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Resumen 

El objetivo de nuestro estudio fue evaluar si la aplicación mineral subcutánea de 

elementos traza como zinc, cobre, selenio y manganeso, reducía la mortalidad, 

mejoraba la performance y modulaba el balance oxidante – antioxidante en la carne de 

cordero, mejorando, de esa forma, su calidad. Dividimos los 110 corderos Lacaune 

recién nacidos en dos grupos: no tratados (control) y tratados (aplicación de minerales) 

con 3 dosis de 0,33 ml/kg de peso vivo, del complejo mineral ADAPTADOR® MIN de 

Biogénesis Bagó, en los días de vida: 1, 30 y 60. Todos los animales fueron pesados en 

los 1, 30, 60, 90 y 150 días de vida. Al final del experimento, 12 animales fueron 

sacrificados para realizar análisis físicos y químicos de la carne, estatus oxidante y 

antioxidante, y para realizar estudios alométricos. Los animales que recibieron las 

aplicaciones minerales presentaron mayor peso vivo (P<0,05) a los 60 y 90 días de vida. 

Se detectó un aumento en el espesor de grasa (P=0,004); los niveles de pH (P=0,002) 

fueron menores en la carne de los animales tratados vs los animales del grupo control. 

La carne resultó más pálida (P=0,04) en el grupo control. La pérdida de peso durante la 

cocción fue mayor en animales del grupo control (P=0,004). Los valores de resistencia al 

corte fueron menores en la carne de los animales tratados (P=0,008) sugiriendo que la 

aplicación de minerales se asoció con un aumento de la terneza de la carne. Además, la 

actividad de las enzimas catalasa y superóxido dismutasa fueron mayores (P=0,01) en 

los animales tratados, asociado a una reducción de los niveles de especies reactivas de 

oxígeno (P<0,01) y productos de peroxidación lipídica (P=0,02). Esta información sugiere 

que la aplicación de minerales en corderos moduló el estatus oxidante y antioxidante, 

mejorando la calidad de la carne. 
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Abstract

Our study aimed to evaluatewhether zinc, copper, selenium, andmanganese subcutaneousmineral application (trace elements) reduced

mortality, improved performance, and modulated oxidant and antioxidant balance in lamb meat, thereby improving its quality. We

divided the 110 newborn Lacaune lambs into two groups: non-treated (control), and treated (application ofminerals) with three doses of

0.33 mL/kg of body weight mineral complex on days of life 1, 30, and 60. All animals were weighed on day of life 1, 30, 60, 90, and

150. At the end of the experiment, 12 animals were slaughtered for physical and chemical analysis of meat, oxidant, and antioxidant

status, and for allometric analysis. Mineral-application animals had greater live-weight (P < 0.05) on days of life 60 and 90. There was

an increase in fat thickness (P = 0.004); pH levels (P= 0.002) were lower in mineral-application animal meat than in that of the control

group. Meat was paler (according to lightness (L color)) in the control group (P = 0.04). Weight loss from cooking was greater in

control animals (P = 0.004). Shear strength values were lower in the meat of treated lambs (P = 0.008) suggesting that mineral

application was associated with increased meat tenderness. In addition, catalase and superoxide dismutase activities were higher

(P = 0.01) in mineral-treated animals, associated with a reduction in reactive oxygen species levels (P < 0.01), and lipid peroxidation

products (P= 0.02). These data suggest thatmineral applicationmodulated oxidant and antioxidant status, reflecting bettermeat quality.
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Introduction

With the increasing demand for sheep meat, sheep breeding has

become an increasingly attractive pursuit in the agricultural

economy [27]. Because they are considered fast-cycling ani-

mals with accelerated metabolism, sheep are susceptible to var-

ious diseases that compromise the entire production cycle, de-

preciating value of the final product, i.e., lamb meat [25].

Mineral deficiencies cause substantial morbidity in these ani-

mals, manifesting as decreased productivity, growth impair-

ment, poor weight gain, susceptibility to disease, and decreased

fertility [25]. Minerals such as manganese, zinc, selenium, and

copper are required in various quantities by these animals, and

all are essential for maintaining proper physiological function.

Deficiencies of one or more limit animal performance [25].

