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ABSTRACT

To assess the effect of dietary supplement levels of chromium-yeast (Cr-yeast) on growth per-
formance, blood glucose and triglycerides, fatty acid (FA) profile in intramuscular fat, carcase
and meat traits, iron, copper, chromium and zinc concentrations in liver and bone, 24
Rambouillet male lambs (29.2+0.17 kg body weight) were randomly assigned to four diets with
0, 0.2, 0.4 and 0.6 mg Cr/kg DM. The growth performance trial lasted 49 d. Supplemental Cr-
yeast did not affect growth performance and carcase characteristics (p>.05), but reduced
(p < .05) perirenal and intramuscular fat, as well as 3 h post-feeding blood glucose and triglycer-
ides concentration. In liver, Fe and Cu concentration decreased (p < .05), while Cr concentrations
in liver increased with increasing Cr-yeast dietary levels. In bone, Fe decreased (p <.05) as Cr-
yeast dietary levels increasing, and Cr-yeast supplementation increased Cr concentrations
(p <.05). As Cr-yeast dietary level increased, palmitic (C16:0) and stearic (C18:0) SFA decreased
linearly (p <.05), while palmitoleic (C16:1n-7), vaccenic (C18:1n-7), linoleic (C18:2n-6) and arachi-
dic (C20:4) unsaturated fatty acids (UFA) increased linearly (p <.01). In conclusion, Cr-yeast did
not affect growth performance and carcase quality, but decreased the perirenal and intramuscu-
lar fat, blood glucose and triglyceride content, and Fe and Cu concentrations in liver as
increased Cr-yeast levels in the diet. Because supplemental Cr-yeast improved index of atheroge-
nicity and unsaturated to saturated FA ratio in muscle of lambs, it could be of human nutritional
interest.
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HIGHLIGHTS

e Cr-yeast supplementation reduced blood glucose and triglyceride concentration.

e In liver, Fe and Cu content decreased while Cr increased with increasing Cr-yeast diet-
ary levels.

e Cr-yeast modified the FA profile of human nutritional interest and improved the unsaturated
to saturated FA ratio in intramuscular fat.
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Introduction

Chromium (Cr) is an essential micronutrient. It is an
integral part of the glucose tolerance factor (GTF)
which increases adhesion of insulin to the cell mem-
brane surface and permits entry of glucose, fatty acids
and amino acids into the cell (Mertz 1969; Anderson
1998), due to the binding of this (chromodulin) with
the transmembrane insulin receptors (Evans and

Bowman 1992) specifically to the a-subunits, convert-
ing it into an autokinase by the phosphorylation of
the B-subunits (Vincent 2013).

Although Cr is vital for the efficient function of the
(Mertz 1993) in
humans and farm animals, dietary ingestion of Cr is
often less than the recommended dose (0.2 mg Cr/kg
DM) (Anderson 1998; National Research Council 2005).

insulin and nutrient metabolism
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Growth hormone (GH) and insulin growth factor (IGF)
are involved in the metabolism of Cr (Mowat 1997);
however in ruminants, Cr has little impact on growth
(Kegley et al. 1997; Haldar et al. 2007), despite it
improves the capacity response of the immune system
(Haldar et al. 2009); in poultry and pigs, Cr supplemen-
tation has better positive effects on metabolic
response, distribution of nutrients and carcase charac-
teristics, maybe due to an increased sensitivity to insu-
lin and efficiency in the use of glucose (Brockman and
Laarveld 1986). The magnitude of these effects
depends on the chemical form, concentration and
dietary contribution of Cr (Galip 2006; Yan et al. 2008;
Dominguez-Vara et al. 2009; Arvizu et al. 2011). In this
regard, trivalent Cr cannot pass through the cell mem-
brane, so its binding to ligands is necessary to activate
it (Burton 1995); also some forms of inorganic Cr are
not available for absorption (Mordenti et al. 1997), in
contrast organic sources are more bioavailable.

In sheep and cattle in feedlots, dietary levels of
0.2-1.2mg Cr/kg DM have been assessed, and dose
equal to or greater than 0.35mg Cr/kg DM had effect
mainly on blood glucose level but its effect on the
content of fatty acids has been little evaluated (Yan
et al. 2008; Dominguez-Vara et al. 2009; Soltan et al.
2012; Estrada-Angulo et al. 2013). However, supple-
mentation of organic Cr (Cr-yeast) in growing steers
has minimal effects on the rate of blood glucose elim-
ination and the half-life of blood glucose (Swanson
et al. 2000). In addition, there is little information on
the effect of concentrations of Cr enriched yeast sup-
plements on fatty acids content, meat quality, or
metabolism of the microminerals Fe, Cu, and Zn in
sheep fed high energy diets. This study evaluated the
effect of supplementing different doses of dietary
organic Cr (Cr-yeast) on growth performance, blood
metabolisms, carcase and meat characteristics and
muscular fatty acids profile of fattening lambs.

