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ABSTRACT. The concentration of macro and trace elements, fatty acids (FAs),
vitamins, total cholesterol (TCh) in blood as well as in other tissues can be
modulated by diet composition. Thus, the purpose of the present study was
to evaluate the effects of fish oil (FO), carosic acid (CA) and selenized-yeast
(SeY) or selenate (SeVI) on concentration of FAs, TCh, a-tocopherol (aT) and
selected elements in whole blood of lambs. Thirty male lambs were allocated
into 5 groups of 6 animals each and fed for 35 days the following diets: control
— basal diet (BD) with 3% rapeseed oil (RO), ROFO - BD with 2% RO and
1% FO, CA — BD with 2% RO, 1% FO and 0.1% CA, CASeY — BD with 2%
RO, 1% FO, 0.1% CA and 0.35 mg Se as selenized-yeast (SeY) per kg of BD
and CASeVI - BD with 2% RO, 1% FO, 0.1% CA and 0.35 mg Se as sodium
selenate (SeVI) per kg of BD. In animals fed CASeVI diet the levels of saturated
(SFAs), mono- and polyunsaturated FAs, thrombogenic-SFAs and atherogenic-
SFAs decreased in comparison to the control group. On the other hand, in lambs
fed CASeY diet the concentration of TCh in blood increased in comparison to
lambs fed CA and CASeVI diets. Moreover, feeding CASeY diet also enhanced
the concentration of aT in blood as compared to the animals fed ROFO and
CASeVI diets. The lowest aT concentration in blood was noted in blood of lambs
fed CASeVI diet. Feeding diets supplemented with SeY or SeVl increased the
concentrations of Se and malondialdehyde in blood in comparison to other diets.
So, the whole blood can be treated as the valuable non-invasive marker for
evaluation of ruminant health status and nutritional quality of ruminant feeds.

of essential elements (like Se, Zn, Cu, Co, Fe or
Mg), fatty acids (FAs), vitamins or cholesterol in

Whole blood consists of plasma (~54%) and
various types of circulating cells (~46%) with a very
low percentage of cells other than erythrocytes
(Jones and Allison, 2007). The main ester-lipid
components of blood are triacylglycerols, cholesterol
esters and glycerophospholipids. The concentrations

plasma and circulating blood cells as well as in other
mammal tissues vary due to different physiological
factors (i.e. dietary intake, intestinal absorption,
metabolism and exchange among compartments)
(Kincaid, 1999; Risé et al., 2007; Juniper et al., 2008;
Niedzwiedzka et al., 2008; Czauderna et al., 2010).
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According to the previous studies, the most abundant
FAs in plasma and whole blood are C16:0, C18:0,
cis9C18:1  (c9C18:1), ¢9ci2C18:2 (LA) and
c5c8clicl4C20:4 (AA) with minor concentrations
of long-chain polyunsaturated fatty acids (LPUFAs)
(Risé et al., 2007, Niedzwiedzka et al., 2008;
Czauderna et al., 2010). Although, the FAs profile
is usually typical for each lipid class, it also reflects
the fatty acid concentration of diets (Skeaff et al.,
2006; Czauderna et al., 2010; Rozbicka-Wieczorek
et al.,, 2016a,b,c). So, fish oil (FO) added to diet
increases the content of LPUFAs (especially pro-
health n-3LPUFAS) in ruminant tissues. Fortunately,
LPUFAs derived from FO are also known to
inhibit the complete ruminal biohydrogenation of
Cl18-unsaturated FAs to stearic acid resulting in an
accumulation of translIC18:1 (¢11C18:1) — the
precursor of ¢9,¢11C18:2 (Wasowska et al., 2006).

Moreover, our recent studies indicated that car-
nosic acid (CA; the phenolic compound) and/or Se-
compounds added to the diet influenced the concen-
trations of FAs, cholesterol and essential elements
(like Se or Zn) in lamb muscles (Miltko et al., 2016;
Rozbicka-Wieczorek et al., 2016a,b,c; Ruszczynska
etal., 2016).

Cholesterol can exist in the organism in a free
form or it can be esterified to a fatty acid as choleste-
ryl ester. In blood the two thirds of cholesterol is in the
esterified form and transferred through bloodstream
in small compounds called lipoproteins containing
outer shell (built by phospholipid, cholesterol and
apolipoproteins) and core containing lipids molecules
(Orth and Bellosta, 2012). Ruminants utilize choles-
terol for the biosynthesis of hormones, vitamin D
and substances that contribute in nutrients digestion.
Cholesterol is produced by the organism itself but it
can be also administrated with several foods. Unfor-
tunately, the high level of saturated fatty acids and
cholesterol in diet increases blood cholesterol levels.
The high blood cholesterol level is one of the major
risk factors for cardiovascular diseases. Moreover,
the previous studies documented that diet rich in such
essential mineral as Se also increases total cholesterol
level in blood as well as contribute to 10% increase in
non-HDL cholesterol concentration in plasma (Uni-
versity of Warwick, 2009).

It was recently shown that diet enriched with
Se-compounds and CA (both with antioxidative
properties) modifies ruminal microbiota and hence
FAs metabolism in the rumen (Moran et al., 2013;
Birti¢ et al., 2015). As a consequence, the addition
of dietary Se-compounds and/or CA affects FAs
profile and levels of amino acids in the rumen and

has a significant influence on biosynthesis of volatile
compounds and concentrations of FAs, cholesterol
and amino acids in lamb tissues (Miltko et al., 2016;
Rozbicka-Wieczorek et al., 2016a,b,c). Moreover,
the main physiological role of Se-cysteine containing
proteins is the maintenance of low concentrations of
free radicals (like reactive oxygen species) within
cells that are closely linked to oxidative stress and
peroxidative damage of PUFAs and cholesterol in
tissues.

Considering the above, we hypothesized that di-
etary FO (rich in n-3LPUFAs) would influence con-
centration of essential elements (especially Se and
Zn) and increase concentrations of LPUFAs as well
as products of PUFA peroxidation in whole blood of
lambs. Moreover, we assumed that CA, selenized-
yeast (SeY) or selenate (SeVI) added to the diet with
FO would reduce the concentrations of malondialde-
hyde (MDA the non-invasive marker of PUFA per-
oxidation), total cholesterol (TCh) and tocopherols in
blood.

Thus, the goal of our study was to investigate
the possible effects of FO without or with the an-
tioxidants such as CA, SeY or SeVI added to diets
with rapeseed oil (RO) on concentrations of FAs,
TCh, a-tocopherol (oT) and especially MDA in lamb
whole blood.