The micronutrient content of animal meat varies, depend-

ing on muscle type, age, species, nutritional status, breed,

genetics, sexual maturity, and presence of a suitable produc-

tion system [33]. Quality sheep meat (especially lamb) is char-

acterized by a combination of attributes including flavor, juic-

iness, texture, softness, and appearance [39, 46]. It is essential

to implement new alternatives, aiming for greater productivity

and quality, to satisfy the increasingly demanding consumer

[16]. Retailers view meat color as a primary consideration for

* Aleksandro S. da Silva
aleksandro.silva@udesc.br

1 Graduate Program in Animal Science, Universidade do Estado de
Santa Catarina (UDESC), Chapecó, Santa Catarina (SC), Brazil

2 Department of Population Health and Pathobiology, College of
Veterinary Medicine, North Carolina State University, Raleigh, USA

3 Graduate Program in Biochemical Toxicologicology, Universidade
Federal de Santa Maria (UFSM), Santa Maria, RS, Brazil

4 Department of Large Animal, UFSM, Santa Maria, RS, Brazil

5 Department of Microbiology and Parasitology, UFSM, Santa
Maria, RS, Brazil

6 Department of Animal Science, University of Santa Catarina State,
680 D, Beloni Trombeta Zanin Street, Chapecó, SC 89815-630,
Brazil

Biological Trace Element Research

https://doi.org/10.1007/s12011-018-1612-7



consumers who prefer bright red color (oxymyoglobin) in

fresh meat and avoid brown color (metmyoglobin) [47]. The

pH of sheep meat ranges from 5.5 to 5.8; however, higher

values (≥ 6.0) may be found in animals with depleted muscle

glycogen prior to slaughter. This may influence the quality of

the final product [16].

Oxidative stress caused by heat stress and incorrect man-

agement reduced meat quality, principally texture and protein

contents [49]. For this reason, several interventions have been

implemented to reduce animal deaths and aid production of

good quality product for consumers, including the use of min-

eral products in the form of injectable micronutrient solutions.

The latter are increasingly employed in conjunction with ini-

tial immunization in young animals in order to prevent and

treat micronutrient deficiencies. These products may prevent

or minimize oxidative stress during the weaning period [40],

consequently improving meat quality [23]. Khan et al. [23]

demonstrated that supplementation with sodium selenite, a

compound used in the present study, was capable of improv-

ing meat quality via prevention of meat oxidation and aug-

mentation of antioxidant status in breast muscle of broiler

chickens. In addition, Holen et al. [21] reported that zinc,

another compound used in the present study, improved carcass

composition and meat quality in pigs housed under crowded

conditions. Recently, Soldá et al. [44] demonstrated that in-

jectable mineral application based on copper and sodium sel-

enite reduced lipid oxidation and improved antioxidant capac-

ity in dairy cows during the transition period, improving ani-

mal health. Paz Matias [32] suggested that zinc supplementa-

tion improved SOD activity, thereby boosting the antioxidant

system. This occurs because zinc is a cofactor of the enzyme,

and is necessary for its proper function.

Thus, our hypothesis was that mineral application based on

zinc, copper, selenium, and manganese would improve meat

quality via reduction of oxidative processes and increase of

antioxidant levels that characterize the nutraceutical effect of

the minerals. This nutraceutical term derives from the junction

of Bnutrients^ and Bpharmaceuticals,^ because the nutrients,

in this case minerals, have proven ability to provide health

benefits, including prevention and/or therapy. The objective

of this study was to evaluate whether additional injectable

doses of minerals (zinc, copper, selenium, and manganese)

in lambs reduced mortality, improved performance, and mod-

ulated oxidant and antioxidant status, with consequent im-

provements in meat quality.

Materials and Methods

Product

The commercial product used in this study was Adaptador®

(Biogen). The product included copper edetate (1.0 g), zinc

edetate (4.0 g), manganese edetate (1.0 g), and sodium selenite

(0.5 g) per 100 mL. Based on the information given was cal-

culated that the product contained 1.6 mg Zn/mL, 1.9 mg Cu/

mL, 1.6 mg Mn/mL, and 2.3 mg Se/mL.

Animals

The experiment was conducted on a commercial farm in the

municipality of Chapecó (latitude 27° 05’ 47^ S; longitude

52° 37’ 06^ W) between September 2017 and February

2018.We studied 110male newborn Lacaune lambs weighing

approximately 3 kg. The animals were randomized into two

groups, a non-treated group (control, 55 animals), and a group

given mineral supplementation (treated, 55 animals); in addi-

tion, the lambs were sub-grouped by chronological order of

birth. Both groups were raised simultaneously. Adaptador was

injected at 0.33 ml/kg of body weight (BW) subcutaneously

on day of life (DOL) 1 (hours after birth) and the injection was

repeated on DOLs 30 and 60. It is important to note that the

animals were weighed and that the dose of minerals was cal-

culated individually, i.e., applied volumes differed between

animals.