Material and methods
Feed and experimental animals

Twenty-four 3.5 months-old male Rambouillet lambs
(29.2+0.17kg body weight) were used, they were
dewormed, vaccinated and housed in individual pens
(1.5 x 1.2m) for a 15d adaptation period. Lambs were
fed a basal diet (BD) [Table 1] formulated according to
the requirements of the finishing sheep (National
Research Council 2007). Basal diet offered was
recorded daily and feed samples were taken weekly,
dried at 55°C for 48h to determine their chemical
composition (Table 1). Dry matter (method 967.03),
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Table 1. Composition and calculated chemical analysis of the
basal diet (BD).

Ingredient (9/1000 g DM)
Shorgum 570.0
Corn stover 150.0
Soybean meal 140.0
Canola meal 50.0
Wheat bran 50.0
Minerals and vitamins premix® 25.0
Sodium bicarbonate 15.0
Total 1000.0
Chemical analysis calculated (g/kg DM)®:
Dry matter 899.0
ME (MJ/kg DM)* 1.3
Crude protein 144.0
Neutral detergent fibre 132.0
Ash 62.0
Calcium 6.0
Phosporus 37

#Composition of mineral and vitamin premix (Premix borregos, Multitec®,
Meéxico) was (per kg DM): 180g Ca, 180g NaCl, 59 S, 5.69 K, 8g Mg,
509 Zn, 209 Fe, 0.59 1, 36 g Mn, 90 mg Co, 90 mg Se; 3,000,000 Ul Vit.
A, 750,000 Ul Vit. D3; 25,000 Ul Vit. E.

PDetermined in the laboratory.

“Calculated from basal diet ingredient composition (National Research
Council 2007).

ME: Metabolisable energy.

ash (method 942.05) and crude protein (Kjeldahl pro-
cedure, method 976.06, N x 6.25), were determined by
official methods (AOAC 2012). Neutral detergent fibre
(NDF) was analysed according to Van Soest et al.
(1991) with a modified ANKOM 200 fibre analyser with
a heat-stable amylase (ANKOM Tech. Corp, Fairport,
NY, USA). Metabolisable energy was calculated from
diet ingredient composition (National Research
Council 2007).

Treatments and animal measurements

Lambs were randomly assigned to four experimental
diets (treatments) with 0, 0.2, 0.4 and 0.6 mg Cr-yeast
per kg DM in the basal diet. Chromium yeast was Bio-
Chrome® (Co-Factor Il Cr**, Alltech, Nicholasville, KY,
USA), which according to the manufacturer, the prod-
uct contains 1000 mg Cr/kg. Chromium was supplied
daily and mixed with on top food served at 0800 h.
Feed was offered ad libitum twice at 0800 and 1600 h.
Feed offered and refused was recorded daily. Body
weight was recorded at the start of fattening and
every two weeks thereafter. On days 14, 35, and 49,
three h after the morning feeding, blood samples
(7mL) were collected from jugular vein in vacutainer
tubes with sodium fluoride or potassium oxalate. The
blood samples were centrifuged and stored at —20°C
until analysis for glucose and triglycerides (Kitchalong
et al. 1995) by semiautomatic equipment (Vitros DT60
lI-Johnson and Johnson Co).
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Post-mortem evaluation

After 49 d of Cr-yeast supplementation, lambs were
slaughtered and the handling procedures were accord-
ing the official guidelines for animal care in Mexico
(NOM-051-Z0O0-1995). Post-slaughter and chilled (4°CQ),
cold carcase weight was recorded 24 h after slaughter.
Carcase conformation, fatness degree, and perirenal
fat measurements were based on a photographic ref-
erence diagram and assessed following Colomer-
Rocher method (Colomer-Rocher 1984). Incisions at
12th rib were done to measure the backfat thickness
with a digital Vernier (Rust et al. 1970). Liver (150Q)
and rib bone (100 g) samples were collected to deter-
mine Fe, Cu, Cr and Zn concentration (Table 4) by
atomic absorption spectroscopy (Perking Elmer, 3110)
(Fick et al. 1979). Two-hundred g of Longissimus dorsi
were collected and pH was measured (Oakton, Vernon
Hills, IL, USA) (Honikel 1997).

