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ABSTRACT

Objective: Since the ban of antibiotics as growth
promoting feed additives in the EU in 2006 re-
search in alternatives has gained importance.
Phytogenic feed additives represent a hetero-
genous class of different plant derived sub-
stances that are discussed to improve the health
of farm animals by direct and indirect antioxi-
dant effects and by influencing microbial eubio-
sis in the gastrointestinal tract. Consequently
our study aimed to investigate the influence of
broccoli extract and the essential oils of tur-
meric, oregano, thyme and rosemary, as selected
individual additives, on intestinal and faecal mi-
croflora, on xenobiotic enzymes, and on the an-
tioxidant system of piglets. Methods: 48 four
weeks old male weaned piglets were assigned to
6 groups of 8. The piglets were housed indi-
vidually in stainless steel pens with slatted floor.
The control group (Con) was fed a diet without
an additive for 4 weeks. The diet of group BE
contained 0.15 g/kg sulforaphane in form of a
broccoli extract. 535, 282, 373 and 476 mg/kg of
the essential oils of turmeric (Cuo), oregano
(O0), thyme (To) and rosemary (Ro) were added
to the diets of the remaining 4 groups to stan-
dardise supplementation to 150 mg/kg of the
oils’ key terpene compounds ar-turmerone, car-
vacrol, thymol and 1,8-cineole. The composition
of bacterial microflora was examined by culti-
vating samples of jejeunal and colonic mucosa
and of faeces under specific conditions. The
MRNA expression of xenobiotic and antioxidant
enzymes was determined by reversing transcrip-
tase real time detection PCR (RT-PCR). Total
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antioxidant status was assayed using the Trolox
Equivalent Antioxidant Capacity (TEAC), and
lipid peroxidation was determined by measuring
thiobarbioturic acid reactive substances (TBA-
RS). Results: Compared to Con piglets all addi-
tives positively influenced weight gain and feed
conversion in week 1. Over the whole trial period
no significant differences in performance pa-
rameters existed between the experimental groups.
Compared to group Con performance of Ro
piglets was, however, slightly impaired. Com-
pared to Con piglets Cuo, Oo and To increased
the ratio of Lactobacilli:E. coli attached to the
jejunal mucosa, whereas BE and Ro impaired
this ratio slightly. In contrast in colonic mucosa
Ro improved Lactobacilli:E. coli ratio. In faecal
samples an improvement of Lactobacilli:E. coli
ratio could be analysed for To and Ro. Ro was
the only additive that reduced the incidence rate
of piglets tested positive for enterotoxic E. coli
(ETEC). All additives significantly increased je-
junal TEAC and reduced TBA-RS. In the liver BE,
Cuo, Oo and To increased TEAC in tendency and
Ro significantly. Liver TBA-RS were slightly re-
duced by all additives compared to Con piglets.
Whereas the influence of BE, To and Ro on je-
junal TEAC mainly was derived from the induc-
tion of xenobiotic and antioxidant enzymes (in-
direct antioxidant effects), Cuo and Oo influ-
enced TEAC by direct antioxidant effects. Dis-
cussion and Conclusions: Our results have shown:
That within the labiatae oils Oo and To have the
potential to improve performance slightly. That
phytogenic substances have a small but not sig-
nificant influence on intestinal microflora. That
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phytogenic feed additives up-regulate the anti-
oxidant system of piglets either by direct or by
indirect antioxidant effects and that they may
thereby improve health status. That within the
labiatae oils Oo has a high direct antioxidant
potential whereas Ro potently induces xenobi-
otic and antioxidant enzymes. That broccoli ex-
tract is an attractive new phytogenic additive,
improving antioxidant status by indirect anti-
oxidant effects. That defined combinations of
selected phytogenic substances may produce
additive effects. That health promoting effects of
phytogenic additives in the future should be
studied systematically under the challenge with
pathogenic microorganisms or food derived to-
xins.
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1. INTRODUCTION

Weaned pigs and fast growing broilers are frequently
affected by diarrhoea in the first weeks of their lives re-
sulting in impaired performance or the loss of animals.
Antibiotics as feed additives were therefore used for a
long time in order to protect the animals from this harm.
The complete ban of the last three antibiotic feed addi-
tives in the European Union (EU) in 2006 bore the ne-
cessity to intensify research in alternatives. Besides the
supplementation of pig diets with pre- and/or probiotics
or organic acids, phytogenic feed additives have turned
out as promising substances for this purpose.

In this context some studies reported that in particular
the essential oils (EO) of labiatae plants (Origanum vul-
gare, Thymus vulgaris and Rosmarinus officinalis) in-
fluenced growth and performance of piglets positively
whereas other trials found no or even contrary effects
[1-5]. These contradictory results with regard to per-
formance are extensively summarised in a recent review
[6].

Antibiotic-like bactericidal and/or bacteriostatic ef-
fects on several pathogenic intestinal microorganisms
may represent another mechanism by which labiatae oils
influence the health of farm animals positively. However,
most of the studies regarding this topic have been carried
out in vitro, frequently in the context of food safety of
meat products [7-9]. The bactericidal activity of EOs in
vivo is also discussed controversially. Oils or herbal pre-
parations of labiatac plants rather seem to improve mi-
crobial eubiosis [10,11] than having direct bactericidal
effects against pathogenic bacterial strains [12].

A further mechanism by which labiatae oils may con-
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tribute to animal health may consist in their direct anti-
oxidant effects. Presumably the terpene compounds of
labiatae oils largely contribute to both their antioxidant
potential and to their influence on bacteria. The main
terpene compounds of labiatae plants include the phenol-
lic terpenes carvacrol (oregano), thymol (thyme and
rosemary) and the epoxy-terpene 1,8-cineole (rosemary).
The measurement of the Trolox Equivalent Antioxidative
Capacity (TEAC, mmol TROLOX equivalent®/g test
substance) represents a frequently applied method to test
the antioxidant potential of labiatae oils. In this context it
could be demonstrated that oregano had the highest an-
tioxidant potential within labiatae plants (TEAC value:
100.7) followed by rosemary (38.8) and thyme (38.8)
[13].

Similar mechanisms improving performance and health
of farm animals as reported for labiatae extracts and oils
are also discussed for turmeric preparations (Curcuma
longa L.). Turmeric oil contains a highly active terpene
compound, the aromatic sesquiterpene ar-turmerone,
possessing both a strong bactericidal activity against
several microorganisms [14] and direct antioxidant ef-
fects [15].

Broccoli extract, containing glucoraphanin (GRA), the
glucosinolate precursor of the isothiocyanate sulforap-
hane (SFN), is a phytogenic substance that has been
tested as a feed additive only in one broiler study which
has been carried out in our group [16]. Due to the lack of
studies with other farm animals broccoli extract has no
current permission as a feed additive in the EU. In con-
trast in humans broccoli extract and SFN are generally
accepted dietary supplements with a high potential in
cancer prevention [17]. In vitro SFN exerted a strong
bactericidal activity against various microorganisms such
as Enterococcus faecalis, Staphylococcus aureus, Es-
cherichia coli S1 and S2, and Salmonella typhi [18].

The cancer protective effects of turmeric and of SFN
are believed to derive from the induction of enzymes
with an “Antioxidant Response Element” (ARE) in their
DNA. ARE containing enzymes include a large number
of xenobiotic enzymes, such as glutathione-S-transfer-
ases (GST), epoxide hydrolases (EPHX), aflatoxin alde-
hyde reductases (AFAR) and of antioxidant enzymes,
such as heme oxygenases (HMOX1) and cytosolic cop-
per/zinc-superoxide dismutase 1 (SODI1) [19-24]. The
increased transcription of genes with an ARE sequence is
initiated by translocation of the transcription factor “Nu-
clear factor erythroid 2-related factor 2” (Nrf2) [25] to
the nucleus and its subsequent association with the ARE
sequence.

Both oxidative stress and electrophiles like sulforap-
hane or terpenes can increase Nrf2 translocation to the
nucleus by modifying of redox sensitive cysteine-SH-
groups of Kelch-like ECH-associated protein 1 (Keapl)
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to which Nrf2 is bound in the cytosol [25].
Consequently, in contrast to the direct antioxidant ef-
fect, the ability of phytogenic feed additives to induce
ARE regulated genes is referred to as indirect antioxidant
effect.
The systematical investigation of indirect antioxidant
effects of phytogenic feed additives in different farm
animal species, including pigs, has been carried out only
in our broiler trial until today.
Another problem of a number of studies investigating
the influence of phytogenic additives on performance
parameters, microbial eubiosis, and on antioxidant ef-
fects consists in the use of blends of various phytogenic
substances
® Consequently the first aim of our present study with
piglets was to investigate systematically the impact of
labiatae oils (oregano, thyme, rosemary), a zingib-
eraceae oil (turmeric) and of a broccoli extract on
performance, microbial eubiosis and the antioxidant
system.

® The second aim of our study was to standardise the
addition of the different phytogenic substances to an
equal dietary concentration of their key compounds.

® The third aim of our trial was to give suggestions for
expedient combinations of the single additives in or-
der to maximise the impact on performance, micro-
bial eubiosis, and on direct and indirect antioxidant
effects.

As the reference substances for the examination of in-
direct antioxidant effects and for the examination of
xenobiotic enzyme induction we used a broccoli sprouts
extract and turmeric oil, both having a proven impact on
these parameters [15,26-28].