If we consider the average bodyweight of each group in the

three periods, approximately, at DOL 1 (mean 3.0 kg BW/

animal), DOL 30 (mean 8.4 kg BW/animal), and DOL 60

(mean 17.4 kg BW/animal), the calculated dose of minerals

was Zn 1.6, 4.5, 9.3 mg; Cu 1.9, 5.3, 11.0 mg; Mn 1.6, 4.5,

9.3 mg; and Se 2.3, 6.5, 13.4 mg, respectively. Note that the

injection has a nutraceutical role, i.e., providing additional

benefit beyond fulfilling basic requirements.

Animals from both groups received colostrum in the first

hours of life. Subsequently, the lambs were allocated at five

per stall and fed sheep’s milk until DOL 7, followed by arti-

ficial and sheep’s milk on DOL 8–20, artificial milk on DOL

21–45 (weaning) and commercial concentrate with 20% crude

protein (CP) on DOL 8–45 (Table 1).

The feeding regimen was determined according to life

stage of the animal (Table 1), and diet was formulated accord-

ing to their physiological needs up to 150 days [30]. The

animals received daily concentrate, hay, and silage (Table 1).

The measures of dry matter, crude protein, and minerals (cop-

per, zinc, selenium, and manganese) were determined in si-

lage, hay, and concentrate by a near-infrared spectroscopy

method in a commercial laboratory [37, 38] (Table 2).

After weaning, 20 lambs were placed in two stalls (control

and treatment groups: 10 animals each) in order to evaluate

feed intake for five consecutive days in three periods (days

60–64, 90–94, and 150–154 of the experiment). The remain-

ing animals were kept in a collective pen, receiving the same

diet as the others. Animals were offered feed at 2% live

weight/animal twice a day (8:00 AM and 6:00 PM).

Leftovers were quantified.

Cazarotto et al.



Blood Collection

Whole blood from 10 animals per group was collected from

the jugular vein, being the same animals used in the three

collection periods (DOL 1, 30 and 60). Tubes without antico-

agulant were used to obtain serum after centrifugation (3500

RPM × 10 min) for measurement of minerals, biochemical

and immunological variables. All samples were stored at −

20 °C until analysis.

Mineral Analysis in Serum

Concentrations of selenium, cooper, manganese, and zinc

were measured at DOL 1, 30, and 60 in blood serum, and

samples were decomposed accordingly to Flores et al. [15].

Thus, 250 μL of HNO3 and 62.5 μL of H2O2 were added to

125 μL of serum.Milli-Q water was added to achieve the final

volume and the solution was analyzed by inductively-coupled

plasma–optical emission spectrometry (ICP-OES).

Total Antioxidant and Cytokine Levels

Total antioxidant levels in serum were measured through the

ferric reducing ability of plasma (FRAP) in serum of accord-

ing to the technique described byBenzie and Strain [5] and the

results were expressed in μmol/L. Serum concentrations of

interleukin-1 (IL-1) and tumor necrosis factor-α (TNF-α)

were determined using the commercial immunoassay

Quantikine®, according to manufacturer’s recommendations

(R & D Systems, Minneapolis, MN, USA). The presence and

Table 1 Ingredients and diet used to feed lambs from birth to slaughter. Animals from both groups received the same diet throughout the experimental
period

Ingredients Age of animals (days)