Muscle colour measurements were made with a
calibrated chromameter (Minolta CR-200 Osaka Japan);
samples of the Longissimus thoracis was extracted at
the last rib level, according to the recommendations
of the American Meat Science Association (Hunt et al.
1991). llluminant A was used to detect differences in
redness in the meat samples between the applied
treatments. The 10° observer was used for meat col-
our measurement. The following coordinates were
determined: Luminosity (L*), reddish (a*, red +green)
and yellowish (b* vyellow+blue) (American Meat
Science Association 2012).

Tenderness was measured using a Warner-Bratzler
shear test on a TAX-T2 texture analyser (Texture
Technologies Corp, Scarsdale, NY, USA) (Beltran and
Roncalés 2000). Chemical composition (humidity,
crude protein, fat and ash) and total collagen was
quantified  following  AOAC  official methods
(AOAC 2012).

Fat was extracted and purified following AOAC offi-
cial method 991.36 (AOAC 2012), Bligh and Dyer
(1959) and Soto-Ledn et al. (2014) procedures, using a
2:1 chloroform-methanol solution, 10g of ground
meat was suspended using a 10:1 solvent:meat ratio.
The suspension was exposed to ultrasonic-irradiation
for 60 min by using a high efficiency ultrasonic proces-
sor (UP200S, Hielscher Ultrasonics) with 200 W of out-
put power and 24kHz of frequency. The acoustic
potency was transmitted using a sonotrode (S14,
Hielscher Ultrasonics). After the solution was adjusted
to a 2:1:0.8 chloroform:methanol:water proportion, it
was mixed and vacuum filtered. The liquid phase was
readjusted to a 2:2:1.8 chloroform:methanol:water pro-
portion, transferred to a separation funnel and after

sitting for 24 h, the non-aqueous phase was recovered.
The fat-chloroform phase was recovered and chloro-
form was removed using a vacuum rotator evaporator
machine (RE300, Yamato) at 45°C. Thereafter, 300 uL
of KOH and 10 mL of methanol were added and ultra-
sonic irradiation was applied for 60s. Methanol was
evaporated at 50°C, and 10 mL of hexane was added
and filtered with Whatman paper with a pore size of
0.22 um and stored in chromatographic vials.

Fatty acids were separated in a capillary column
100m x 0.25mm inner diameter x 0.2um of film
thickness (SUPELCO TM-2560), and determined by gas
chromatography (Perkin Elmer, Clarus 500 model), in
which Helium was used as the carrier gas in an
Omega Wax 250 column; a volume of 1uL was
injected into the gas chromatographer, with a flux of
1 mL/min; column temperature ranged from 50 to
270°C (10 min), with a heating rate of 5°C/min. col-
umn temperature ranged from 50 to 270°C (10 min),
with a heating rate of 5°C/min and a 37-component
standard (SUPELCO, TM-2560) was used as a reference.

The retention times were compared with known
standards (Supelco 37 Component FAME Mix, SIGMA
USA). The results of the fatty acid concentration (FA)
are expressed in g/100g of FA, which correspond to
the area under the curve of the detected fatty
acid peaks.

Statistical analysis

Data were analysed with MIXED procedure (SAS
Institute Inc. 2004) under a completely randomised
design with six lambs per treatment using a mixed
model that included lamb (random), Cr-yeast supple-
mentation level (fixed), and residual (lamb within
treatment) with ANTE(1) covariance structure. The first-
order ante dependence covariance structure (ANTE)
allows unequal variances over time and unequal corre-
lations and covariance among different pairs of meas-
urements. Average daily weight gain, feed intake, feed
conversion, and blood glucose and triglyceride levels
were analysed using the same model included effect
of time (repeated) and the time interaction with Cr-
yeast supplementation level effect in the model.
Levels of Cr-yeast supplementation (treatments) were
partitioned into linear, quadratic, and cubic orthogonal
polynomials for four equally spaced levels with the
statements LSMEANS and ESTIMATE. Categorical data
(conformation, fatness degree, and perirenal fat) were
analysed using the SAS NPARTWAY procedure (SAS
Institute Inc. 2004), which performs nonparametric
tests for location and scale differences across a one-



way classification, and also provides a standard ana-
lysis of variance on the raw data and tests based on
the empirical distribution function. With the data of
the serum concentrations of triglycerides and glucose
in the different treatments (Cr levels in the diet), col-
lected over time (weeks), regression analysis were per-
formed to develop prediction equations. The Tukey's
test (p < .05) was used to assess differences between
treatments means.