2. METHODS AND MATERIALS
2.1. Pigs Husbandry and Diets

The protocol of the piglet study was approved by the
Regional Council of Halle and by the animal welfare
committee of the Martin Luther University Halle Wit-
tenberg (record token: 42502-3-559-MLU). Further a cer-
tificate of exemption for feeding the broccoli sprouts
extract, which has no current permission as a feed addi-
tive in the EU was attested by the veterinary administra-
tive office Saxony-Anhalt, Halle (record token: 203.2.1/
22.10).

48 four weeks old male weaned pigs [(DL x DL) x
Pietrain] were obtained from the Intitutes’ own piggery
(NWZ Merbitz, Germany). After a 5 day acclimatisation
period the piglets (mean body weight: 9.5 £ 0.11 kg)
were assigned to 6 groups of 8 animals. Piglets were
housed individually in stainless steel pens with slatted
floor and fed the experimental diets for 4 weeks.

The control group (Con) was fed a piglet starter diet
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without any additive. 3694 mg/kg broccoli sprouts ex-
tract, providing 369.4 mg/kg GRA (150.0 mg/kg SFN),
were added to the diet of group BE. 535 mg turmeric
oil/kg diet (group Cuo), 282 mg oregano oil’kg diet
(group Oo0), 373 mg thyme oil/kg diet (group To) and
476 mg rosemary oil/kg diet (group Ro) were added to
the diets of the other 4 groups in order to standardise
total EO addition to the amount of 150.0 mg/kg diet of
the individual key terpene compound of each essential
oil. The standardised main terpenes were ar-turmeron for
turmeric oil, carvacrol for oregano oil, thymol for thyme
oil, and 1,8-cineole for rosemary oil. The active ingredi-
ent in the broccoli sprouts extract and the EOs, as ana-
lysed by Delacon Biotechnik Ges.m.b.H. (Steyregg, Aus-
tria), had the following concentrations (g/100g = %):
broccoli sprouts extract (sulforaphane, 4.06), turmeric oil
(ar-turmerone, 30.0), oregano oil (carvacrol, 65.0), thyme
oil (thymol, 49.0), and rosemary oil (1,8-cineole, 45.0).
Premixes of the essential oils using Sipernat® as the car-
rier matrix were prepared by Delacon Biotechnik Ges.m.
b.H. and added to the basal diet (Table 1).

Piglets had free access to their respective diet and wa-
ter. During the experiment temperature, humidity and
lightening were controlled. The temperature was gradu-
ally reduced from 26°C on day 1 to 21°C on day 28.
Lighting regime consisted of a 12 h light: 12 h dark cir-
cle. Minerals, vitamins and essential amino acids were
added to all diets as recommended for pigs by the Soci-
ety of Nutrition Physiology [29]and of the National Re-
search Council [30].

Feed intake and individual live weight were recorded
once a week. Feed conversion was calculated from the
ratio of feed intake (g) and weight gain (g). On day 28
piglets were exsanguinated after stunning for organ sam-
pling (blood, liver, jejunal mucosa, ileal mucosa and co-
lon). Mucosa samples of small intestine were prepared
from a 15 c¢m jejunal segment located 10 cm distal to the
duodenum. Ileum mucosa was obtained from a 10 cm
segment located proximal to the caecum. Colon tissue
was taken from a 10 cm segment located distal to the
caccum. At the beginning [first bacterial examination
(BE)] and at the end (final BE) of the experiment faeces
samples were collected directly from the piglets’ anus
using rectal swabs.

2.2. Haemogram

Blood samples of each piglet were taken at the end of
the experiment using ethylenediamine tetraacetic acid
(EDTA) coated tubes. The haemogram was analysed at
the “Klinik fiir kleine Klauentiere und Forensische Medi-
zin” of the “Stiftung Tierdrztliche Hochschule Hannover”
using a high throughput haemoanalyzer (Nihon Kohden
Cell Tac alpha, MEK-6450K).

OPEN ACCESS



K. Mueller et al. / Open Journal of Animal Sciences 2 (2012) 78-98 81

2.3. Microbiological Determinations in
Faeces, Jejunal and Colonic Segments
of Piglets

In order to determine the counts of bacteria in faeces
(first and final BE) rectal swabs were cut off, put in 5 ml
cold sterile PBS-buffer and mixed for 10 s. To determine
bacteria attached to the jejunal and the colonic mucosa
immediately after slaughter the specific gut segments
mentioned under “Pigs Husbandry and Diets’ were
thoroughly rinsed with sterile physiological sodium chlo-
ride solution (0.9%w/v). Subsequently the mucosa of
these jenunal and colonic segments was scraped off with
a sterile glass slide. Then 1 g of the mucosa preparations
were suspended in 5 ml cold sterile PBS-buffer and
mixed for 10 s. Solutions were transferred into 50 ml
tubes containing 4 g sterile glass beads and stored at 4°C.
For microbiological determinations log10-serial dilutions

Table 1. Composition of the basal diet.

of faeces and mucosa samples were prepared. 50 ul of
each serial dilution were disseminated on agar plates.
Specific culture media for the single bacterial strains and
incubation conditions are shown in Table 2. Bacterial
counts are presented as CFU (colony forming units) per g
mucosa or per rectal swab. To determine the count of
aerobic mesophilic bioburden mucosa- and swab-prepa-
rations were plated on blood agar. For the determination
of the fraction of facultative anaerobic bacteria (Entero-
bacteriaceae, e.g. Escherichia and Enterobacter) as a part
of the aerobic mesophilic bioburden, Gassner agar was
used for cultivation. In order to determine coliform bac-
teria (e.g. E. coli, Salmonella), representing lactose-me-
tabolising Enterobacteriaceae, the samples were also in-
cubated on Gassner agar with additional supplementation
of the pH-indicator “soluble blue”. The analysis of the
samples after cultivation on Violet Red Bile agar with 4-

Ingredient g/kg basal diet
Maize (DEUKA GmbH und Co. KG, Konnern, Germany) 289.0
Wheat (DEUKA GmbH und Co. KG, Kénnern, Germany) 240.0
Barley (DEUKA GmbH und Co. KG, Kénnern, Germany) 225.0
Soybean meal, 46% CP (DEUKA GmbH und Co. KG, Kénnern, Germany) 205.0
Soybean oil 4.50
Calcium phosphate (Mischfutter und Landhandel GmbH, Edderitz, Germany) 6.50
Vitamin and mineral premix” 20.0
Lysine hydrochloride (Feed Grade, China) 5.20
dl-methionine (Degussa, Duesseldorf, Germany) 1.50
I-threonine (Aiinomoto Eurolysine) 1.80
l-valine (Sigma-Aldrich) 1.00
I-tryptophan (Sigma-Aldrich) 0.50
Total 1000
ME (calculated) [MJ/kg] 13.66

"Premix supplied the following according to the supplier (BASU-Mineralfutter GmbH, Bad Sulza, Germany; per kilogram of complete diet): Ca, 5.3 g; P, 0.8 g;
Na, 1.2 g; Mg, 0.11 g; vitamin A, 6 mg (as retinyl acetate); cholecalciferol, 50 pg; vitamin E, 40 mg; vitamin K3, 3.0 mg; thiamine, 4.0 mg; riboflavin, 10.0 mg;
vitamin B6, 6.0 mg; vitamin B12, 0.04 mg; niacin, 52.0 mg; folic acid, 0.6 mg; biotin, 0.02 mg; pantothenic acid, 25.0 mg; choline chloride, 0.4 g; Cu, 15.0 mg;
Zn, 44.0 mg; Fe, 57.0 mg; Mn, 14.6 mg; 1, 0.2 mg; Se, 0.2 mg; Co 0.3 mg. The complete diets had the following nutrient contents according to the NRC rec-
ommendations for swine [30] and did not differ between the diets: Dry matter (analysed): 89% Gross energy (analysed): 16.50 MJ/kg ME (calculated): 13.84
MJ/kg. "Crude fat (analysed): 57.9 g/kg dry matter. Crude protein (analysed):187 g/kg dry matter Fiber (analysed): 33.6 g/kg dry matter Crude ash (analysed):
52.1 g/kg dry matter. ““The deviation in ME between basal and complete diet resulted from adding the different phytogenic feed additives in terms of premixes

as described in Methods and materials.

Table 2. Bacterial specific growing conditions.

Microbiota Culture medium Incubation
Aerobic mesophilic bioburden blood agar (BAP) 40 - 42 h, 37°C, aerobic
Enterobacteriaceae Gassner agar (GA) 16 - 18 h, 37°C, aerob

Coliform bacteria
Escherichia coli

Anaerobic mesophilic bioburden

Gassner agar, lactose positive (GAlpo)
VRB-MUG agar, fluorescent (VRBflu)
Zeissler agar (ZSS)

16 - 18 h, 37°C, aerob
16 - 18 h, 37°C, aerob
40 - 42 h, 37°C, anaerob

VRB-MUG = Violet Red Bile agar with 4-methylumbelliferyl-4-D-glucuronide.
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methylumbelliferyl-$-D-glucuronide (VRB-MUG) under
UV-exposure yielded the count of E. coli. Cultivation of
the samples prepared from jejeunal and colonic mucosa
and from rectal swabs on Zeissler agar under anaerobic
conditions yielded the count of anaerobic mesophilic
bioburden, including fastidious anaerobic (Lactobacilli)
and facultative anaerobic bacteria.