Material and methods

Animals and experimental design

Thirty Corriedale male lambs with similar body
weight (24.3 = 1.6 kg) and age (82-90 days) were
randomly selected froma large herd (~110male lambs).
Animals were divided into five groups of six lambs
and individually penned. The study was conducted
under the authority of the Third Local Commission of
Animal Experiment Ethics at the Warsaw University
of Life Sciences (Warsaw, Poland).

During a 3-week preliminary period the animals
had ad libitum access to fresh drinking water and bas-
al diet (the standard concentrate-hay diet with mineral
and vitamin premix) enriched in 3% RO or 2% RO and
1% FO (Table 1). The quantity of the basal diet with
oil(s) was weekly adjusted to lamb requirements. The
basal diet (meadow hay (~36%), mixture of soyabean
meal (~36%), barley meal (~16.5%), wheat starch
(~9%), mineral-vitamin premix (20 g - kg! BD) and
0il(s)) (Tables 1 and 2) was offered in two equal meals
at 7:30 and 16:00 each day.

Chemical composition of diets was analysed
according to AOAC International (2005).
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Table 1. Chemical composition of ingredients (concentrate-hay diet with vitamin and mineral mixture') in basal diet and chemical composition

of control and experimental diets (means, n = 3)

Chemical composition of basal diet (BD)?ingredients, % in dry matter (DM)

Indices Meadow Concentrate®
hay® barley meal soyabean meal wheat starch

Dry matter, % BD 88.4 87.6 89.7 87.3
Crude protein 9.50 9.94 41.81 0.90
Crude fibre 27.29 2.87 4.34 -
Crude fat 3.40 250 2.25 0.09
Ash 4.85 1.84 6.16 0.12
Neutral detergent fibre 59.17 18.02 18.81 -
Acid detergent fibre 32.08 4.61 6.44 -
Acid detergent lignin 447 1.14 1.49 -
Chemical composition of control* and experimental diets®
Dry matter, g - kg™' BD 884.3
Crude protein, g - kg™' DM 201.9
Crude fibre, g - kg™ DM 118.6
Crude fat$, g - kg™' BD 217
Total crude fat?, g - kg™ BD 51.7
Ash, g - kg™ DM 428
Neutral detergent fibre, g - kg™' DM 310.5
Acid detergent fibre, g - kg™' DM 146.3
Acid detergent lignin, g - kg™' DM 23.3
Gross energy of BD, MJ - kg™' DM? 16.760
Gross energy of control diet, MJ - kg™' DM 17.870

experimental diets, MJ - kg™' DM 17.868

1 kg of mineral and vitamin mixture comprised: g: Ca 285, P 16, Na 56, Fe as sulphate 1, Cu as sulphate 0.5, Mn as sulphate 5.8, Zn as
sulphate 7.5; mg: Co as carbonate 42, iodine as iodate 10, Se as selenite 6; IU: vit. A 500 000, vit. D, 125 000, a-tocopherol 25 000; 20 g of
mineral and vitamin mixture was added to 1 kg of BD; 2gross energy, MJ - kg™ of DM: meadow hay 17.1, barley meal 16.3, soyabean meal 17.8,
wheat starch 16.7; *fatty acids (FAs) concentration (mg - kg™) in: concentrate: C14:0 104, C16:0 3189, C18:0 1425, c9C18:1 1774, ¢9c12C18:2
(LA) 29163 and c9c12¢15C18:3 (aLNA) 1014; meadow hay: C8:0 83, C12:0 142, C14:0 239, ¢9C15:1 131, C16:0 4034, c9C16:1 184, C18:0 459,
c9C18:1 1266, ¢12C18:1 72, LA 13 100, aLNA 4178, C20:0 58, c11C20:1 74, C22:0 101, C24:0 69 and c15C24:1 71; FAs in concentrate and
meadow hay were analysed by Rozbicka-Wieczorek et al. (2016b); *BD supplemented with 3% rapeseed oil (RO); 5 BD supplemented with 2%
RO, 1% odourless fish oil (FO) without or with antioxidant(s) (i.e. carnosic acid (CA), selenized-yeast (SeY) or selenate (SeVl)) (see Table 2);
8 crude fat originating from BD (i.e. meadow hay and concentrate); 7 total crude fat originating from BD and supplemented oil(s) (i.e. RO without
or with FO); 8gross energy of BD (i.e. meadow hay and concentrate) without supplementation with RO, FO, CA and Se (SeY or SeVI)

After the preliminary period, the 35-day dietary
experiment was conducted, during which lambs were
fed the basal diet (BD) enriched with 3% RO (con-
trol diet; group I), with 2% RO and 1% FO (group II)
or with 2% RO, 1% FO and antioxidants (0.1% CA
or/and 0.35 ppm Se as selenized-yeast or selenate)
(groups 111-V) (Table 2).

The energy content of RO and odourless FO
was 37.0 and 36.8 MJ - kg' oil, respectively. As
a consequence, the control and all experimental di-
ets were formulated to be isonitrogenous and isoen-
ergetic (Table 1). Diets were offered in two equal
meals at 7:30 and 16:00 each day. The quantity of
the control and experimental diets was weekly ad-
justed to lamb requirements according to Strzetelski
et al. (2014). There were no feed refusals (Table 2).
The average daily feed intake was 1.08 kg per ani-
mal. Lambs had also free access to fresh drinking

water. After the 35-day experiment (i.e. at 7:00 after
12 h of starving), blood samples from the jugular vein
were collected into heparinized tubes. Collected
blood samples were stored at —32 °C till further anal-
ysis; each blood sample was analysed separately.