Results

Growth performance, blood metabolites, carcase
characteristics and meat quality

Chromium yeast did not affect any of the growth per-
formance variables (p >.05); there were also no effects
of time or of the interaction treatments with time
(p>.05). There was also no effect of Cr on carcase
characteristics (p >.05), except for total collagen con-
centration which was increased linearly (p = .01) as
Cr-yeast level in the diet increased. At 14 and 35 d,
3 h post-feeding, Cr-yeast did not affect blood glucose
and triglycerides concentrations (p >.05), but at 49 d
post feeding, blood glucose and triglycerides
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concentration were reduced quadratically (p = .04 and
p = .01) as Cr-yeast level in the diet increased.
Intramuscular fat and ash in meat decreased (p = .01
and p = .03) quadratically and linearly, respectively,
while the perirenal fat decreased linearly (p = .02)
with increased Cr-yeast dietary (Table 2 and Figure 1).

Fatty acids composition

Chromium yeast supplementation did not affect
(p >.05) myristic (C14:0), pentadecanoic (C15:0) and
margaric (C17:0) SFA or oleic (C18:1n-9) MUFA con-
tents. However, as Cr-yeast supplementation was
increased in the diet, palmitic (C16:0) and stearic
(C18:0) SFA content was linearly decreased (p = .03
and p = .01); in addition palmitoleic (C16:1n-7) and
vaccenic (C18:1n-7) MUFA content (p = .04 and p =
.05) and linoleic (C18:2n-6) and arachidic (C20:4) PUFA
content (p = .04 and p = .01) was linearly increased
(p <.01). Thus, there was a linear decrease (p = .05) of
the SFA:UFA ratio and quadratic decrease (p = .05) of
the index of atherogenicity in intramuscular fat of
Longissimus dorsi as the level of Cr-yeast in the diet
increased (Table 3).

Table 2. Effect of Cr-yeast on growth performance, blood metabolites, carcase and meat quality of fatten-

ing lambs.
Cr-yeast, mg/kg (dry matter basis)
Variable 0 0.2 0.4 0.6 SEM* p-value
Initial body weight, kg** 294 29.0 293 29.1 0.50 87
Final body weight, kg** 425 429 429 429 1.07 71
Average daily gain, kg** 0.262 0.277 0.278 0.275 0.03 .96
Dry matter intake, kg/d** 1.760 1.720 1.730 1.700 0.05 .84
DMI/ADG ratio** 6.72 6.21 6.22 6.18 0.55 97
Blood triglycerides 14 d, mg/dL¥** 30.2 32.1 27.1 30.0 255 .51
Blood triglycerides 35 d, mg/dL*** 314 29.6 29.5 30.0 4.52 .72
Blood triglycerides 49 d, mg/dL*** 36.5 322 32.8 30.1 1.22 .04
Blood glucose 14 d, mg/dL*** 77.7 76.3 73.5 66.7 3.82 22
Blood glucose 35 d, mg/dL*** 77.6 75.4 78.8 79.3 4.84 42
Blood glucose 49 d, mg/dL***? 86.8 81.0 824 80.7 1.86 .01
Chilled carcase dressing, % 44.7 43.7 453 46.5 1.87 .78
Muscle conformation®" 34 3.2 34 34 0.28 .94
Perirenal fat>™* 238 26 24 24 0.28 02
Fatness degree‘”r 3.0 3.0 3.2 34 0.15 .26
Dorsal fat at 12th rib, mm 1.8 1.4 1.8 14 0.31 .66
Longissimus dorsi area, cm** 17.7 17.8 18.2 19.0 1.39 91
pHas 5.97 5.96 5.98 6.06 0.112 91
pHa4 5.56 539 5.57 5.57 0.091 .52
L* 40.2 40.7 40.0 40.0 231 72
a* 16.3 15.9 15.6 15.2 1.03 .88
b* 8.6 79 8.5 7.2 1.07 74
Total collagen, %" 0.04 0.07 0.08 0.08 0.006 .01
Shear force, kg/cm? 23 24 25 2.4 0.10 .10
Moisture, % 70.0 71. 4 70. 6 71.2 0.64 .56
Crude protein, % 20.0 21.5 21.2 21.0 0.89 .62
Fat, %° 6.86 5.49 5.93 541 0.31 .01
Ash, %" 1.82 1.66 1.58 1.59 0.06 .03

*Standar error of the mean. **No effects of treatments (diets), period or of the interaction treatments with period were observed
(p > .05). ***Sampling 3 h post feeding. *Median. ‘Linear effect of Cr-yeast level (p <.05). QQuadratic effect of Cr-yeast level (p <.05).