The E. coli specific heat stable enterotoxin II (estb)
was determined in faecal samples using semiquantitative
PCR. Therefore bacterial colonies of selected agar plates
were collected in a solution consisting of 1.5 ml sodium
chloride (0.9%) and 0.5 ml glycerine. From this solution
an aliquot of 3 pl was added to the PCR reaction mixture
containing 1 X ammonium buffer, magnesium chloride (2
mM), estb-primer (0.5 pM each), nucleotides (133 uM
each) and Taq Polymerase (0.03 U/ul). The nucleotide
sequences of the estb primers were as follows: for: 5’
TGCCTATGCATC-TACACAAT 3’; rev: 5° CTCCAG-
CAGTACCATCTCTA 3°. Annealing temperature of the
primers was 55°C. Following amplification for 30 cycles
the resulting PCR products were run on 3% agarose gels
and visualised under UV light in order to confirm the ex-
istence of enterotoxic estb producing E. coli in the sample.

2.4. RNA Preparation and Real Time RT-PCR
Assay Including the Stability Analysis of
Four Selected Reference Genes in
Jejunal Mucosa, lleal Mucosa, Colon
and Liver

To determine mRNA expression levels of GPx1 (glu-
tathione peroxidase 1), SOD1 (Cu/Zn-dependent super-
oxide dismutase), GSTa2 (glutathione-S-transferase al-
pha 2), HMOXI1 (heme oxygenase 1), EPHX1 (micro-
somal epoxide hydrolase 1), AFAR (aflatoxin B1 alde-
hyde reductase) and KEAP1 (Kelch-like ECH-associated
protein 1) total RNA was isolated from liver, jejunal mu-
cosa, ileal mucosa and colon using Trizol® reagent (In-
vitrogen) according to the manufacturers’ protocol. Fol-
lowing the photometrical determination of RNA concen-
tration and purity at 260 nm and 280 nm, RNA quality
was checked by testing the integrity of the 18S- and 28S-
ribosomal RNA bands and by controlling the absence of
genomic DNA in 1.2% agarose gels. Reverse transcript-
tion of total RNA (3 pg) was carried out using a com-
mercial cDNA synthesis kit (RevertAid™ First Strand
synthesis kit, Fermentas, Latvia). mRNA expression was
analysed by real time detection polymerase chain reac-
tion (RT-PCR) as described previously [16]. Subsequent
to the identification of the correct length of the amplifi-
cation products in 1.2% agarose gels, relative quantifica-
tion of mRNA expression was performed using the AACt
method [31]. In accordance with the current guidelines
for the proper determination of gene expression data in
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various tissues [32], a set of four reference genes was
selected and their expression stability (M) was ranked
according to the standard procedure [33-35]. Beta actin
(B-Actin), glycerine aldehyde-3-phosphate dehydrogenase
(GAPDH), ribosomal phosphoprotein large PO subunit
(RPP0O) and beta-2-microglobulin (B2M) were selected
as capable reference genes reported in current literature
[34,35], and their expression (Ct values) was measured
in jejunum, ileum, colon and liver. The treatment inde-
pendent expression stability (M) was determined by cal-
culating the Ct ratios of one gene with all the other genes.
Subsequently the standard deviation of the logarithmi-
cally transformed ratios was calculated and plotted [33].
According to their expression stability M, indicated by a
decrease of standard deviation, a ranking of the most
stable reference genes was compiled for each tissue in-
vestigated. The best set of housekeeping genes was used
for normalisation of the expression data of the target
genes. The expression values of target genes were nor-
malised using the arithmetic mean of the Ct values of
RPPO and GAPDH in jejunal and ileal mucosa, of RPP0O
and B2M in colon, and of GAPDH and f-Actin in the
liver. Primer sequences used in PCR and their gene bank
accession numbers are shown in Table 3.

2.5. TROLOX® Equivalent Antioxidant
Capacity (TEAC) in Jejunal Mucosa,
Colon and Liver Tissue

TEAC was measured in 1:5 (w/v) crude homogenates
of jejunal mucosa, colon and liver using the method
originally described by Miller ef al. [36] with modifica-
tions of Wang et al. [37]. The method is based on moni-
toring the inhibition of ABTS radical formation spectro-
photometrically at 600 nm and 20°C for 15 min. The
reaction mixture contained PBS buffer, ABTS reagent
(0.15 mM), H,O, (0.1 mM) and metmyoglobin (2.50
uM). Sample TEAC values were calculated by compari-
son to TEAC values of a TROLOX® standard curve
(concentration range: 0 to 21.0 uM). The comparison
was carried out in the linear range of the reaction (jejunal
mucosa: 10 min, colon: 7 min, liver: 7 min). The TEAC
values of the samples were expressed in pmol TROLOX®
equivalent per g organ fresh matter and kg body weight.
Samples were measured in duplicate.

2.6. 2-Thiobarbituric Acid-Reactive
Substances (TBA-RS) in Jejunal
Mucosa and the Liver

To analyse lipid peroxidation in intestine and liver
samples 2-Thiobarbituric acid-Reactive Substances (TBA-
RS) were measured in 25 pl of 1:5 (w/v) crude homoge-
nates of jejunal mucosa and liver according to a modified
protocol from Wong et al. [38]. After adding 375 pl
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Table 3. Primer sequences of the porcine primers for PCR analyses.

Gene Gene ID Forward primer Reverse primer
AFAR NM001038626.2 ACAAGCCAGGGCTCAAGTACA GCTCTCTTCCACCCACTTTGA
Cu/ZnSOD AJ010339.1 TGCAGGTCCTCACTTCAATCC GGCCAATGATGGAATGGTCT
EPHXI1 NM214355.1 AAGGCCTGCACTTGAACGTAG TGCTCTGGATGTGCATGTAGC
GPxl1 NM214201.1 CAAGAATGGGGAGATCCTGA GATAAACTTGGGGTCGGTCA
GSTA 2 NM214389.1 ATGGTTGAGATTGACGGGATG ACAGTGGCAACAGCAAGATCA
HMOX1 NM001004027.1 CACTCACAGCCCAACAGCA GTGGTACAAGGACGCCATCA
Keapl NMO001114671.1 TGGCTGTATCCACCACAACAG CATTCGCCACTAATTCCTCTC
S-ACTIN DQ845171.1 GACATCCGCAAGGACCTCTA ACATCTGCTGGAAGGTGGAC
B2M NM213978.1 CGGAAAGCCAAATTACCTGA TCCACAGCGTTAGGAGTGAA
GAPDH AF017079.1 AGGGGCTCTCCAGAACATCATCC TCGCGTGCTCTTGCTGGGGTTGG
RPPO NM001098598.1 CAACCCTGAAGTGCTTGACA GCCTTGACCTTTTCAGCAAG

H;PO, (0.44 M), 225 pl aqua bidest. and 125 pl 0.6% 2-
thiobarbituric acid, the samples were incubated in a
thermo block at 100°C for 60 min. Blanks were deter-
mined using 25 pl of potassium phosphate buffer (0.1 M)
instead of the different crude homogenates. Subsequent
to heating the samples were chilled on ice and mixed
with 750 pl of methanolic NaOH (10 ml of 1 M NaOH,
90 ml methanol). After vortexing and centrifugating the
samples at 4000 g at 4°C for 10 min, the extinction was
measured spectrophotometrically at 532 nm. To calculate
the samples’ TBA-RS concentrations a calibration curve
with 1,1,3,3,-tetracthoxypropane in a concentration range
of 0.60 - 1.20 mM was prepared. The TBA-RS values
were expressed in nmol per g organ fresh matter and kg
body weight. Each sample (n = 8) was measured in du-
plicate.

2.7. Protein Concentration of Samples

Protein concentration in homogenates of jejunal mu-
cosa, colon and liver was determined using the standard
method of Bradford (1976) [39], adapted to the needs for
measurement in a 96 well plate reader.

2.8. Statistical Analysis

Data are presented as means £ SEM or as medians +
min. and max. values for bacterial counts. Following
assurance the normality of distribution (Shapiro Wilk test
and Kolmogorov Smirnov test) and the homogeneity of
variances (Levene’s test), data were analysed with SPSS
19.0 for Windows using the one-way ANOVA procedure.
If variances were homogenous, significant differences
between means (P < 0.05) were evaluated with the Least
Significant Difference (LSD) test, if not the Games How-
ell test was used. All tables were prepared with Microsoft
Excel (Version 2003).

Copyright © 2012 SciRes.

3. RESULTS

3.1. Performance Parameters (Feed Intake,
Body Weight, Weight Gain, Feed
Conversion Ratio)

With the exception of two piglets (1 from group BE
and 1 from group Ro) which needed a single antibiotic
treatment, all other piglets showed no clinical abnormali-
ties during the whole experiment. The haemogram of
piglets in all groups (Table 4) indicated a good health
status, since no parameter laid outside the normal range.

During the whole experimental period no significant
differences in feed intake could be registered between the
experimental groups (Table 5). Piglets of groups Cuo,
Oo and To had somewhat higher final body weights
compared to Con piglets. However, these differences
were not significant. Although piglets of group To had
the best feed conversion (1.35:1) compared to all the
other experimental groups, this parameter did not differ
significantly from any group.

