulin concentrations in piglets
from the FRSM group compared to control (Table 5).
The cytokine IL-6, which together with IL-4, stimu-
late antibody production (Mizumachi et al., 2009)
was also not modified in plasma and showed a lower
intestinal level under the influence of the diet with fer-
mented rapeseed meal, which probably explains the
lack of alterations in immunoglobulin synthesis. The
lack of effect on non-specific humoral immune re-
sponse was also reported by Long et al. (2019) in pig-
lets fed a diet supplemented with Forsythia suspense
extract used as a potential non-antibiotic supplement.
In contrast, these authors showed that dietary supple-
mentation with Forsythia suspense extract enhanced
total antioxidant capacity, superoxide dismutase and
catalase levels in serum of piglets after 28 days of
treatment compared to control. Satessa et al. (2020b)
also investigated the effect of different dietary levels
of fermented rapeseed meal in piglets after weaning
and detected increased serum concentrations of im-
munoglobulins (IgG, IgM, IgA) and IL-6 in pigs fed
diets supplemented with 8 and 10% lactobacillus-
pre-fermented rapeseed meal. This was probably the
piglet’s response to lactic acid bacteria, which are
immune stimulators and active components of fer-
mented rapeseed meal (Satessa et al., 2020b). A simi-
lar response to fermented feed, i.e. higher serum lev-
els of immunoglobulins was obtained by Zhu et al.
(2017), who fed piglets after weaning with 5, 10 and
15% lactobacilli-fermented soybean meal. Addition-
ally, a fermented liquid diet containing probiotics
(Lactobacillus plantarum 1L.Q80) stimulated systemic
antibody (IgM and IgG) production in piglets after
weaning without causing inflammatory reactions
(Mizumachi et al., 2009). Our results regarding the
antioxidant status at the intestinal tissue level showed
that SOD activity was not significantly modulated
by the administration of fermented rapeseed meal. In
contrast, the results showed a trend towards an in-
crease in catalase activity in the jejunum (P = 0.08)
of piglets fed the FRSM diet (Table 6). No effect of
FRSM addition on GPx activity in the ileum and co-
lon was observed (Table 6).

Oxidative stress accompanying inflammation
during weaning period is associated with the pro-
duction of free radicals that cause cellular damage
(Valko et al., 2005). Unsaturated cellular lipid mem-
brane is one of the main peroxidation targets of free
radicals (Yoshida et al., 2015). There are studies

showing that dietary inclusion of fermented ingre-
dients can diminish the effects of oxidative stress.
Indeed, in our experiment, after the administration
of the FRSM diet, the level of thiobarbituric acid re-
active substances/malodialdehyde (TBARS/MDA),
markers of lipid peroxidation induced by oxidative
stress, was significantly decreased in blood plasma
(P = 0.022) and two intestinal segments, jeju-
num (P = 0.028) and colon (P = 0.003), suggest-
ing that the diet with FRSM has the capacity to
diminish lipid peroxidation during weaning crisis,
which may be due to the anti-oxidant and scaveng-
ing properties of the active components present in
rapeseed meal and yeast (Figure 2A). Similarly to
our results, an improvement in the redox status in
plasma (increased antioxidant potential, and albu-
mins contents and CAT activity), liver and jejunum
(increased SOD and CAT activity), as well as de-
creased MDA in plasma, liver and jejunum was
found by Czech et al. (2021) in weaned piglets fed
a diet containing 6% fermented rapeseed meal and
2% fermented soybean meal, respectively. The au-
thors argued that these improved results were due
to the fermentation process, increasing the content
of low-molecular weight peptides with antioxidant
properties. Indeed, Xue et al. (2009a; b) reported
that peptides from rapeseed protein hydrolysate
showed dose-dependent anti-oxidative properties
and inhibited MDA and superoxide anion genera-
tion. In another study (Xue et al., 2009b), the same
authors showed that protein hydrolysate (RSCH)
obtained from rapeseed (cultivar Huaza3) was able
to improve immune function (phagocytic capacity
of celiac macrophages and delayed-type hypersen-
sitivity) to increase serum SOD activity by reducing
the formation of free radicals and thiobarbituric acid
reactive substances in serum, and recommend the
use of rapeseed in human nutrition as a source of
bioactive peptides with antitumor an anti-oxidative
properties.