#1= Poor; 2= normal; 3= good; 4= very good; 5= excellent.

b1= Uncovered; 2= with a large window; 3= with small window; 4= totally covered.

“1= Very lean; 2= lean; 3= rather fatty; 4= fatty; 5= very fatty.
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Figure 1. Effects of Cr-yeast supplementation levels at 49 days,
3 h post-feeding, on blood glucose and triglycerides concentra-
tions in fattening lambs.

Table 3. Effect of Cr-yeast on fatty acid profile (g/100g of
FA) of intramuscular fat in Longissimus dorsi of fatten-
ing lambs.

Cr-yeast, mg/kg (dry matter basis)

Fatty acid 0 0.2 0.4 0.6  SEM? p-value
Lauric C12:0 0.12 0.10 0.12 0.15 0.021 .32
Myristic C14:0 1.26 1.55 0.99 126 0.073 43
Pentadecanoic C15:0 0.11 0.18 0.08 0.17 0.023 .57
Palmitic C16:0" 2437 23.07 2244 2247 0760 .03
Margaric C17:0 0.76 1.03 0.58 096 0.083 .67
Stearic C18:0" 1790 16.85 16.13 1552 0706 .01
Palmitoleic C16:1 n-7" 1.31 1.38 1.50 1.63 0.079 .04
Oleic C18:1 n-9 47.00 4731 4878 4719 1711 .26
Vaccenic C18:1n-7" 1.45 1.55 1.60 1.94 0.125 .05
Linoleic C18:2 n-6"- 4.19 476 5.12 572 0616 .04
Arachidonic €20:4 1.65 2.31 2.79 3.13 0.267 .01
SFAPL 4440 4269 40.22 4038 1.401 .03
MUFA® 49.76  50.24 5188 50.77 1.674 35
PUFA%t 5.83 7.07 7.91 8.85 0.752 .01
UFA®t 55.60 57.31 59.78 59.62 1.440 .02
SFA:UFA ratio* 0.80 0.74 0.67 0.68 0.041 .05

Index of atherogenicityf'Q 0.53 0.51 0.44 046 0.018 .05

3Standar error of the mean. ®Saturated fatty acid (SFA) =) C14:0, C15:0,
C16:0, C17:0, C18:0. “Monounsaturated fatty acid (MUFA) =>" C16:1,
C18:1, C18:1n-7. %Poliunsaturated fatty acid (PUFA) = >~ C18:2, C20:4.
Unsaturated fatty acid (UFA) = (3 C16:1, C18:1, C18:1n-7) + (5 C18:2,
€20:4). findex of atherogenicity (IA) = [C12:0 + (4 x C14:0) + C16:0)/
S UFA. LLinear effect of Cr-yeast level (p < .05). QCuadrtatic effect of Cr-
yeast level (p < .05).

Micromineral concentrations in liver and bone

In liver, Fe and Cu concentrations quadratically
decreased (p = .04 and p = .01) as Cr-yeast level
increased in the diet. In contrast, Cr concentrations in
liver linearly increased (p<.05) as Cr-yeast level
increased in the diet. Cr-yeast did not affect Zn con-
centration in liver (p = .91). In bone, Fe was linearly (p
= .02) reduced as Cr-yeast increased in the diet.
Moreover, Cr-yeast supplementation quadratically
increased Cr concentration (p = .05), and Cr-yeast did
not affect Zn concentration in bone (p = .19)
[Table 4].

Table 4. Effect of Cr-yeast on Fe, Cu, Cr and Zn concentration
in liver and bone of fattening lambs.