Reagents

Acetonitrile, n-hexane and methanol were pur-
chased from Lab-Scan (Dublin, Ireland). Other HPLC
and GC reagents were of analytical grade (Avantor
Performance Materials Poland S.A, Gliwice, Poland).
Fatty acid standards, conjugated linoleic acid (CLA)
mixture, 25% BF, in methanol, sodium selenate
(SeVI), 5-cholestane (the internal standard), 2,4-di-
nitrophenyl-hydrazine, 2,6-di-tert-butyl-p-cresol and
1,1,3,3-tetramethoxy propane were provided by Sig-
ma-Aldrich (St. Louis, MO, USA). Tocopherol stand-
ards, cholesterol, dichloromethane, KOH, NaOH and
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Table 2. Group characterisation with composition of control diet (containing rapeseed oil (RO)') and experimental diets containing additionally
odourless fish oil (FO)? without or with antioxidants (i.e. carnosic acid (CA), selenized-yeast (SeY) or selenite (SeVl)), and body weight (BW) and
feed conversion efficiency (FCE) of lambs

iy . BW, kg FCE,
Groups Additives added to basal diet (BD) BW_ BW,_¢ kg BW gain - kg diet intake
Group I (control) 3% RO . -
(control diet’) 30.7+25 36.3+2.8 0.150 + 0.001
Group 118 2% RO and 1% FO ab abp
(ROFO dief) 30.6 2.1 377+1.8 0.189 + 0.001
Group I 2% RO, 1% FO and 0.1% CA a a
(CA diet) 306+1.9 37.2+14 0.174 +0.001
Group V8 2% RO, 1% FO, 0.1% CA and 0.35 ppm Se as SeY a a
(CASeY diet) 303+13 36.8+14 0.174 +0.001
6
Group V 2% RO, 1% FO, 0.1% CA and 0.35 ppm Se as SeV 303+ 21 3854270 0.215 + 0.001°

(CASeVI diet")

RO contained following fatty acids (FAs), mg - kg~': C14:0 56, C16:0 13091, c9C16:1 33, C18:0 5490, c9C18:1 385859, c12C18:1 786, LA 282394,
aLNA38474,C20:0 194, ¢11C20:1 108, C22:0430 and ¢15C24:1 61 (analysed by Rozbicka-Wieczorek et al., 2016b); 2 FO contained following FAs,
mg - kg™': C12:0 82, C14:0 12345, ¢9C14:1 215, C15:0 477, C16:0 56947, c7C16:1 318, c9C16:1 420, C16:2 15586, C17:0 493, c9C17:1 193,
C18:0 9452, ¢6C18:1 188, c7C18:1 842, ¢9C18:1 290592, ¢12C18:1 15834, c14C18:1 159, LA 114512, aLNA 20968, c11C20:1 24206,
¢7¢9c12c15C18:4 473, c11¢14C20:2 2270, c8c11¢14C20:3 258, c5c8c11¢14C20:4 304, c8c11¢c14¢17C20:4 607, C22:0 139, ¢13C22:1 11036,
¢11C22:1 1704, c5¢8c11¢14¢17C20:5 (EPA) 6792, ¢13¢16C22:2 95, ¢7¢10c13¢16C22:4 144, ¢15C24:1 397, ¢7¢10c13¢16¢19C22:5 (DPA) 1560
and ¢7¢10c13c16¢19C22:6 (DHA) 26570 (analysed by Rozbicka-Wieczorek et al., 2016b); *average initial body weight (kg) of lambs after 3-week
preliminary period; ¢ average body weight (kg) of lambs fed diets in 35-day experimental period; ® in 3-week preliminary period lambs were fed
BD with 3% RO; ¢in 3-week preliminary period lambs were fed BD with 2% RO and 1% FO; 7 concentration of Se in control, ROFO and CA diets
was 0.16 ppm; concentration of Se in CASeY and CASeVI diets was 0.51 ppm (Ruszczynska et al., 2016); BW and FCE data are presented as
means and the corresponding root-mean-square error (RMSE) of the means; ®— means with different superscripts within the same column are

significantly different at P < 0.05; *#— means with different superscripts within the same column tend to be different at 0.05 < P < 0.10

concentrated HCI were obtained from Avantor Per-
formance Materials Poland S.A. (Gliwice, Poland).
The organic solvents were of HPLC grade. Carnosic
acid (CA) was purchased from Hunan Geneham Bio-
medical Technology Ltd. (Changsha, Hunan, China).
RO and odourless FO were supplied by Company
AGSOL (Pacanow, Poland). The vitamin and mineral
mixture Polfamix O-K was purchased from Trouw
Nutrition (Grodzisk Mazowiecki, Poland). The sele-
nized-yeast (Se-Saccharomyces cerevisiae; SeY) was
in the form of Sel-Plex (Alltech Inc., St. Louis, MO,
USA). In general, approximately 83% of the total
Se-content of the SeY is in the form of Se-methio-
nine (Se-Met) and 5% is in the form of Se-cysteine
(Se-Cys) incorporated into the proteins of Saccharo-
myces cerevisiae (Czauderna et al., 2009a).

Analytical methods and chromatographic
equipment

Whole blood samples (15-20 mg) were saponi-
fied using KOH solution according to methods de-
scribed by Rozbicka-Wieczorek et al. (2014). Then,
base- and acid-catalysed methylations were intro-
duced for the preparation of FAs methyl esters in
processed biological samples (Rozbicka-Wieczorek
et al., 2014). Methylated fatty acids (FAME) in
whole blood samples were then quantified using cap-

illary gas chromatography with mass spectrometry
(GC-MS) according to methods presented by Roz-
bicka-Wieczorek et al. (2014). The FAME analyses
were performed on a Shimadzu GC-MS-QP2010
Plus EI equipped with a BPX70 fused silica column
(120 m (length) x 0.25 mm (i.d.) x 0.25 pum (film
thickness)), a quadruple mass selective detector
(Model 5973N) and an injection port (Phenomenex,
Torrance, CA, USA). FAME identification was vali-
dated based on electron impact ionization spectra of
FAME and compared to authentic FAME standards
and the NIST 2007 reference mass spectra library
(National Institute of Standard and Technology,
Gaithersburg, MD, USA). All FAME analyses per-
formed on blood samples were based on total ion cur-
rent chromatograms and/or selectedion monitoring
chromatograms.

TCh and oT were quantified in whole blood
samples using an ultra-fast liquid chromatogra-
phy system (Shimadzu, Tokyo, Japan) according
to methods of Czauderna et al. (2009b). The MDA
concentration in blood samples was determined af-
ter saponification followed by derivatization accord-
ing to Czauderna et al. (2011). The quantification of
derivatized MDA in blood samples was conducted
using an ultra-fast liquid chromatography system
(Shimadzu, Kyoto, Japan). This chromatographic
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instrument consisted of an ultra-fast liquid chroma-
tography system (UFLC-DAD), incorporating two
LC-20ADXP pumps (UFLCXR), a SIL-20ACXR
autosampler (LFLCXR), a CBM-20A commu-
nications bus module, a CTO-20A column oven,
a DGU-20AS5 degasser and a SPD-photodiode array
detector.