3.2. Microflora in Jejunal and Colonic
Mucosa

Due to a high individual variation, no significant dif-
ferences for aerobic mesophilic bioburden, Enterobacte-
riaceae, coliform bacteria, E. coli and anaerobic meso-
philic bioburden in jejunal mucosa existed between the
experimental groups (Table 6). However, it is obvious
from the jejunal data, that Con pigs had the highest
maximum counts for all bacterial classes investigated
(50% of the animals above the median value), including
coliform bacteria and E. coli. In contrast the number of
Lactobacilli, calculated from the difference between an-
aerobic mesophilic bioburden and Enterobacteriaceae
was the lowest in the jejunal mucosa of Con pigs. Nev-
ertheless, comparison of E. coli median values revealed
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Table 4. Blood parameters of piglets feeding diets containing different phytogenic feed additives for 28 days.

Experimental group (MW = SD)"

blood parameter (g/l) Con BE
Hb 113.1 6.6 113.7 6.6
Hct 36.6 2.3 37.7 1.8
MCHC 309.0 6.4 301.5 7.4
lymphocytes 58.1 6.6 54.3 9.1

segmented granulocytes 37.8 4.7 41.2 7.4
unsegmented granulocytes 225 1.6 2.08 1.8
eosinophile granulocytes 0.63 0.6 0.92 0.7

basophile granulocytes 0.50 0.5 0.50 0.3

monocytes 0.81 0.9 0.67 1.2

Cuo Oo To Ro
1153 4.9 115.0 53 112.3 2.6 113.9 8.7
37.6 1.5 37.2 1.5 36.4 1.1 36.7 2.6
306.9 7.1 309.5 4.8 308.6 8.4 310.1 9.8
61.9 11.7 54.9 10.7 60.0 39 55.1 8.9
343 11.1 41.8 10.9 35.8 5.0 41.1 8.7
1.50 1.5 2.17 1.6 2.06 1.8 1.64 1.4
0.79 1.1 0.25 0.3 0.69 0.7 0.29 0.3
0.36 0.4 0.17 0.3 0.31 0.7 0.14 0.2
1.00 0.7 0.33 0.4 1.19 1.5 0.50 0.8

Values are arithmetic means (MW) + standard deviation (SD). Hb, haemoglobin; Hct, haematocrit; MCHC, mean corpuscular haemoglobin concentration.

Table 5. The effects of feeding diets containing different phy-
togenic feed additives for 28 days on final body weight (kg),
body weight gain (kg), daily feed intake (g) and feed conver-
sion ratio (g/g) in piglets.

Final body Weight gain Feed intake Feed conversion
weight in kg in kg in g/d ratio in g/g
Group Mean SEM Mean SEM Mean SEM Mean SEM

Con 203 0.89 10.6 047
BE 200 236 105 124
Cuo 210 118 11.5 0.69
Oo 213 092 11.8 041
To 209 058 115 047
Ro 199 236 104 127

5354 275 142 0.03
502.8 37.8 138 0.05
576.0 358 141 0.02
589.5 250 140 0.03
5520 273 135 0.04
5302 193 145 0.06

Values represent means + SEM. ® > “Mean values with unlike superscripts
within a column indicate significant differences between means (P < 0.05) in
the LSD test or the Games Howell test.

that Cuo, Oo, and To reduced the number of E. coli bac-
teria compared to Con piglets, whereas BE and Ro in-
creased their number.

As similarly observed in jejunal mucosa also in colo-
nic mucosa no statistically significant differences re-
garding all bacterial classes investigated existed between
the experimental groups (Table 7). In contrast to the re-
sults for jejunal microflora in particular Ro piglets
showed a reduced E. coli number attached to colonic mu-
cosa compared to Con piglets. Moreover in colonic mu-
cosa Lactobacilli:E. coli ratio was better in Ro piglets
than in Con piglets.

3.3. Microflora in Faecal Samples Collected
with Rectal Swabs

Additionally to the determination of bacteria attached
to jejunal and colonic mucosa we have determined bac-
terial counts in the faeces of the piglets at the beginning
and at the end of the trial (Table 8). Although the treat-
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ment of the piglets with the different phytogenic addi-
tives caused no significant changes in faecal E. coli and
Lactobacilli counts as well as in the Lactobacilli:E. coli
ratio, To and Ro influenced these parameters in tendency.
Whereas there existed no differences in the initial E. coli-
and Lactobacilli counts between the experimental groups
(E. coli: 3.73 £ 0.18; Lactobacilli: 6.54 = 0.12; Ratio
Lactobacilli:E. coli: 1.50 = 0.04), both To and Ro re-
duced final E. coli count distinctly and improved Lacto-
bacilli:E. coli ratio compared to Con piglets and to pig-
lets of all the other treatments.

In this context our data regarding the heat stable en-
terotoxin estb produced by enterotoxic E. coli strains of
the serotypes O149:K91 with F4 or F6 fimbriac and
0138:K81 with F18 fimbriae are of interest. At the be-
ginning of the experiment estb was detectable with a
varying incidence rate [12.5% (1 of 8) to 25.0% (2 of 8)]
in faecal samples of all experimental groups. The inci-
dence of estb detection rate remained unchanged in groups
BE, Oo and To. One more piglet of the Cuo group was
estb positive (+12.5%) at the end of the experiment. As
the only additive Ro reduced estb incidence rate by
12.5%, whereas in Con piglets the highest increase in
estb incidence rate (+25%) was analysed at the end of
study (Figure 1).

3.4. Expression of ARE Regulated
Xenobiotic and Antioxidant Enzymes in
Jejunal and lleal Mucosa and in Colon
and Liver Tissue

The expression patterns of selected ARE regulated
xenibiotic and antioxidant enzymes depended on the
phytogenic additive and on the tissue investigated. In the
jejunum BE, used as one reference substance, potently
up-regulated the expression of all xenobiotic and anti-
oxidant enzymes investigated compared to Con piglets,
with significant changes for AFAR (factor: 2.14), GSTa2
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Table 6. Influence of different phytogenic feed additives on bacterial microflora in jejunal mucosa of piglets.

Experimental group (median, min., max.)"

Jejunum log CFU/g Con

median 5.28

Aerobic mesophilic bioburden min. 4.09
max. 9.09

median 4.29

Enterobacteriaceae min. 2.00
max. 9.03

median 4.28

Coliform bacteria min. 2.00
max. 9.03

median 4.01

Escherichia coli min. 1.70
max. 8.96

median 5.60

Anaerobic mesophilic bioburden min. 4.22
max. 9.22

Lactobacilli 5.47
Ratio Lactobacilli:E. coli 1.36

BE
5.98
4.97
6.51

5.20
4.17
6.21

5.07
4.12
6.19

5.27
3.31
6.09

6.11
5.44
6.61
6.06
1.14

Cuo Oo To Ro
5.44 5.34 5.67 6.22
4.72 4.54 4.23 4.97
7.78 6.67 7.31 7.95
4.82 4.78 5.28 6.09
3.06 3.51 2.61 3.03
7.81 6.63 6.62 7.95
4.81 4.67 5.26 6.07
3.06 2.68 2.56 3.00
7.79 6.63 6.61 7.95
2.78 3.67 3.40 5.44
1.70 2.22 1.70 1.70
6.85 6.63 6.61 7.26
5.78 5.95 6.02 6.53
531 4.87 4.56 5.06
7.84 7.07 7.47 7.93
5.56 5.60 5.80 6.17
2.00 1.52 1.71 1.14

Values are medians + minimal (min.) and maximal (max.) bacterial count in log CFU x g jejunal mucosa. Lactobacilli were calculated by subtracting Entero-

bacteriaceae counts from anaerobic mesophilic bioburden counts.

O First BE ® Final BE

+12.5%

+25%

N
o

w
o
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o o
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% estb positive piglets

BE Oo

Cuo
Experimental group

Figure 1. Influence of different phytogenic
feed additives on the detection of the heat sta-
ble enterotoxin estb produced by enterotoxic E.
coli strains of the serotypes 0149:K91 with F4
or F6 fimbriae and O138:K81 with F18 fim-
briae in facceal samples.

(factor 2.15), GPx1 (factor 1.79) and SODI1 (factor 2.14)
(Table 9(a)). Within the labiatae oils to and in particular
Ro were most effective in the up-regulation of xenobiotic
and antioxidant enzymes. Both oils increased the mRNA
expression of jejunal GPx1 and EPHXI1 significantly
compared to Con piglets. Whereas To additionally in-
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creased SOD1 mRNA level significantly, Ro strongly
influenced AFAR expression compared with Con piglets.
Jejunal mRNA expression of some of the genes investi-
gated was more potently increased by To and in particu-
lar by Ro than by BE. Jejunal HMOX1 mRNA was up-
regulated by feeding the rosemary and BE diets. How-
ever, due to a high standard deviation for this enzyme the
effect was not statistically significant. In contrast to our
expectations, the second reference additive Cuo caused
no increase in the mRNA levels of the jejunal xenobiotic
and antioxidant enzymes as well as Oo, coming along
with a high direct antioxidant capacity (Table 9(a)). A
completely different induction pattern for the xenobiotic
and antioxidant enzymes was analysed in the ileum. No
effects of the most potent additives BE, To and Ro could
be measured with regard to the induction of the antioxi-
dant enzymes GPx1, SOD1 and HMOXI1 (Table 9(b)).
In contrast the mentioned additives positively affected
the expression of the xenobiotic enzymes AFAR, EPHX1
and GSTa2, with significant effects of BE on AFAR
(factor 3.80) and EPHX1 (factor 2.78), of To on GSTa2
(factor 1.93), and of Ro on AFAR (factor 3.40). More-
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Table 7. Influence of different phytogenic feed additives on bacterial microflora in colonic mucosa of piglets.

Experimental group (median, min., max.)"