Cr-yeast, mg/kg (dry matter basis)

Micromineral 0 0.2 0.4 0.6 SEM*  p-value
*Liver, mg/kg
Fe? 685.4 576.3 559.9 5700 3710 .04
cu® 196.1 167.8 169.1 1701 1590 .01
at 2.7 33 36 39 043 .05
Zn 1122 110.8 1132 1179 747 91
Bone, mg/kg
Fet 409 36.9 335 267 319 .02
cuf Nd Nd Nd Nd - -
@ 129 14.1 14.2 143 051 .05
Zn 99.9 79.7 773 803 818 .19

aStandar error of the mean. ‘Linear effect of Cr-yeast level at (p < .05).
QQuadratic effect of Cr-yeast level at (p < .05). £No detected. TReference
values: sheep liver, mg/kg WB (Fe, 30-300; Cu, 25-100; Cr, 0.04-3.8 (cat-
tle); Zn, 30-75); bone, mg/kg WB (Fe, 22-30; Cu, 5-5.4; Zn, 70-250)
(Puls 1994).

Discussion

Results of studies on the effects of Cr-yeast supple-
mentation on growth performance of lambs have
been variable and sometimes inconsistent. While,
some studies found no effect (Arvizu et al. 2011;
Moreno-Camarena et al. 2015), others found positive
effects on average daily BW gain (Dominguez-Vara
et al. 2009; Estrada-Angulo et al. 2013). The reduction
of glucose and triglycerides found in our study coin-
cides with previous studies (Kitchalong et al. 1995;
Yan et al. 2008) in lambs and goats, suggesting that
Cr can improve glucose tolerance by increasing insulin
sensitivity (Haldar et al. 2007) and hepatic triglycerides
transport capacity and promote triglyceride catabolism
by increasing lipoprotein lipase activity in plasma (Yan
et al. 2008), with effects on lipolytic activity in adipose
tissue and protein synthesis (Page et al. 1993; Min
et al. 1997). In the present study, Cr-yeast reduced
perirenal fat deposition, intramuscular fat content, and
saturated FA in sheep meat fat. The effect of Cr-yeast
on increasing insulin sensitivity may explain the incre-
ment of collagen content found in our results, but no
other studies have reported similar findings like these
and and its impact on meat quality of sheep. As a
cofactor of insulin, Cr acts on carcase traits mainly by
influencing insulin sensitivity, which is closely relates
to carbohydrate and protein metabolism (Mertz 1993;
Vincent 2000), and therefore the synthesis of muscle
protein (Okada et al. 1984). In finishing pigs supple-
mented with 200 ppb of Cr from chromium picolinate
(Cr-Pic) Page et al. (1993) decreased backfat thickness
and increased lean tissue accretion possibly due to
enhancement of lipolysis and protein synthesis.

There are few studies on the effect of Cr supple-
mentation on FA profiles of the meat of growing-fin-
ishing lambs in feedlot system. In this regard,



Kitchalong et al. (1995) found that plasma NEFA con-
tent was lower and cholesterol was 17% lower in
lambs fed Cr-Pic (0.25mg Cr/kg DM); the supplemen-
tation of Cr-yeast (0.3mg Cr/kg DM) in sheep, results
in the decrease of serum concentration of triglycerides
(Zhou et al. 2013). Rodriguez-Gaxiola et al. (2020)
found that supplementing 0.3mg of Cr/kg DM, from
Cr-yeast, in the Rambouillet sheep fattening diet,
reduced intramuscular fat of meat, but this level of
dietary Cr-yeast did not have a greater effect on the
FA profile of the intramuscular fat of the Longissimus
dorsi muscle. Ghassemi et al. (2016) concluded that
chromium methionine (Cr-Met) supplementation
(0.4mg/kg DM) to fattening Holstein steers improved
beef quality by increasing PUFA and gamma-linoleate
FA compositions of beef. In pigs only the total content
of monounsaturated FA of the loin was increased by
the interaction of Cr-yeast (0.2 mg Cr/kg DM) and gly-
cemic index of the diet (Lemme et al. 2000).

In the present study, supplementation with Cr-yeast
linearly reduced the proportion of saturated FA and
linearly increased the content of monounsaturated
and polyunsaturated FA in the intramuscular fat of
sheep meat which are of interest in the nutritional
quality of sheep meat for human health; moreover, Cr-
yeast decreased plasma triglycerides content and also
improved the UFA:SFA ratio in intramuscular fat of the
Longissimus dorsi. Natural trans-18:1 isomer is present
in all ruminant milk and meat fats as a result of biohy-
drogenation by rumen bacteria of dietary PUFA (Wolff
1995). According to Lemme et al. (2000) and Song
et al. (2018), the high concentration of energy, with
high and rapid availability of carbohydrates, like
starch, as in the diet of the present study, produces a
strong stimulation of insulin secretion due to the diet,
which can increase the carcase fat deposition and
influence the content of UFA deposited in intramuscu-
lar fat, with a positive effect on the degree of meat
marbling; furthermore, Cr has been shown to potenti-
ate the action of insulin and therefore its effect on
lipid metabolism (Vincent 2007). The higher UFA syn-
thesis due to Cr-yeast supplementation is in agree-
ment with the study of Lien et al. (1998) where Cr-Pic
(0.2mg Cr/kg DM) supplemented to pigs increased of
the activity of adipose tissue lipogenesis related
enzymes such as FA synthetase, ATP-citrate cleavage
enzyme, NADP-malic dehydrogenase and increased
the activity of adipose tissue lipoprotein lipase and
serum lecithin-cholesterol acyltransferase.