The concentrations of Se, Zn, Cu, Mg, Ca, Fe,
As, Cd and Pb in whole blood sample were deter-
mined according to Kurek et al. (2009). Closed-
vessel microwave-assisted unit (Anton Paar Mut-
liwave Sample Preparation System, Graz, Austria)
with teflon vessels was used for samples mineral-
ization. The elemental compositions of Se in diets
and whole blood samples were then quantified using
a mass spectrometer (Perkin Elmer Sciex, Dallas,
TX, USA).

Statistical analyses

The obtained results are presented as mean
values with standard error of means (SEM). The
significance of difference between means of dif-
ferent groups were estimated by using the Tukey
test. Polynomial contrasts were also used to deter-
mine linear effects of the diets enriched with FO,
CA and/or Se (as SeY or SeVI) on the contents of

fatty acids, TCh, aT, MDA and selected elements in
whole blood samples. Statistical analyses were per-
formed using the STATISTICA ver. 10 PL software
package (StatSoft Inc., Tulsa, OK, USA).

Results

No adverse symptoms (like vomiting or diar-
rhoea) in lambs fed diets containing FO, CA, SeY
or SeVI were observed. Feeding lambs with the
CASeVI diet (group V) increased (P < 0.05) body
weight (BW) and worsened feed conversion effi-
ciency (FCE) when compared to lambs fed the con-
trol (group I), CA (group III) and CASeY (group IV)
diets (Table 2).

When the lambs were fed CASeVI diet (group
V) decreased concentrations of sum of saturated
fatty acids (ZSFA) (including C10:0, C16:0, C17:0
and C18:0), the thrombogenic SFA (T-SFA) and the
atherogenic SFA (A-SFA) were noted in comparison
to animals fed the control diet (P < 0.05; Table 3).
However, in animals fed the CASeVI diet (group V)
the increased ratios of XSFA to ZPUFA (sum of
PUFAs), to ZUFA (sum of unsaturated fatty acids)
and to XFA (sum of total fatty acids) in whole blood
was observed in comparison to the animals fed

Table 3. Concentration (mg - g™') of selected individual saturated fatty acids (SFAs), atherogenic-SFA (A-SFA)!, thrombogenic-SFA (T-SFA)?, all
assayed SFAs (XSFA)® and all assayed fatty acids (XFA)*, ratio of ZSFA to sums of polyunsaturated fatty acids (XSFA/ZPUFA), unsaturated fatty

acids (XSFA/ZUFAY) and all assayed fatty acids (2SFA/ZFA), and value of atherogenic index (, . A-SFA)°and thrombogenic index (, ,, T-SFA)’
in whole blood of lambs fed control and experimental diets

) Group® Contrast?
Indices [ (control) I I v v SEM e wv. v VN UExp
C10:0 0.94  0.82° 0.78° 1.20° 044 003 0.19 0.46 0.03 0.05 0.01 0.08
C12:0 0.89? 1.09° 1.65° 1.48° 0902 004 022 0.03 0.21 0.02 0.03 0.03
C14:.0 491 5.26° 5.30° 466® 4442 007 024 0.72 0.10 0.05 0.50 0.26
C15:0 3.28® 359 3.37% 3.022 309 005 022 0.20 0.27 0.09 0.77 0.61
C16:0 93.1° 87.3  90.7° 855® 7072 3 0.18 0.27 0.72 0.02 0.16 0.40
C17:0 6.32° 5.64% 5.88% 532 499 04 0.33 0.42 0.57 0.06 0.17 0.03
C18:0 177° 1482 1382 1272 1262 4 0.11 0.06 0.19 0.09 0.84 0.02
C22:0 0.442 0.88° 0.50 057  045° 0.02 0.02 0.09 0.53 0.38 0.26 0.04
A-SFA 98.9° 93.6° 97.6° 91.6° 76123 0.42 0.24 0.33 0.03 0.05 0.05
e A-SFA 0.33 0.342 0.38° 0.35®  0.36® 0.01 044 0.04 0.47 0.12 0.32 0.04
T-SFA 275° 241 234° 218® 2012 4 0.09 0.45 0.36 0.04 0.27 0.02
o I-SFA 1.04° 0.972 1.07° 0.972 1.10° 0.02 0.06 0.05 0.06 043 0.04 0.37
ISFA 2940 2572 250° 232° 2142 6 0.07 0.72 0.13 0.09 0.16 0.02
ZFAS 647° 585°° 555° 536° 4642 11 0.08 0.34 0.57 0.03 0.03 0.02
ESFA/ZPUFA 2.16° 2.10° 219 1.962 230°  0.02 0.1 0.07 0.02 0.01 0.01 0.06
ESFA/ZUFA 0.831° 0878  0.822> 0.765°  0.855* 0.004 0.03 0.03 0.02 0.22 0.01 0.16
XSFA/ZFA 0453°  0.440® 0452° 0434> 0.461° 0.003 0.04 0.05 0.31 0.03 0.02 0.27

T A-SFA — sum of: C12:0, C14:0 and C16:0; 2T-SFA — sum of: C14:0, C16:0 and C18:0; ®>SFA — sum of:; C6:0, C8:0, C9:0, C10:0, C11:0, C12:0,
C13:0, C14:0, C15:0, C16:0, C17:0, C18:0, C20:0, C21:0, C22:0, C23:0 and C24:0; *ZFA — sum of ZSFA, ZMUFA and £PUFA (ZMUFA - see
Table 4 and ZPUFA - see Table 5); *XUFA — sum of ZMUFA and XPUFA; ©  A-SFA = (C12:0 + 4 x C14:0 + C16:0) / (ZMUFA + xn-6PUFA +

In-3PUFA) (Moranetal., 2013); 7

index

T-SFA = (C14:0 + C16:0 + C18:0) /[(0.5 x SMUFA + 0.5 x En-6PUFA + 3 x n-3PUFA) / £n-8PUFA)] (Moran

et al., 2013); 8 groups according to Table 2; °least squares means; l/ll = 1 vs II; I/l = 11 vs HI; AV = 1 vs IV; NIV = 11T vs V; IVIV = IV vs V;
I/Exp = | vs all experimental groups (lI-V); ®— mean values with different superscripts within the same row are significantly different at P < 0.05
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CASeY diet (group IV) (P <0.05; Table 3). Feeding
the CASeY diet (group IV) resulted in lower
YSFA:ZPUFA, ESFA:XUFA and XSFA:XFA ratios
and T-SFA, XSFA and XFA levels in whole blood
than feeding the control diet (group I) (Table 3).
In lambs fed the CASeVI diet (group V), the sum of
monounsaturated fatty acids (XMUFA), but also the

levels of cis9C14:1 (c9C14:1), c9C16:1, c10C16:1,
c9C18:1, ¢12C18:1 and ¢//C18:1 in whole blood
were decreased in comparison to that of lambs fed
the control diet (P < 0.05; Table 4). In comparison to
lambs fed ROFO, CA and CASeY diets, in lambs
from CASeVI group the A9-desaturase index (A9-
index) in whole blood was decreased. As a conse-