Colon log CFU/g Con

median 8.37

Aerobic mesophilic bioburden min. 8.01
max. 9.21

median 5.18

Enterobacteriaceae min. 3.94
max. 7.70

median 5.18

Coliform bacteria min. 3.94
max. 7.70

median 3.98

Escherichia coli min. 1.70
max. 7.57

median 8.91

Anaerobic mesophilic bioburden min. 8.04
max. 9.56

Lactobacilli 8.91
Ratio Lactobacilli:E. coli 2.20

BE
8.86
7.70
9.65

6.17
4.65
7.82

6.17
4.65
7.61

4.66
1.70
6.77

8.68
8.19
9.44
8.61
1.85

Cuo Oo To Ro
8.31 8.29 8.23 8.14
7.66 7.81 5.94 7.52
8.81 8.66 9.05 9.04
5.09 5.68 5.49 6.10
391 3.55 3.01 3.75
6.93 7.11 6.72 7.17
4.05 5.40 5.49 6.10
3.62 1.70 2.66 3.71
6.93 7.11 6.72 7.17
5.45 4.98 533 3.76
1.70 1.70 1.70 1.70
6.81 7.00 6.59 7.07
8.81 8.77 8.90 8.82
8.13 8.11 7.13 8.15
9.27 9.21 9.32 9.40
8.81 8.76 8.90 8.82
1.61 1.76 1.66 2.34

Values are medians = minimal (min.) and maximal (max.) bacterial count in log CFU x g colonic mucosa. Lactobacilli were calculated by subtracting Entero-

bacteriaceae counts from anaerobic mesophilic bioburden counts.

over the impact of BE and Ro on ileal AFAR expression
(average factor: 3.60) compared to Con piglets was dis-
tinctly higher than in the jejunum.

As observed in the jejunum, the addition of Cuo and
Oo caused no significant changes in the expression of
xenobiotic and antioxidant genes also in the ileum.

Most interestingly in the colon a completely different
regulation profile of antioxidant and xenobiotic enzymes
was measured due to feeding the pyhtogenic substances.
In colon rosemary was the only additive that powerfully
induced both antioxidant enzymes (GPx1, factor 3.20;
SODI, factor 1.62) and xenobiotic enzymes (AFAR,
factor 2.17; GSTa2, factor 1.71). The other feed additives
only increased GPx1 mRNA expression to small and not
significant extent, whereas nearly no changes or even a
marked down-regulation could be observed for the xeno-
biotic enzymes (AFAR, EPHX1, GSTa2).

In the liver the reference additives BE and Cuo sig-
nificantly increased the mRNA concentrations of AFAR
(average factor 1.46) and EPHX1 (average factor 2.12)
compared to the Con group (Table 9(c)). EPHX1 expres-
sion was also significantly increased in piglets of the Oo

Copyright © 2012 SciRes.

group (factor 1.97) and in the Ro group (factor 1.55). In
groups BE and Ro the expression of GSTa2 was down-
regulated by 39% to 43% of the Con level (Table 9(d)).
While BE significantly increased hepatic GPx1 mRNA
expression (factor 1.66), the addition of Cuo increased
SOD1 mRNA levels (factor 1.47) in liver tissue.

3.5. TROLOX® Equivalent Antioxidant
Capacity (TEAC) in Jejunum Mucosa,
Colon and Liver Tissue

TEAC values in jejunum, colon and liver are shown in
Figure 2. Jejunal and hepatic TEAC values showed a
similar height, whereas colonic TEAC reached only
about 30% to 50% of those in jejeunum and liver (Figure
2). All phytogenic feed additives increased jejunal TEAC
by 26% to 64% compared with Con piglets. In the colon
no effects of the phytogenic additives on TEAC could
be measured. Although BE (20.7%), Cuo (13.5%), Oo
(10.3%), To (26.1%) increased liver TEAC distinctly
compared to Con piglets, only the rise produced by
feeding Ro (46.4%) was significant.
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Table 8. Influence of different phytogenic feed additives on bacterial microflora in faecal samples of piglets.

87

Group Tir};;:of Aerotl:iigbrlrll;:s;]:hilic Enterobacteriaceae (};Zl;{:rrir: E. coli Anaerl())iboi;ur;lde:r(l)philic Lactobacilli Ratio I;:e?(c;:)(;ibacilli:
Median 6.08 4.50 4.50 4.18 6.84 6.80 1.51
Initial BE  min 3.76 2.80 2.44 2.30 5.82
max 6.34 6.10 6.10 5.30 7.85
Con
Median 7.41 4.26 4.26 3.82 7.78 7.78 2.04
Final BE  min 6.82 2.00 1.70 1.70 7.47
max 8.05 5.48 5.48 432 797
Median 5.74 4.01 4.01 3.00 6.31 6.31 1.57
Initial BE  min 4.37 2.48 2.48 1.70 5.33
max 6.47 5.43 5.40 5.07 7.41
BE
Median 7.16 5.69 5.69 5.39 7.80 7.76 1.44
Final BE  min 5.99 3.89 3.89 3.89 7.28
max 7.63 7.34 7.32 6.28 8.29
Median 5.70 4.78 4.76 4.03 6.62 6.57 1.37
Initial BE  min 4.68 3.61 3.59 1.70 5.68
max 7.21 6.88 6.88 5.15 7.17
Cuo
Median 6.97 4.58 4.58 4.48 7.49 7.48 1.67
Final BE  min 5.37 2.00 2.00 1.70 6.35
max 8.34 5.71 5.71 5.61 8.25
Median 5.49 3.76 3.74 3.82 6.29 6.28 1.67
Initial BE  min 5.03 1.70 1.70 1.70 5.54
max 7.35 5.57 5.52 4.28 7.54
o Median 7.07 4.27 423 4.17 7.79 7.78 1.87
Final BE  min 6.51 1.70 1.70 1.70 6.93
max 7.49 6.71 6.71 5.30 8.23
Median 6.04 4.95 4.56 3.26 7.00 7.00 1.41
Initial BE  min 4.90 332 3.32 1.70 6.18
max 7.52 7.05 7.05 5.46 8.47
To Median 7.05 5.24 5.24 2.53 7.58 7.56 2.99
Final BE  min 5.91 1.70 1.70 1.70 6.70
max 7.49 6.62 6.62 5.28 8.02
Median 6.46 432 4.31 4.07 6.30 6.26 1.45
Initial BE  min 3.63 3.36 3.32 2.48 5.28
max 7.48 5.39 7.14 5.90 7.91
Ro Median 6.72 4.29 429 2.30 7.36 7.36 3.20
Final BE  min 5.89 2.60 2.60 1.70 6.78
max 7.34 6.16 6.15 5.25 7.83

Values are medians + minimal (min.) and maximal (max.) bacterial count in log CFU per rectal swab. Lactobacilli were calculated by subtracting Enterobacte-
riaceae counts from anaerobic mesophilic bioburden counts.
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Table 9. Relative mRNA concentration of xenobiotic (GSTa2, EPHX1, AFAR) and antioxidant enzymes (GPx1, SOD1, HMOX1)

and KEAPI in jejunal and ileal mucosa, colon and liver tissue of piglets.

(a) Jglunal mucosa

Group Con BE Cuo Oo To Ro
Gene Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
GPx1 1.00° 0.21 1.79° 0.36 0.96° 0.12 0.99* 0.21 1.70° 0.13 2.16° 0.41
soD1 1.00°* 0.09 2.14% 0.22 1.36® 0.11 1.32%¢ 0.34 1.90° 0.10 2.26™ 0.40
AFAR 1.00° 0.18 2.14° 0.27 1.33® 0.33 1.07° 0.20 2.03® 0.53 237° 0.51
EPHX1 1.00°* 0.23 1.56™ 0.27 1.49® 0.34 1.56® 0.26 2.40 0.61 2.86° 0.55
GSTa2 1.00°* 0.26 2.15° 0.38 1.02% 0.22 1.68% 0.59 1.72% 0.65 2.22% 0.64
HMOX1 1.00 0.25 1.42 0.41 1.07 0.33 1.01 0.26 1.18 0.24 1.73 0.24
Keapl 1.00°* 0.20 1.95° 0.37 0.84° 0.15 0.87* 0.12 1.24% 0.37 1.58% 0.42
(b) lleal mucosa
Group Con BE Cuo Oo To Ro
Gene Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
GPx1 1.00° 0.15 1.16* 0.16 1.37° 0.30 1.92° 0.74 1.03 0.29 1.50? 0.40
SoD1 1.00? 0.34 1.00° 0.38 0.75* 0.39 0.59* 0.16 0.95°* 0.46 0.61° 0.14
AFAR 1.00° 0.13 3.80° 1.30 1.09° 0.21 1.91° 0.77 227 0.95 3.40° 0.68
EPHX1 1.00° 0.15 278" 0.87 1.47% 0.37 1.17% 0.49 1.91% 0.58 1.85% 0.55
GST 1.00°* 0.12 1.70® 0.27 1.42% 0.18 1.49% 0.42 1.93° 0.43 1.58% 0.28
HMOX1 1.00° 0.33 0.90° 0.17 0.93° 0.39 0.68° 0.19 0.83° 0.27 0.80° 0.24
Keapl 1.00? 0.55 1.24° 0.49 0.35° 0.16 0.52° 0.16 1.04° 0.64 0.76* 0.27
(c) Colon tissue
Group Con BE Cuo Oo To Ro
Gene Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
GPx1 1.00° 0.08 1.48° 0.41 1.86° 0.41 1.21° 0.24 1.52° 0.18 3.20° 0.61
SoD1 1.00° 0.05 0.92° 0.24 1.00° 0.11 0.78* 0.14 0.92° 0.05 1.62° 0.22
AFAR 1.00° 0.28 0.98° 0.34 0.99° 0.22 0.62° 0.12 0.71° 0.05 2.17° 0.52
EPHX1 1.00* 0.08 0.55° 0.05 0.69" 0.07 0.63° 0.14 0.88° 0.09 0.96* 0.08
GSTa2 1.00° 0.13 0.91° 0.21 1.01° 0.18 0.88° 0.13 0.79* 0.06 1.71° 0.37
HMOX1 1.00® 0.26 0.84™ 0.16 1.63* 0.45 0.59° 0.16 1.39% 0.41 1.87° 0.49
Keapl 1.00° 0.10 1.32* 0.33 1.21* 0.18 0.65° 0.12 1.08* 0.09 1.73¢ 0.24
(d) Liver tissue
Group Con BE Cuo Oo To Ro
Gene Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
GPx1 1.00° 0.19 1.66° 0.23 1.03° 0.13 125" 0.18 1.06° 0.24 1.47" 0.23
SoD1 1.00° 0.09 0.85° 0.07 1.47° 0.18 1.03 0.13 0.88° 0.13 0.78® 0.27
AFAR 1.00° 0.10 1.40% 0.15 1.52° 0.16 1.20® 0.09 1.03° 0.10 1.07* 0.11
EPHX1 1.00° 0.25 2.04° 0.44 2.20° 0.31 1.97° 0.22 1.15® 0.30 1.55° 0.25
GSTa2 1.00°* 0.10 0.61% 0.07 0.81% 0.06 0.78® 0.05 0.82° 0.10 0.57° 0.10
HO1 1.00° 0.75 1.29° 0.72 1.99* 1.09 1.42° 0.72 1.34° 0.65 1.73° 0.62
Keapl 1.00° 0.24 0.59° 0.31 1.73° 0.62 0.93° 0.26 0.96* 0.49 0.55° 0.20
Values represent means + standard error of mean (SEM) of the mRNA abundance relative to group Con = 1.0 (n = 8 animals per experimental group). > “Mean