In ruminants, the complex mixture of dietary lipids
(phosphoglycerides and glycosylglycerides, waxes, pig-
ments and cutin), from forages usually at levels of
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30-40g kg/DM, and from cereal grains varying widely
in lipid content 20-70g kg/DM. In herbage the lipid
occurs mainly as mono- and digalacto-1,2-diacylglycer-
ides, whereas in cereal grains most of the lipids are in
the form of triacylglycerides (TAG). Both classes of lip-
ids contain high proportions of C:18 unsaturated fatty
acids; linolenic acid predominates in galactolipids and
linoleic acid in cereal lipids (Annison et al. 2002). In
the rumen, all classes of lipids are rapidly hydrolysed
by bacterial lipases, with the liberation of free long-
chain fatty acids (LCFA), a high proportion of which
are unsaturated. For sheep on forage diets, intakes of
LCFA are low, about 12-16g/day. These fatty acids
undergo extensive biohydrogenation, with the produc-
tion of a range of cis and trans positional isomers of
octadecenoic acid. The extent of ruminal biohydroge-
nation of dietary linolenic and linoleic acids is
85-100% and 70-95%, respectively; the lower value
for linoleic acid being attributed to the uptake of this
acid by bacteria (Bauchart et al. 1990). The first step in
the biohydrogenation of linoleic acid in the rumen is
isomerisation to cis-9-, trans-11-octadecenoic acid,
known as rumenic acid and main isomer of conju-
gated linoleic acid (CLA). CLA is a mixture of geomet-
rical and positional isomers of linoleic acid, with
conjugated bond located from positions 2-17 of the
carbonate chain (Buccioni et al. 2012). Most of the
CLA is hydrogenated to stearic acid, but small
amounts escape hydrogenation and reach the small
intestine (SI), where CLA is absorbed and incorporated
into adipose tissue and milk fat, together with other
fatty acids absorbed from the SI. CLA acid has certain
biological properties, which include inhibition of car-
cinogenesis and the reduction of carcase fat depos-
ition and milk fat production (Dunshea and
Ostrowska 1999).

In ruminants, the extent to which dietary UFA
escape to the hydrogenation seems to depend on
microbial growth conditions that influence rates of lip-
olysis and biohydrogenation (Jenkins 1993). Feeding
high grain diets decreases ruminal biohydrogenation
and its promotes increased unsaturation of carcase fat
(Kemp et al. 1980), this can be due to the effect of
less lipolysis, resulting from low ruminal pH (Latham
et al. 1972). Palmquist and Schanbacher (1991)
reported that high corn diets fed to lactating cows
increased ruminal formation of trans-CI8:1 with enrich-
ment of this FA isomer in milk fat. LeDoux et al.
(2002) indicated that by increasing the proportion of
forage in the diet of dairy goats it reduced the con-
tent in trans-C18:1 FA in milk fat, but vaccenic acid
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remained the major component and represented from
28 to 45% of total trans-C18:1 FA.

Trans FA occurrence in milk and meat is partly a
consequence of rumen microbial activity. Rumen flora
metabolises PUFA, such as linoleic (C18:2) and lino-
lenic (C18:3) acids from the diet, to stearic acid (C18:0)
via a trans-C18:1 acid formation step. Linoleic acid is
biohydrogenated to stearic acid via conjugated linoleic
acid and trans-C18:1 formation. Linolenic acids, which
are not direct precursors of conjugated linoleic acid,
also increased the yield of ruminal vaccenic acid
(trans-11 C18:1) by using another pathway including a
step with production of conjugated C18:3 acids
(Chilliard et al. 2000).

According to LeDoux et al. (2002) decreasing the
fibre content and increasing the grain of the diet can
produce a slow reduction of the last biohydrogenation
step of FA, from C18:1 to C18:0, and because of that,
increasing the trans-C18:1 acid accumulation.
Moreover, high grain diets may favour low ruminal
pH, which is also a factor that could result in the
inhibition of the last step of PUFA biohydrogenation
(Kalscheur et al. 1997).