Diamine oxidase is a biomarker commonly
used for monitoring intestinal barrier integrity that
plays akey role in the body’s defence against patho-
gen invasion into the mucosa (Long et al., 2021;
Zou et al., 2021). It is produced exclusively in the
small intestine. The damage to the intestinal bar-
rier led to the release and increase of DAO plasma
levels and decreased intestinal concentration (Xiao
et al., 2014). In the current study, pigs fed ferment-
ed rapeseed diet showed a significant decrease in
plasma DAO concentration, suggesting that the in-
testinal barrier was not affected by the FRSM diet
(Figure 2B).
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Figure 2. Effect of fermented rapeseed meal (FRSM) diet on oxidative stress and intestinal barrier integrity. The mean value + SEM were
calculated and presented as a histogram (n = 8). Statistical analysis was performed using one-way ANOVA followed by Fisher’s test (*P < 0.05);
A) TBARS/MDA - thiobarbituric acid substances/malondialdehyde; B) DAO — diamine oxidase

Signalling pathway

Inflammation and oxidative stress are mainly
regulated by the central mediator NF-«B and Nrf2
signalling pathways. NF-kB promotes inflamma-
tion by regulating the transcription of genes coding
for cytokines and chemokines, immunoreceptors,
cell-adhesion molecules, growth factors, etc. (Gilm-
ore, 2006), while Nrf2 plays an essential role in the
regulation of the antioxidant responsive element
(ARE) and induction of genes encoding phase
II detoxifying and anti-oxidative stress enzymes
(La Marca et al., 2013). Many studies have demon

colonic tissue of mice lacking Nrf2 (-/-). In rats, a diet
supplemented with multiple antioxidants reduced
the increase in oxidative stress, while inhibiting
NF-kB (Batumalaie et al., 2013). Our results (Ta-
ble 7) showed that the level of the active form of
NF-xB (p65) decreased in the ileum (P = 0.03) under

the influence of a diet containing fermented rapeseed
meal, while an increase in Nrf2 expression was ob-

served in the ileal tissue, (P = 0.007) which explained
the decrease in the concentration of pro-inflammato-
ry cytokines and a slight increase in the activity of
antioxidant enzymes.

Table 7. Effect of of dietary fermented rapeseed meal (FRSM) addition on signalling pathway indices in pig intestinal segments

NF-kb, U.A. Nrf2, U.A.

Control FRSM P-value SEM Control FRSM P-value SEM
Jejunum 0.402 0.345 0.16 0.01 0.191 0.208 0.21 0.02
lleum 0.4982 0.404° 0.03 0.03 0.2422 0.277° 0.007 0.01
Colon 0.190° 0.162° 0.17 0.02 0.367 0.475 0.15 0.01

NF-kB — nuclear factor kappa B, Nrf2 — nuclear factor erythroid 2-related factor 2; SEM — standard error of the mean; 2 — means within a column
with different superscripts are significantly different at P < 0.05; ANOVA (one-way) followed by Fisher’s tests were performed to analyse the effect

of the diets on animal performance (n = 8)

strated the existence of a cross-talk between NF-kB
and Nrf2 signalling pathways in response to inflam-

mation and oxidative stress (Saw et al., 2010), indi-
cating that Nrf2 activation suppresses inflammation
by inhibiting NF-kB induction by regulating redox
balance (Lin et al., 2008; Wang et al., 2010a; b). In
an elegant study, Khor et al. (2006) showed that the
levels of pro-inflammatory cytokines (IL-1B3, TNF-q,
IL-6) and mediators (cyclooxygenase 2, iducible ni-
tric oxide synthase 2) were significantly increased
by sodium dextran sulphate (1%), while antioxidant/
phase II detoxifying enzymes were decreased in

Conclusions

In conclusion, the present study showed that
fermentation of rapeseed meal with S. cerevisiae
enriched its composition with crude protein, crude
fibre and some minerals, and was an effective way
to reduce anti-nutritional glucosinolate levels.
The results demonstrated the potential effectiveness
of rapeseed fermented diet in improving the intes-
tinal health status of piglets by modulating signifi-
cant processes during the weaning period, such as
the pro-inflammatory oxidative response and intes-
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tinal barrier integrity. Further studies are needed to
investigate different dosages for incorporating fer-
mented rapeseed meal into the pig diet.
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