9

values with unlike superscripts within a row indicate significant differences (P < 0.05) in the LSD test or the Games Howell test. The superscript “a” was as-
signed to control group.
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3.6. 2-Thiobarbituric Acid-Reactive
Substances (TBA-RS) in Jejunal
Mucosa and the Liver

In the jejunum TBA-RS concentration was distinctly
(P < 0.150) but not significantly reduced by BE (16.1%),
Cuo (14.2%), To (25.9%), and Ro (16.0%). Oo (25.7%)
and To (25.9%) decreased jejunal lipid peroxidation to a
significant extent (Figure 3). Liver TBA-RS were re-
duced by feeding all phytogenic additives to a greater or
lesser extent (BE: 21.3%, Cuo: 8.22%, Oo: 23.8%, To:
11.5%, Ro: 23.2%). However, in the liver no significant
differences resulted from these data, due to a high varia-
tion within the groups.

4. DISCUSSION

4.1. Performance Parameters (Feed Intake,
Body Weight, Weight Gain, Feed
Conversion Ratio)

As stated in the introduction data from the literature,

2100 BJejunum [ Colon @ Liver b
1800
O 1500
I 1200
=
900

Experimental group

Values represent means + SEM (n = 8 animals per ex-
perimental group). “®Mean values with unlike super-
scripts indicate significant differences between means (P
< 0.05) in the LSD test. The superscript “a” was assigned
to the control group.

Figure 2. TROLOX® equivalent antioxidant ca-
pacity (TEAC in umol per g organ fresh matter
and kg body weight) in jejunal mucosa, colon and
the liver of piglets.

B Liver

O Jejunum

TBA-RS
PNWAOON®©O

Experimental group

Values represent means + SEM (n = 8 animals per experi-
mental group). *°Mean values with unlike superscripts indi-
cate significant differences between means (P < 0.05) in the
LSD test. The superscript “a” was assigned to the control

group.

Figure 3. Thiobarbituric acid reactive substances (TBA-
RS in nmol per g organ fresh matter and kg body weight)
in jejunal mucosa and the liver of piglets.
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justifying the declaration of phytogenic feed additives
and in particular of labiatae oils as appetite stimulating
substances and as growth promoters are inconsistent.
Whereas some studies reported on beneficial effects of
even low dietary concentrations of oregano oil (0.0125
g/kg to 0.025 g/kg diet) [1] and of blends of essential oils
from oregano, anise, citrus peels, and chicory [3] on
weight gain and feed efficiency ratio, other studies showed
no effects [4] or even opposite effects on these parame-
ters [5,40]. Due to the standardisation of the essential
oils’ concentration to that of their main terpenes (150 mg
main terpene/kg diet) in our study the added oil concen-
trations were rather high. Thus it can be remarked as a
positive result of our study that the high phytogenic con-
centrations in the diets caused no mentionable adverse
effects on performance parameters at all. With the excep-
tion of Ro in our study all essential oils improved weight
gain or feed conversion ratio in comparison to Con pig-
lets to a greater or lesser extent (Table 5). However,
these differences were not significant over the whole
experimental period.

According to results of a prior study [1] piglets of
groups Oo and To had the best feed conversion compared
to the essential oil groups Cuo and Ro and to group Con.
Within the labiatae oils Oo and in particular To improved
weight gain during the whole experiment compared to
Ro as another labiatae oil. That within the labiatae oils
thyme seems to unfold the most positive effects on per-
formance parameters has been demonstrated in a choice
experiment with piglets [40]. In a study investigating the
growth promoting effects of curcumin (supplementation
of 200 mg curcumin/kg to the diets of Large White X
Landrace x Duroc piglets), body weight gain and feed
intake of supplemented piglets remained unaffected
compared to the control group [41]. Our results for tur-
meric oil, containing mainly turmeron derivatives and
only traces of curcumin, deviated from these results (Ta-
ble 5 and Figures 4(a), (b)). Over the whole experimen-
tal period weight gain of Cuo piglets was comparable to
that of Oo and To piglets. In week 3 of the experiment
Cuo piglets even had the highest weight gain and the best
feed conversion compared to all other experimental
groups (Table 5 and Figures 4(a), (b)). Thus our results
for Cuo are rather in coincidence with data of Wenk
(2005), reporting on a dose-dependent positive effect of
turmeric on performance of pigs and broilers [42]. A very
interesting result with regard to the performance pa-
rameters could be observed for broccoli extract (BE), not
permitted as a feed additive in the EU until today. While
BE piglets had the second best feed conversion after To
piglets, weight gain of BE piglets was the second lowest.
Only Ro piglets had a somewhat lower total weight gain.
Thus BE seems to maximise feed conversion, but to slow
weight gain slightly (Table 5 and Figures 4(a), (b)). This
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Figure 4. (a) Feed conversion (g/g) and (b) Weight
gain (g) of piglets fed different phytogenic feed addi-
tives for 28 days.

most interesting aspect of BE may have derived from
potential goitrogenic effects of the isothiocyanate sul-
foraphane contained in a high concentration in the ex-
tract (4.06% w/w) and of other goitrogenic isothiocy-
anates contained in the extract in very low concentrations
(<0.1% w/w). However, studies in humans have proven
that sulforaphane, even in higher concentrations, has no
or only a negligible influence on thyroid metabolism [43,
44].

Nevertheless, an important fact which should be re-
marked at the end of the discussion concerning perform-
ance parameters is that all phytogenic feed additives had
a distinct positive effect on the performance parameters
feed conversion and weight gain in the first week of the
experiment (Figures 4(a), (b)). While about half of the
Con piglets gained no weight in the first week or even
lost weight, all phytogenic feed additives counteracted
this undesired aspect. In particular in the first week after
weaning it is of importance that the piglets have a good
performance in order to prevent the loss of animals and
to protect them from infections. This is in accordance
with other reports [45,46].

Weight gain and feed conversion are the two most im-
portant parameters in today’s animal nutrition, and the
feed industry frequently advertises their phytogenic addi-
tives as growth promoters. In addition, both weight gain
and feed conversion are frequently associated with gen-
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eral animal health. In contrast the results of the entire
experimental period in our present trial and the outcome
of a number of other studies mentioned above [4,5,40]
suggest that phytogenic feed additives frequently do not
fulfil the criteria acting as mere growth promoters. To
complicate matters: One explanation for the lacking or
sometimes slightly negative effect of phytogenic addi-
tives on performance may surprisingly be the conse-
quence of their beneficial antioxidant effects. In this
context an in vitro study has shown the potent inhibition
of porcine pancreatic amylase by phenolic oregano com-
pounds [47]. However, as discussed above, in particular
in the critical first week, all additives tested, exerted their
potential to acting as growth promoters [45,46]. More-
over, in the majority of these studies [4,5,40], including
our present experiment, the piglets were not challenged
with pathogenic microorganisms or toxic substances. It
can be assumed that the threat of infections and the chal-
lenge with feed contaminants increase under practical
feeding conditions with a high stocking rate [48]. In this
context experiments in which broilers were infected with
Eimeria tenella or fed aflatoxin containing diets, the es-
sential oil of oregano or turmeric powder counteracted
the depressed feed intake and growth [49-51]. Accord-
ingly some other studies with rats as model animals and
tissue cultures have demonstrated the beneficial effects
of thyme, rosemary and of sulforaphane on mycotoxin
detoxification [28,52-55].