In our study it was found that Cr-yeast increased
the proportion of UFA relative to SFA. Effects of Cr
supplementation on FA content of intramuscular fat
and subcutaneous fat of carcase has been controver-
sial. Few studies on reduction and increment of SFA
and UFA by Cr supplementation (levels less than
0.4 mg Cr/kg DM) has been previously reported in pigs
(Lien et al. 2001; Tian et al. 2015), beef (Ghassemi
et al. 2016) or lambs (Rodriguez-Gaxiola et al. 2020).
The index of atherogenicity (IA) in intramuscular fat of
Longissimus dorsi quadratically decrease (p = .05) as
the level of Cr-yeast in the diet increased; the IA indi-
cates the relationship between the sum of SFAs and
the sum of unsaturated fatty acids (UFAs). The main
classes of SFAs, which include C12:0, C14:0, and C16:0,
with the exception of C18:0, are considered pro-
atherogenic (they favour the adhesion of lipids to cells
of the circulatory and immunological systems). UFAs
are considered to be anti-atherogenic as they inhibit
the accumulation of plaque and reduce the levels of
phospholipids, cholesterol, and esterified fatty acids.
Therefore, the consumption of foods or products with
a lower IA can reduce the levels of total cholesterol
and LDL-C in human blood plasma; in sheep meat, the
IA reported ranged from 0.49 to 1.32 (Chen and Liu
2020), therefore, the IA values observed in the present
study are at the lower limit of the range, which indi-
cates a healthy meat for human consumption; how-
ever further research is still needed to examine the

lipid metabolism and relationship between Cr-yeast
and improvement of the SFA:UFA ratio and IA in intra-
muscular fat.

The reduction of Fe in liver and bone by Cr-yeast,
as a result of possible competition between trans-
porter agents, found in our study had been confirmed
previously in humans and laboratory animals (Ani and
Moshtaghie 1992; Lukaski et al. 1996; Anderson et al.
1996). Indeed, transferrin is the major physiological
chromium and iron transport agent (Vincent 2000).
Although Cr-yeast reduced Fe concentration in liver
(from 685.4 for control to an average of 570.0 mg Fe/
kg for Cr-yeast), it was higher than the reference
(30-300mg Fe/kg) values (Puls 1994). Cr has antioxi-
dant and reducing capacity over Fe'3, Fe™? this
allows for greater absorption and retention of Fe
(Kumar et al. 2017; Alhidary et al. 2018), which may
explain the disappearance of Fe in the liver by increas-
ing up to 04mg Cr/kg DM in this experiment.
Similarly, Cr-yeast supplementation reduced Cu con-
centration in liver (from 196 mg Cu/kg with the control
treatment to an average of 169mg Cu/kg with Cr-
yeast), but that reduction was higher than the refer-
ence (25-100mg/kg) values (Puls 1994). The inter-
action of Zn with Cu, Cd and Fe has been studied, but
little is known regarding the interaction between the
Cr and Cu (Pechové et al. 2002). In agreement with
our findings, previous studies found that Cr-yeast sup-
plementation has not effect on Zn concentrations in
liver and bone (Anderson 1989; Chang et al. 1992;
Amatya et al. 2004). However, in camel calves supple-
mented with Cr-yeast (0.5 mg Cr/kg DM) under hot cli-
matic conditions, the plasma concentration of Cr
negatively interacts with Cu, Zn and Mn (Alhidary
et al. 2018).

As expected, Cr-yeast supplementation increased Cr
concentrations in liver (from 2.7 to 3.6 mg Cr/kg) and
bone (from 129 to 142mg Cr/kg), indicating that
more Cr was available in the gut to be absorbed
(Olsen et al. 1996; Guifen et al. 2011). The Cr concen-
trations in liver are within the reference values (from
0.04 to 3.8 mg Cu/kg DM) (Puls 1994).

Conclusions

In conclusion, Cr-yeast supplementation did not affect
growth performance and carcase characteristics.
However, it did decreased blood glucose and triglycer-
ides, Fe and Cu concentration in liver. Cr-yeast supple-
mentation also increased muscle collagen and Cr
concentration in liver and bone. Moreover, Cr-yeast
improved the index of atherogenicity and the



proportion of unsaturated fatty acids relative to satu-
rated fatty acids in fat of fattening lambs.
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