Table 4. Concentration (mg - g™") of selected individual monounsaturated fatty acids (MUFAs), all assayed MUFAs (XMUFA)" and index value of
A9-desaturase (A9-index)? in whole blood of lambs fed control and experimental diets

. Group® Contrast*
Indices " control) I I v v SEM W wN. N VN Exp
c9C14:1 244 238 140° 187  160® 007 034 002 004 019 0065 002
c9C16:1 306° 309 204 267 243 004 081 004 004 005 063 003
¢10C16:1 201 285  258% 291 238 003 039 021 019 063 002 004
c9C17:1 1620 1410 148  151®  147% 004 003 018 072 083 023  0.04
¢7C18:1 1340 169 164> 168> 169 003 003 056 048 059 061 003
coC181 178" 165 155 1512 1260 5 032 027 021 002 007 003
¢12C18:1 6.03 638  516% 488 444 008 064 002 017 015 034 004
¢11C20:1 1390 157 128 133 125 004 003 002 049 070 083  0.05
t11C18:1 737 748 78%F 696 5940 005 087 053 004 003 019 007
SMUFA  217° 208 190°  185®  157° 6 028 008 01 003 013 004
A9-index 050°  05% 053 054  050° 001 004 077 085 004 004 005

TIMUFA-sum of: £¢C14:1, £¢C15:1, £¢C16:1, £tC16:1, £¢C17:1, £tC18:1, £¢C18:1, ¢11C20:1, 2cC22:1 and ¢15C24:1; 2 A9-index = c9C18:1/
(c9C18:1 + C18:0); *groups according to Table 2;*see Table 3; ®- mean values with different superscripts within the same row are significantly
different at P < 0.05

Table 5. Concentration (mg - g™') of conjugated linoleic acid (c9t11CLA), selected individual polyunsaturated fatty acids (PUFAs), sums of
n-6PUFAs (2n-6PUFA)", n-3PUFAs (Zn-3PUFA)%, n-3LPUFAs (Zn-3LPUFA)®, LPUFAs (ZLPUFA)* and all assayed PUFAs (XPUFA)?, ratio of
In-6PUFA to Zn-3PUFA (Zn-6/2n-3), ZPUFA to 2SFA® (XPUFA/ZSFA), PUFA to £FA” (ZPUFA/ZFA), Zn-3LPUFA to ZFA (Zn-3LPUFA/ZFA) and
ZLPUFA to £FA (ZLPUFA/ZFA), value of fatty acid elongase index (Elong. . )® and A4-desaturase index (A4-index)®in whole blood of lambs fed
control and experimental diets

index)

i Group'® Contrast"
Indices I (control) I I v v SEM A
cOt11CLA 236  200° 194® 208 1672 040 009 031 053 007 002 004
LA 1090 101® o4 ggw 78 3 027 046 066 037 048 004
aLNA 657 445 428 448 374 015 003 054 049 019 0415  0.02
C204n-6 (AA) 918 781 750% 677% 564 021 009 072 052 040 037  0.03
C225n-3(DPA) 237  304° 282+ 289 2000 004 004 037 041 004 004  0.08
C226n-3(DHA) 176 309 145 173 13% 005 003 002 036 057 040  0.61
£n-6PUFA 1200 109  102%  105% 83 4 023 039 045 009 012 003
$n-3PUFA 107> 106>  86%  91® 7. 02 059 021 017 008 007 004
$n-3LPUFA 476 695 474  526° 394 002 003 003 037 043 005 021
$LPUFA 16060 1477 1233 1229 958 007 009 022 073 009 009 002
$PUFA 136 23 114 118 930 3 048 051 067 008 005 002
$n-6/En-3 1143%  1072¢ 1206 1163 1208° 02 025 004 031 041 009 023
SPUFA/SSFA  047°  048* 046°  051° 0440 001 020 047 003 077 002 027
PUFA/SFA 0211% 0210® 0204 0220° 0200° 002 064 033 005 046 003 005
$n3LPUFA/EFA 0007 0012° 0008 0010 0008° 0001 001 002 005 071 005  0.02
SLPUFASFA 00248 00253 00222 00229 0.0206° 00006024 004 073 005 004  0.04
Elong, 0.0866° 0.1561¢ 0.0898° 0.1142° 0.1405 00005001 001 004 001 009 002
Ad-index 0432 0513 0339 03810 0388 0003 004 001 005 005 039 027

12n-6PUFA - sum of: ¢9¢12C18:2 (LA), c6c9c12C18:3 (yLNA) and Xn-6LPUFA (c11¢14C20:2, c8c11c14C20:3, c5c8c11c14C20:4 (AA),
¢13¢16C22:2and c7¢10c13¢c16C22:4);22n-3PUFA—sumof: ¢9¢12c15C18:3 (aLNA), ¢ 11¢14¢17C20:3, c8c11¢14c17C20:4, c5¢8¢c11c14¢17C20:5
(EPA), c7c10c13c16¢19C22:5 (DPA) and c4c7c¢10c13¢16c19C22:6 (DHA); *Zn-3LPUFA — sum of: ¢11¢14c17C20:3, c8c11c14c17C20:4, EPA,
DPA and DHA; * XLPUFA - sum of: £n-3LPUFA, Zn-6LPUFA and CLA isomers; ® YPUFA - sum of: £n-3PUFA and Zn-6PUFA;® *SFA — see
Table 3; "ZFA - see Table 3; *Elong, . = ¢c11c14c17C20:3 /(c11c14¢17C20:3 + aLNA); ® Ad-index = DHA / (DHA + DPA); " groups according to
Table 2; " see Table 3; ®- mean values with different superscripts within the same row are significantly different at P < 0.05
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Table 6. Concentration of total cholesterol (TCh), a-tocopherol (o.T), malondialdehyde (MDA) and selected elements (Se, Zn, Cu, Fe, Mg, Ca,