However, until today there is a lack of broadly based
studies in farm animals regarding this aspect. To our
opinion the verification of beneficial effects of phyto-
genic additives on animal performance under challenged
conditions represents an important field in future re-
search and a useful instrument to evaluate commercial
feed additives.

4.2. Microflorain Jejunal Mucosa, Colonic
Mucosa, Faecal Samples and Detection
Rate of Estb

The analysed counts of bacteria attached to the jejunal
mucosa showed differential patterns depending on the
phytogenic feed additive. With regard to E. coli the
maximum counts (50% of the piglets of a group) were
reduced by all phytogenic feed additives. The median
values for jejunal E. coli were higher in BE and Ro pig-
lets compared to the control, whereas Cuo, Oo and To
treatment produced lower counts. However, due to the
high individual variation E. coli counts did not differ
significantly. In contrast all phytogenic additives slightly
but not significantly increased jejunal Lactobacilli com-
pared to Con piglets. A study analysing jejunal chymus
of piglets found tendentially reduced E. coli and in-
creased Lactobacilli counts due to feeding diets contain-
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ing a blend of 300 mg/kg carvacrol (oregano), cinna-
maldehyde and capsicum oleoresin. In this trial the ratio
of Lactobacilli:E. coli was even significantly increased
[46]. Thus our results for Oo, containing noteworthy
amounts of carvacrol, are in accordance with the out-
come of the above mentioned trial. Moreover in our trial
Oo also increased the Lactobacilli:E. coli ratio (Oo,
1.52:1) compared to Con piglets (1.37:1). Moreover in
our study To also distinctly increased the Lactobacilli:E.
coli ratio (1.71:1). In the literature both for To and for the
essential oil of Curcuma longa (Cuo) no reports on their
effects on jejunal E. coli and Lactobacilli exist. Only one
study reported on the lacking effect of an essential labi-
atae oil mixture on microbial counts in the stomach and
the ileum of pigs [10]. However, in our trial Cuo was
most effective in improving the Lactobacilli:E. coli ratio
(2.00:1). For sulforaphane currently only in vitro data on
a potent bactericidal activity against several E. coli
strains exist [18], which could not be confirmed in vivo
in our present study. Similarly, for Ro the majority of
studies, investigating its bactericidal effects, including
those against E. coli, was carried out in vitro in the con-
text of investigating the storage stability of meat [7-9].
However, due to an higher increase in jejunal E. coli
compared to jejunal Lactobacilli BE and Ro had the
lowest Lactobacilli:E. coli ratios of 1.14:1 and 1.13:1,
respectively.

In contrast to the moderate positive effects of Cuo, Oo
and To on microorganisms attached to jejunal mucosa we
could not find any differences in the bacterial popula-
tions of colonic mucosa. To the best of our knowledge no
studies reporting on effects of phytogenic additives on
bacterial populations in the colonic mucosa exist so far.
Only few studies reported on the effects of phytogenic
substances on caecal and faecal microbial counts. Feed-
ing a blend of the essential oils of gingermint (labiatae
plant), anis and sage (300 mg/kg diet) had no influence
on colonic digesta E. coli counts whereas Lactobacilli
were increased [10]. In contrast in our trial no effects of
the labiatae oils Oo and To could be analysed for both
bacterial classes attached to the colonic mucosa. Only Ro
slightly increased Lactobacilli:E. coli ratio compared to
Con piglets. This result for Ro was further confirmed by
the distinct improvement of Lactobacilli to E. coli ratio
in faecal samples collected at the end of the experiment.

A further interesting and important result of our study
consisted in the influence of the phytogenic additives on
the incidence of estb as a marker for the existence of
enterotoxic E. coli strains of the serotypes O149:K91
with F4 or F6 fimbriae and O138:K81 with F18 fimbriae
in the gut of the piglets (Figure 1). Whereas the inci-
dence rate of estb existence in Con piglets distinctly in-
creased till the end of the experiment, Ro was the only
additive which even reduced estb incidence. In the other
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labiatae oil groups (Oo and To) and in the BE group estb
incidence did not increase. Only in the Cuo group a
slight increase in estb incidence could be observed which
however remained below the Con group. Since entero-
toxic E. coli strains (ETEC) are an important risk factor
for the development of diarrhoea, the reduction of these
strains is of particular importance. In a trial in which
piglets were inoculated with a mixture of ETEC with F4-,
F5-, F6-, F18- and F41 fimbriac ETEC with F4 fimbriae
caused diarrhoea preferentially in the first 2 weeks after
weaning, strains with F18 fimbriae were responsible for
diarrhoea in 3 to 5 week old piglets [56]. Since estb is
marker for strains with both F4 and F18 fimbriae future
studies should investigate the selective reduction of
ETEC by phytogenic feed additives. Moreover our re-
sults demonstrate the need of future studies in which
piglets are challenged with ETEC in order to evaluate the
suppressive effect of phytogenic additives on these strains
in vivo. As stated with regard to the performance pa-
rameters this topic would represent a useful tool to evalu-
ate commercial feed additives and to optimize mixtures
of phytogenic additives.

4.3. ARE Regulated Xenobiotic and
Antioxidant Enzymes, TROLOX®
Equivalent Antioxidant Capacity (TEAC),
and Thiobarbituric Acid Reactive
Substances

To the best of our knowledge our data have shown for
the first time that labiatae oils (Oo, To and Ro), broccoli
extract (BE), and turmeric oil (Cuo) have promising ef-
fects on a panel of ARE regulated xenobiotic enzymes
and the antioxidant system in piglets. Only a trial of our
group has previously demonstrated similar results for
growing chicken. However, the data of the broiler trial
and those of the current piglet study exert some funda-
mental differences with regard to the organ specific in-
fluence of the phytogenic additives. Whereas in the
broiler trial ARE-regulated xenobiotic and antioxidant
enzymes were mainly up-regulated in the small intestine
and partially down-regulated in the large intestine and in
the liver, the data of our present piglet study showed a
potent up-regulation of these enzymes by Ro in the large
intestine and by BE, Cuo and Ro also in the liver. This
particular result may be the consequence of the higher
dietary concentration of the phytogenic additives in the
piglet trial due to the standardisation of the active com-
pounds. Because of their known impact on the induction
of ARE-regulated genes we have applied broccoli extract
and turmeric oil [15,57] as reference additives in our
study. Most interestingly, the reference substances showed
a completely different induction profile of ARE-regu-
lated genes. Whereas sulforaphane, derived by bacterial

OPEN ACCESS



92 K. Mueller et al. / Open Journal of Animal Sciences 2 (2012) 78-98

cleavage from its glucosinolate precursor glucoraphanin
(GRA) contained in BE [58], had a strong effect on the
up-regulation of xenobiotic and antioxidant enzymes in
the small intestine, Cuo unrolled its maximum effect on
this process in the liver (Tables 9(a), (b), (d)). This re-
sults differs from our chicken trial in which we have ob-
served a distinct induction of ARE regulated genes by Cuo
already in the small intestine. That broccoli extract can
influence the gene expression of xenobiotic and antioxi-
dant enzymes already in the small intestine with a lower
bacterial colonisation than in the large intestine is sup-
ported by results of most recent studies. In these trials the
incubation of precision slices of different tissues with
GRA effected a strong induction of ARE-regulated anti-
oxidant and xenobiotic enzymes, suggesting that GRA
per se can up-regulate the mentioned enzymes [26,27].
While in most other studies, investigating the effects of
various turmeric extracts on the up-regulation of anti-
oxidant and xenobiotic enzymes, dried curcumin-rich
extracts were used [59,60] we have fed turmeric oil con-
taining ar-turmerone as the primary active compound.
Both curcumin and ar-turmerone have been shown to
induce antioxidant and xenobiotic enzymes potently. In
our study we have deliberately chosen the ar-turmerone
rich turmeric oil [15], since the oil is easier to add to the
diets and its price is more attractive for animal nutrition.
In former studies with laboratory animals and with hu-
mans the main intention to use GRA, SFN and turmeric
extracts was to study their preventive effects against in-

testinal cancers. Their safety has been verified [43,44,61].

In farm animals, having a short live span and needed for
food production, the emphasis on application of these
inducers of ARE-regulated genes rather aims on their
efficiency to strengthen the intestinal barrier against oxi-
dative stress in the organism and to activate their defence
mechanisms against bacterial toxin and food borne tox-
ins.

For the labiatae oils the results of our present study
have confirmed the data of the broiler trial with regard to
their differentiated effects on antioxidant processes (Ta-
bles 9(a), (b), (d)). Within the labiatae oils Ro and To
induced jejunal ARE regulated enzymes to a much higher
extent compared to Oo. In this context it is important that
Ro in contrast to the broiler trial had an even higher in-
fluence on the induction of antioxidant and xenobiotic
enzymes in the small intestine than the reference sub-
stance BE (Tables 9(a), (b)). In colon nearly all ARE-
regulated enzymes showed a lowered response to feeding
the phytogenic feed additives. As mentioned above only
Ro maintained its strong inductive effect also in the co-
lon.

Differences in the antioxidant mechanisms of labiatae
oils can be assumed to deriving from their main terpene
compounds. Whereas oregano and thyme mainly contain
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the phenolic terpenes carvacrol and thymol, Ro contains
the epoxy-terpene 1,8-cineole. Phenolic groups again
possess direct antioxidant effects and therefore have a
rather low influence on the induction of ARE-regulated
xenobiotic and antioxidant enzymes accounting for indi-
rect antioxidant properties. In contrast the reactive epox-
ide group of 1,8 cineole (rosemary) contributes to a
stronger induction of the indirect antioxidant system via
activating the ARE of xenobiotic and antioxidant en-
zymes [62,63]. In addition to the modification of sensor -
SH-groups of KEAP1 or by triggering Nrf2 phosphory-
lation [25,64] there may exist another mechanism for
ARE-gene induction. This particular mechanism involves
the metabolisation of the terpenes by phase I cytochrome
P450 enzymes followed by the induction of antioxidant
and xenobiotic enzymes through the activated phase I
metabolites [65].

Since Keapl per se has been shown to be induced via
Nrf2, another important point to discuss is the impact of
phytogenic feed additives on Keapl de novo synthesis
[64,66]. Whereas BE caused a significant and Ro a ten-
dential increase in jejunal Keap1l expression, Cuo and Oo
rather led to a decreased Keapl mRNA concentration.
Moreover the increased hepatic Keapl mRNA level by
feeding Cuo corresponded to the strongest induction of
antioxidant and xenobiotic enzymes in the liver [64].

Our results for the differentiated response of the direct
and the indirect antioxidant systems due to feeding phy-
togenic feed additives demonstrates the need of future
studies with tissue cultures and model animals investi-
gating the detailed mechanisms by which phytogenic
feed additives and their key compounds influence these
systems (e.g. by Keapl modification, by Nrf 2 phos-
phorylation or subsequent to phase I up-regulation).

In this context our results for the TEAC values and for
lipid peroxidation in jejunal mucosa, colon and the liver
are of interest (Figures 2, 3). The TEAC value of a tissue
comprises direct and indirect antioxidant effects by sec-
ondary mechanisms like ARE induction. In the jejunum
the addition of all phygenic feed additives affected a sig-
nificant increase in TEAC compared to Con piglets.
These data are in accordance with our broiler trial. Thus
it can be assumed that the rise in jejunal TEAC by BE,
containing the isothiocyanate SFN, without any direct
antioxidant mainly was basing on the up-regulation of
antioxidant enzymes and therefore on an indirect anti-
oxidant effect [57]. This result is in accordance with our
results for the gene expression data (Table 9(a)). Within
the oils tested in our trial Ro had the highest TEAC value
of 156 mmol/100 mL, followed by Oo (120), To (116)
and Cuo (90). In accordance with these data Ro in-
creased jejunal TEAC most powerful which may be the
consequence of both its high direct antioxidant potential
and of the strong induction of xenobiotic and antioxidant
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enzymes. A similar mechanism may exist for To [63]. In
contrast Oo which had only a weak influence on the up-
regulation of xenobiotic and antioxidant enzymes may
have increased jejunal TEAC predominantly by its direct
antioxidant effects as explained above [13]. Similarly the
increase in jejunal TEAC by feeding Cuo may have de-
rived from its main aromatic terpene ar-turmerone as a
potent radical scavenger [67] (Figure 2). Most interest-
ingly ar-turmerone has been shown to possess both direct
antioxidant effects and strong indirect antioxidant effects
[15]. Due to the contrary results for Cuo on jejunal ARE-
induction in our broiler trial it can be assumed that there
exists a dose-dependent effect due to the predominance
of direct or indirect antioxidant effects. This particular
mechanism needs intensive investigation in the future. In
accordance with the decreased influence of the phyto-
genic additives on antioxidant and xenobiotic enzymes’
expression colonic TEAC remained uninfluenced. This
particular result may derive from the fact that distinctly
lower concentrations of the active compounds of the
phytogenic substances reach the large intestine than they
are present in the small intestine. Despite an overall
lower influence of the phytogenic substances on the up-
regulation of liver xenobiotic and antioxidant enzymes
all additives influenced liver TEAC positive in tendency
or even significantly. Higher liver TEAC values in pig-
lets fed phytogenic additives may derive from the in-
creased antioxidant potential in the small intestine. This
particular barriere hypothesis has been suggested in de-
tail for the selenoprotein glutathione peroxidase 2 [68,
69].

In the jejunum all phytogenic feed additives reduced
iron provoked lipid peroxidation to a larger or smaller
extent compared to Con piglets with significant effects
for Oo and To. This result confirms the important func-
tion of the small intestine as an effective barrier against
oxidative stress [69].

However, in the liver the influence of the phytogenic
additives on TEAC and TBA-RS was less pronounced
than in the small intestine. In contrast in our broiler trial
we could measure a significant increase in liver TEAC
and a significant decrease in liver TBA-RS. This phe-
nomenon may be explained by differences in feed intake
between pigs and broilers. Due to the fact that feed con-
sumption of pigs increases with body weight and the feed
conversion drops it can be assumed that a longer feeding
period would have increased liver TEAC significantly
and concomitantly reduced TBA-RS. However, in two
other pig trials feeding diets supplemented with different
amounts of Oo (0.25, 0.50 and 1.00 mL/kg diet) or the
essential oils of rosemary, oregano and ginger (500
mg/kg diet) for a comparable short period of 35 days also
remained without an influence on meat characteristics
and lipid peroxidation parameters [70,71]. In contrast,
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feeding a rather high amount of an oregano extract (60
mL) to finisher pigs for 2 weeks significantly improved
the antioxidant potential and the storage stability of the
meat [72].

A final overview of our current results regarding the
influence of broccoli extract and various essential oils on
xenobiotic enzymes, on the antioxidant system, and on
intestinal and faecal microflora of piglets is given in Ta-
ble 10. These summarised data may give a good basis to
discuss the development of rational and expedient com-
binations of the single additives in order to maximise the
impact on performance, microbial eubiosis, and on direct
and indirect antioxidant effects.

Compared to the control group in our study To fol-
lowed by Oo and Cuo showed a positive influence on the
performance parameters of the piglets. In the small intes-
tine To exerted both, direct and indirect antioxidant ef-
fects. However, its influence on the xenobiotic enzymes
in the liver was rather weak. Thus the combination of To
with BE or Cuo, both acting as potent inducers of xeno-
biotic enzymes in the liver, may contribute to the opti-
misation of detoxification processes in the whole organ-
ism. Similarly a combination of Oo, having a strong di-
rect antioxidant effect, with BE may represent a further
rational combination of two additives. Because of its
superior direct antioxidant potential and its weak effects
on xenobiotic enzymes Oo may further be a very good
additive for finisher pigs in order to improve the anti-
oxidant potential of the meat prior to slaughter. Moreover
feeding Oo to finisher pigs may increase storage stability
of the meat, as suggested by the above mentioned study.
In our trial Ro turned out as the all-rounder additive due
to its strong effects on the induction of xenobiotic en-
zymes in all organs investigated. Moreover Ro as the
only additive even reduced the incidence rate of entero-
toxic E. coli existence in the faeces. Only the perform-
ance parameters were influenced slightly negative by Ro.

Maybe replacement of a small percentage of Ro addi-
tion by To or Oo could contribute to the improvement of
performance. With regard to the microbial parameters BE,
Oo and To had a rather neutral influence since in the
mentioned groups no increase in the number of piglets
infected with enterotoxic E. coli could be detected. Only
in the Cuo group the incidence rate of estb positive pig-
lets increased. This rather negative effect should be in-
tensively investigated in future studies and lowers the
very positive impact of Cuo on performance.

In summary we have shown that the different phyto-
genic feed additives tested significantly and differentially
influence the direct and the indirect antioxidant system
(xenobiotic system) in various organs of piglets. In par-
ticular the induction of the xenobiotic system is impor-
tant to improve the defense against microbial and feed
derived toxic substances. Future studies are needed to
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Table 10. Summary of the effects of different phytogenic feed additives on performance, the antioxidant system and on microflora in
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jejunal mucosa, colonic mucosa and faeces.

Phytogenic additive Feed consumption Weight gain Feed conversion Overall performance
BE - o + o
Cuo + ++ +
Oo ++ ++ +
To + ++ ++ ++
Ro (0) () - (0)

Phytogenic additive

Induction of ARE-regulated
genes in the small intestine

Induction of ARE-regulated
genes in the large intestine

Direct antioxidant effects in
the small intestine

Influence on total
antioxidant potential in the

(jejunum /ileum) (colon) (jejunum/ileum) small intestine

BE +++ o) T+
Cuo O +++ ++
Oo (6] - +++ ++
To ++ (6] + ++

Ro +++ +++ + ++

Phytogenic additive Induction of ARE-regulated

Direct antioxidant effects in

Influence on total antioxidant Reduction of lipid

genes in the liver liver potential in the liver peroxidation in the liver
BE ++ + +
Cuo ++ + (¢}
Oo (O] + + ++
To (6] + + (0)
Ro + ++ ++ +

Influence on Lactobacilli: E.

Phytogenic additive R
coli ratio in jejunal mucosa

Influence on Lactobacilli: E.
coli ratio in colonic mucosa

Influence on existence of
enterotoxic E. coli in faeces

Influence on Lactobacilli: E.
coli ratio in faeces

BE (¢} (0}
Cuo + -
Oo (6] -
To + -
Ro (6] +

- (6]
O O
+ (6]
+ +

+++ very strong; ++ strong; + positive in tendency; O no effect; — rather negative.

investigate the impact of the different feed additives on
detoxification processes even under conditions with en-
vironmental challenges. The results of these studies could
further contribute to the development of optimised com-
binations of phytogenic feed additives.
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