Pb, Cd and As), and value of PUFA peroxidation index (MDA

index

)" in whole blood of lambs fed control and experimental diets

, Group? Contrast®

Indices | (control) I il v v SEM i W wv v NV UExp
TCh,ug-g" 431 412%® 3842 457° 3952 3 0.41 0.08 0.01 0.53 0.02 0.05
aT, ug - g™ 0.60% 0.52° 0.57% 0.61¢ 0412 0.02 0.10 0.22 0.05 0.04 0.01 0.02
MDA, ng - g”' 0.35° 0.54° 0.69° 0.94¢ 0.92¢ 0.03 0.04 0.05 0.04 0.03 0.42 0.01
MDA, 2.55° 4.37° 6.07°¢ 7.93¢ 9.92¢ 0.02 0.03 0.05 0.04 0.02 0.05 0.01
Se, g - g™ 0.20° 0.20° 0.23° 0.30¢ 0.26° 0.01 078 0.08 0.03 0.05 0.05 0.06
Zn, g - g 3.39° 3.69%® 3.57° 4.08° 3.8% 010  0.09 0.18 0.02 0.04 0.05 0.03
Cu,ug - g 1.40° 1.33° 1.382 1.56° 1412 002 043 0.71 0.04 0.67 0.05 0.19
Fe,ug - g™ 4412 463 4772 496° 4572 6 0.32 0.46 0.09 0.14 0.05 0.27
Mg, ug - g™ 83 89e 782 86" 91° 1 0.1 0.05 0.04 0.04 0.09 0.04
Ca,ug-g' 221 229 199 221° 230° 3 0.23 0.04 0.05 0.03 0.08 0.18
Pb, ug - g™’ 0129 0132  0.119*  0.129°  0.136° 0.003 0.31 0.04 0.08 0.04 0.19 0.24
Cd,ng-g”’ 1,520 1.44%¢ 1.242 1.59¢ 140° 004 027 0.04 0.04 0.14 0.05 0.1
As,ng - g 3.46° 2.93° 2.08° 1.85%® 1700 0.04 0.08 0.03 0.17 0.05 0.18 0.01
'MDA, .., = MDA (ng - g”")/ZPUFA (mg - g™') where XPUFA - see Table 5; 2groups according to Table 2;*see Table 3 ; ®*— mean values with

different superscripts within the same row are significantly different at P < 0.05

quence, higher concentration of cis9trans11C18:2
(c9t1ICLA; the product of A9-desaturation of
t11C18:1) was observed in the whole blood of lambs
fed the CASeY diet (group IV) than the CASeVI
diet (group V) (Table 5). In lambs fed the CASeVI
diet (group V), sums of n-6PUFAs (Zn-6PUFA; in-
cluding linoleic acid and arachidonic acid), n-3PU-
FAs (Zn-3PUFA), LPUFAs (ZLPUFA) as well as
>PUFA in whole blood were lower (P < 0.05) in
comparison to lambs fed the control diet (group I).
The concentrations of ZPUFA and c9¢11CLA were
also lower in lambs fed the CASeVI diet (group V)
as compared to that fed the SeY enriched diet (group
IV). In lambs fed SeY supplemented diet (group
IV), higher (P < 0.05) SPUFA:ZSFA, SPUFA:SFA,
YLPUFA:XFA (inclu-ding ¥n-3LPUFA:XFA) ratios
in whole blood were found in comparison to group
V. Moreover, feeding lambs with CA supplemented
diets (group III, IV and V), regardless of SeY or
SeVI presence, increased (P < 0.05) Xn-6PUFA:Xn-
3PUFA ratio and values of the fatty acid elongase
(Elong, , ) and the A4-desaturase (A4-index) in-
dexes in comparison to the lambs fed ROFO diet
(group II) (Table 5).

In lambs fed SeY enriched diet (group IV) in-
creased concentration of total cholesterol (TCh) in
whole blood was observed as compared to the CA
(group III) and CASeVI (group V) diets (P < 0.05;
Table 6). Also in these lambs higher aT concen-
tration in whole blood was noted as compared to
animals fed the ROFO (group II) and CASeVI
(group V) diets. On the other hand, feeding lambs
CASeVI diet (group V) resulted in the lowest oT

level in whole blood in comparison to other groups.
In animals fed diets containing SeY or SeVI (group
IV and V) the highest (P < 0.05) concentration of
MDA and values of the PUFAs peroxidation index
(MDA, , ) in whole blood were found in compar-
ison to lambs fed control and other experimental
diets. Moreover, the addition of FO to the diet, ir-
respective of the presence of CA, SeY or SeVI,
increased the MDA, —and accumulation of MDA
in whole blood in comparison to the control diet
(P <0.05).

In lambs fed SeY or SeVI supplemented diets
(group IV and V), the concentration of Se in whole
blood was higher in comparison to the values for
lambs fed control (group 1), ROFO (group II) and
CA (group III) diets (P < 0.05; Table 6). Moreover,
the Se whole blood content was higher (P < 0.05)
in lambs fed diet enriched with SeY (group IV)
than in lambs fed diet with SeVI (group V). No
statistical differences in Se concentration were ob-
served among lambs fed control, ROFO or CA diets
(groups I-11I).

Feeding lambs diet with SeY addition (group
IV) increased Zn and Cu whole blood content as
compared to all other animals. Moreover, feeding
lambs diet containing SeY increased the concen-
trations of Fe in whole blood as compared to all
other groups except animals fed CA diet (group III;
P <0.05). At the same time, feeding lambs with CA
diet (group III) resulted in lower concentrations of
Mg, Ca and Pb in whole blood in comparison to
the other experimental diets (group 11, IV, V). The
concentrations of Cd was the lowest in lambs fed
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CA diet (group III) and the whole blood content of
As was lower when lambs were fed diets containing
CA regardless Se supplementation (groups I11-V)
in comparison to lambs fed control (group I) and
ROFO (group II) diets.

Discussion

The applied dietary manipulations did not nega-
tively influence the welfare and general health sta-
tus of the lambs, since neither macroscopic lesions
nor pathological changes were found in whole blood
samples as well as in all internal organs, muscles
and adipose tissues of lambs fed experimental di-
ets, irrespective of the presence of SeY or SeVI as
already shown in previous experiments using the
same feed supplements (Rozbicka-Wieczorek et al.,
2016a,b,c). In fact, diets containing up to 2 ppm Se
are not toxic for ruminants (McDowell et al., 2005;
Eun et al., 2013). In contrast, chronic dietary sup-
plementation with inorganic Se-compounds, par-
ticularly selenite or selenides, at rates of more than
5 ppm can be toxic and have a teratogenic effect in
ruminants (McDowell et al., 2005; Navarro-Alarcon
and Cabrera-Vique, 2008).

In our experiment it was shown that feeding the
CASeVI diet improved growth parameters (BW and
FCE) as compared with the control, CA and CASeY
diets (Table 2). Indeed, our recent studies indicated
that the CASeVI diet most effectively stimulated the
bacterial protein synthesis in the lamb rumen, while
it decreased the ruminal formation of volatile fatty
acids (VFA) as well as CH, and CO, emissions as
compared to control and CASeY diets (Rozbicka-
Wieczorek et al., 2016c). Elimination of waste
products as CO, and especially CH, (the high-ener-
gy compound), causes the loss of ~8% of the total
digestible energy of the diet (Wolin, 1979). On the
other hand, the CASeY diet most efficiently stimu-
lated methanogenesis i.e. ruminal formation of CH,
as well as CO, (Rozbicka-Wieczorek et al., 2016c¢).
Thus, the CASeY diet resulted in the decrease in
growth parameters of lambs in comparison to con-
trol, CA and especially CASeVI diets (Table 2).

Our study revealed that diet enriched with SeVI
reduced the concentration of XFA and XPUFA in
blood. These findings are in agreement with the
previous studies where the addition of SeVI or
selenite to the diet reduced the sum of total fat-
ty acids in lamb muscles (Navarro-Alarcon and
Cabrera-Vique, 2008; Miltko et al., 2016; Rozbicka-
Wieczorek et al., 2016a). Therefore, the results of
the present study support the hypothesis that pro-

oxidative effects of inorganic forms of Se-com-
pounds (like selenite and SeVI) resulted from the
catalysis of hydrosulphide oxidation that decreases
the synthesis yield of lipogenic enzymes (like fat-
ty acid synthase and acetyl-CoA carboxylase) in
mammal tissues. Our previous study (Rozbicka-
Wieczorek et al., 2016¢) also demonstrated that
SeVI addition to diet containing 2% RO, 1% FO and
CA decreased the capacity of carbohydrate fermen-
tation into VFA and lipogenic enzymes in the lamb
body, whereas stimulated the microorganism protein
biosynthesis in the rumen. Moreover, the present
data are in agreement with the results of Czauderna
et al. (2012), in which diet containing only SeVI re-
duced the concentration of XFA, especially XPUFA
and XMUFA, in longissimus dorsi (LD) and biceps
fermoris (BF) muscles of lambs in comparison to
animals fed control diet or diet supplemented with
linseed oil. Our recent investigations (Miltko et al.,
2016) indicated that the lowest concentration of ace-
tic acid in the ruminal fluid collected from lambs
fed experimental diet with SeVI was associated with
decreased biosynthesis yield of acetyl-CoA to lip-
ids in lamb tissues. It is well-known that acetic acid
is the main source of acetyl-CoA for the biosyn-
thesis of lipids in mammal tissues and is oxidized
to generate adenosine triphosphate (Wolin, 1979;
Yang, 2014). On the other hand, the same experi-
ment (Miltko et al., 2016) revealed that the CASeY
diet (rich in Se-Met) most effectively increased mi-
crobial production of acetic acid in the rumen. The
highest concentration of acetic acid in the rumen of
lambs fed the CASeY diet resulted in an increase of
acetyl-CoA to lipids biosynthesis yield in lamb tis-
sues (Wolin, 1979; Miltko et al., 2016). Therefore,
it can be concluded that this is the reason why the
CASeY diet more effectively increased the concen-
tration of XFAs, especially ZPUFA in whole blood,
as shown in the present study or in LD and BF mus-
cles of lambs (Rozbicka-Wieczorek et al., 2016a)
when compared to the CASeVI diet. Similarly to
Se-supplemented diets, the experimental diet with
only CA addition reduced the bioaccumulation of
>FA, including ZSFA and especially XLPUFA, in
whole blood in comparison to the control diet. This
CA supplemented diet more effectively reduced the
concentration of VFAs (especially acetic acid) in
the rumen as compared to the control diet as well
as Ad-index (Table 5) in comparison to the control
and other experimental diets (Rozbicka-Wieczorek
etal., 2016c¢).

Our results have demonstrated that all experi-
mental diets reduced the concentration of aLNA


3.Concentration

200

Se, carnosic acid and fish oil affect blood composition in lambs

in comparison to the control diet (Table 5). On the
other hand, the ROFO diet most effectively increased
the concentration of DPA, DHA, Xn-3LPUFA as
well as Elong , and Ad-index in whole blood.
So, it could be suggested that FO added to the diet
with RO stimulated the anabolism (elongation and
desaturation) of aLNA in blood. In contrast, the
experimental diet containing SeVI reduced the con-
centration of XLPUFA, AA and XLPUFA:XFA ratio
in comparison to the control and the ROFO diets.
It can be suggested that SeVI added to the experi-
mental diet stimulated the metabolic transformations
of aLNA and LA as well as XLPUFA (including
>n-3LPUFA) in whole blood in comparison to the
control and ROFO diet.

It was observed that the experimental diet with
SeY more effectively stimulated (P < 0.05) the ac-
cumulation of TCh as well as Se in whole blood
than CA and CASeVI diets (Table 6). Moreover, the
CASeY diet increased the concentrations of TCh
and Se in blood of lambs in comparison to the con-
trol and ROFO diets, but these differences were not
always statistically significant. Thus, our results are
consistent with the findings reported by the research
team from the University’s Warwick Medical School
(2009). In this study, Se-supplemented rats had high-
er total and non-HDL cholesterol levels in blood and
triacylglycerols concentrations in liver, which may
provide a possible explanation for the lipogenic ef-
fects of diets containing extra Se. Also Stranges et al.
(2010) have found that the high levels of Se in diet
are associated with increased TCh in human blood —
a parameter that is related with heart disease.

In fact, Se-Cys-containing enzymes and choles-
terol biosynthesis are linked through the common
use of isopentenyl pyrophosphate both for the bio-
synthesis of unique tRNA (referred to as tRNASerISe)
(Jameson and Diamond, 2004) and for isoprenoid
biosynthesis in the mevalonate pathway (Stranges
et al., 2010).

As expected, it was found that the concentration
of Se in whole blood of lambs fed the CASeY diet
was higher than in blood of lambs fed the CASeVI
diet. The concentration of Se in whole blood is pro-
portional to Se intake, although it is also affected
by the chemical form of Se (Navarro-Alarcon and
Cabrera-Vique, 2008). Se derived from dietary SeY
(rich in Se-Met) is more efficiently accumulated in
the animal tissues than inorganic chemical forms of
Se (like SeVI or selenite) introduced via inorgan-
ic supplementation (Juniper et al., 2008). Dietary
Se-Met is mainly incorporated into body proteins
instead of methionine (Raymond et al., 2014).

These Se-Met containing proteins are not considered
as Se-proteins (Raymond et al., 2014). Another study
also indicates that Se-Met derived from dietary SeY
is retained in tissue proteins to a greater extent than
dietary Se as SeVI or selenite (Navarro-Alarcon and
Cabrera-Vique, 2008). In fact, these inorganic Se-
compounds are metabolized to the common interme-
diate selenide, which may be used for the biosynthesis
of the specific Se-cysteine containing proteins (e.g.,
glutathione peroxidases, thioredoxin reductases, sele-
noprotein P, selenoprotein W, iodothyronine deiodin-
ases or selenophosphate synthetase) or can be excret-
ed via two metabolic pathways (Juniper et al., 2008).

Se intake may be related to differences in con-
centrations of aT in animal tissues and in values
of MDA, , - the non-invasive biomarker index
of lipid peroxidation induced by oxidative stress
(Table 6). Our results suggested that the experimental
dietsupplemented with SeVIincreased oxidative stress
in whole blood in comparison to the experimental diet
enriched with SeY (rich in Se-Met). Recent studies
revealed that SeVI at increased dietary concentrations
may act as a pro-oxidant, while Se-Met did no exert
such effect (Navarro-Alarcon and Cabrera-Vique,
2008). Interestingly, our study documented that the
CASeVI diet increased the concentration of MDA
and the values of MDA,  in comparison to control,
ROFO and CA diets. So, the addition of SeVI to diet
enriched with FO and CA appeared to most efficiently
stimulate the oxidative stress in whole blood in
comparison to the other additives supplemented to
lamb diets. As a consequence, the experimental diet
with SeVI (group V) most efficiently reduced the
concentration of oT in whole blood.

Also, CA diet stimulated the peroxidation of
PUFAs in whole blood, as the concentration of MDA
and the value of MDA, were increased in compari-
son to the control and ROFO diets. Thus, our study
supports the finding that dietary CA stimulated the
biosynthesis of aldehydes (i.e. volatile species from
lipid autoxidation) in selected tissues of lambs (Moran
et al., 2013; Rozbicka-Wieczorek et al., 2016c). On
the other hand, lower levels of CA (£ 0.6 g - kg')
stimulated an antioxidant effect in tissues closer to
that observed in lambs fed diets supplemented with
vitamine E (Moran et al., 2013).

Considerable attention has recently been focused
on interactions between Se and other essential and
toxic elements in tissues of farm animals. Animal
blood analyses are routinely used for the overall as-
sessment of health status because they are significant-
ly correlated with the nutritional status of selected
trace and toxic elements; moreover, unlike muscles
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or internal organs, blood is easier to collect (Kincaid,
1999).

Our results documented that the diet supple-
mented with SeY (rich in Se-Met) increased con-
tent of Zn, Cu and Fe in whole blood in comparison
to control and other experimental diets (Table 6).
Se is an important component of several biologi-
cally significant macromolecules (like proteins
containing Se-CyS or Se-Met) that interact in mam-
mal tissues with a wide range of heavy metals and
metalloids such as Cu, Zn, Hg, Ag, Cd, Mn, Ni, Cr
or Sb (Gailer, 2002). Various mechanisms were pro-
posed to explain the interactions between Se and
these trace elements in mammal tissues. Firstly, re-
actions between metal and selenide ([-Se-]*) lead to
the in vivo formation of insoluble or stable selenides
with metal ions. Secondly, Se is able to bind to
a sulphydryl group of pre-existing proteins, and then
the Se-group of biomolecules subsequently binds
heavy metal ions (Gailer, 2002). The chemistry of
Se documents that is almost 100% present as selenol
in mammals’ tissues. At physiological pH, seleno-
hydryl groups (RSeH) exist almost completely in an
anionic form: [RSe-]™ (unlike the sulpthydryl group
which exists almost in the protonated form: RSH).
The anionic form of the selenohydryl group is a nu-
cleophile that binds ions of metalloids and heavy
metals (Gailer, 2002). So, it can be concluded that
dietary SeY (group IV) more effectively stimulated
the biosynthesis of metal binding Se-biomolecules
in whole blood than SeVI (group V).

Pb, Cd, Hg and As (environmental pollutants)
have no biochemical functions in mammals and are
toxic even at minimum concentrations; deposition
of these elements in the internal organs of sheep
followed the order: liver > kidneys > lungs > small
intestine > heart > brain. Because red blood cells in
ruminants have a life span of about 130-150 days
(Adili and Melizi, 2014), levels of these elements
in whole blood often change with a slow rate. Con-
sequently, the experimental diets enriched with SeY
or SeVI revealed negligible influence on the con-
centrations of macro bioelements (Ca and Mg) and
trace toxic metals (i.e. Pb and Cd) in whole blood
as compared to the control and ROFO diets. On the
other hand, CA added to the diet containing RO and
FO (group III) resulted in an antagonistic effect on
the accumulation yield of Pb and Cd in the liver, LD
and BF muscles (Ruszczynska et al., 2016) but also
in whole blood in comparison to control and other
experimental diets (Table 6). Similarly, the lower
concentration of As (the metalloid) was observed in
whole blood of lambs fed experimental diets with

CA, irrespective of the presence of SeY and SeVI,
as compared to control and ROFO diets. Antagonis-
tic interactions are observed between Se-compounds
and As-species in mammal tissues (Gailer, 2002).

Conclusions

Dietary fish oil (FO), rich in long-chain n-3
polyunsaturated fatty acids (n-3LPUFAs), increased
concentrations of LPUFAs as well as products of
PUFA peroxidation in whole blood of lambs but did
not influence concentration of essential elements.
Addition of antioxidants such as carnosic acid (CA),
selenized-yeast (SeY) or selenite (SeVI) into diets
with FO and rapeseed oil affected the fatty acids
profile, total cholesterol and tocopherols content in
blood but surprisingly did not reduce the concen-
trations of malondialdehyde. Also selected elements
were modified by anti-oxidants addition.

We argue that our presented results constitute
valuable information for nutritionists who conduct
studies on the nutritional quality of ruminant diets
enriched in FO as well as antioxidants CA, SeY and
SeVI. Anyway, further research is necessary to fully
elucidate the fact that addition of FO without/with
these antioxidants to the diet induces changes in
the concentration of amino acids (especially essen-
tial amino acids), vitamins A, B, D or C and other
macro and trace elements in whole blood and other
ruminant tissues.
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