1 to 7 8 to 20 21 to 45 46 to 90 91 to 150

Ewe milk (mL/animal/day) 500 200 – – –

Artificial milk (mL/animal/day) – 300 500 – –

Commercial concentrate (g/animal/day)* – 140 300 – –

Concentrate (g/animal/day) # – – – 400 600

Corn silage (kg/animal/day) – – – 1.00 1.50

Hay (kg/animal/day) – – 0.12 0.25 0.30
& Ingredients of the concentrate

Ground corn (%) – – – 61.0 70.0

Soybean meal (%) – – – 25.0 25.0

Powdered milk (%) – – – 10.0 –

$Mineral/vitamin (%) – – – 4.0 3.0

Ammonium chloride (%) – – – – 1.0

Calcitic limestone (%) – – – – 1.0

Calculated mineral composition of total diet+

Calcium (g/kg) 2.39 2.22 3.60 5.48 8.38

Phosphorus (g/kg) 1.72 1.49 2.23 3.18 4.58

Copper (mg/kg) 1.79 4.80 9.45 0.00 0.00

Iron (mg/kg) 30.2 23.02 37.55 22.75 25.26

Manganese (mg/kg) 6.44 13.15 25.61 24.8 27.9

Selenium (mg/kg) 0.50 0.23 0.31 0.35 0.40

Zinc (mg/kg) 25.0 19.78 30.25 48.0 54.0

* Specific commercial concentrate (pelleted) for lambs: crude protein (min 210 g/kg), crude fat (min 30 g/kg), crude fiber (max 100 g/kg), acid detergent
fiber - ADF (max 120 g/kg), ash (max 100 g/kg), calcium (min 8 g/kg, andmax 12 g/kg), phosphorus (min 6 g/kg), Saccharomyces cerevisiae (min 1.5 ×
107 CFU/kg), vitamin A (min 15,000 IU/kg), vitamin D3 (min 2250 IU/kg), vitamin E (min 50 IU/kg), copper (min 30 mg/kg), iron (min 100 mg/kg),
iodine (min 1.8 mg/kg), manganese (min 80 mg/kg), selenium (min 0.6 mg/kg), cobalt (min 1 mg/kg), zinc (min 80 mg/kg), growth promoter additive
(Lasalocid) (45 mg/kg)
#Concentrate (mash) produced on the farm with ingredients described in this table (&), using Y-type mixer
$ Premix composition (Nucleus®): phosphorus (min 55 g/kg), calcium (min. 215 g/kg, max 225 g/kg), sulfur (min 12 g/kg), sodium (min 80 g/kg), cobalt
(min 60mg/kg), chromium (min 12mg/kg), iron (min 1420mg/kg), iodine (min 100mg/kg), magnesium (min 14mg/kg), manganese (min 1550mg/kg),
selenium (min 22 mg/kg), vitamin A (min 20,000 IU/kg), vitamin D (min 40,000 IU/kg), vitamin E (min 550 IU/kg), and fluorine (max 550 mg/kg)
+The levels of minerals in the diet were calculated according to requirements of the NRC [30]

Nutraceutical Effect of Trace Elements as Additional Injectable Doses to Modulate Oxidant and Antioxidant...



concentration of cytokine were determined by color intensity

measured spectrophotometrically in a micro ELISA reader.

Results were expressed in pg/mL.

Growth Performance

All animals in the experiment were weighed on DOL 1, 30,

60, 90, and 150 using a digital scale.

Allometric Analysis, Slaughter and Muscle Collection

Twelve animals were slaughtered (control (n = 6) and treated

(n = 6)), with all animals at 158 days of age. Note that the age

(DOL 158 ± 0) and mean body weight of each group (control

(n = 48), 35.8 ± 5.67 kg and treated (n = 52), 38.1 ± 4.73 kg)

were used to define slaughtered animals. First, the animals

were weighed on the day of slaughter. Then, the pelvic limb

height, perimeter, thoracic limb height, body length in vivo,

length of lamb carcass, depth of thorax, length of pelvic limb,

length of thoracic limb, pelvic limb width, perimeter of the

testicle, and distal extremity of the limbs (legs) were evaluated

(cm) with a measuring tape. After slaughter, the BGreen

viscera^ (digestive system) were removed and quantified

(kg), sequentially, and we weighed (kg) the heart, spleen, in-

ternal fat, testicle, penis, skin of lamb (skin and wool), lung,

kidneys, head, urinary bladder, and liver.

Carcass weight, fat thickness, and ribeye (depth and width)

were also measured in slaughtered animals. Subsequently, the

carcasses were divided longitudinally. The longissimus dorsi

muscle at the 13th thoracic vertebra was collected for meat

analysis, as well as for oxidant and antioxidant status de-

scribed below. In the muscle collected, we determined meat

pH using a portable equipment with penetration electrode

(Hanna, HI 99163).

Meat Analysis

The longissimus dorsi muscle was refrigerated at 6 °C for

24 h, and was used for color determination, water retention

capacity (WRC), cooking weight loss (CL) and shear strength

(SS) determinations. Loin eye area (LEA) was calculated ac-

cording to Yamamoto et al. [51]. Color was calculated as

follows: L* (luminosity), a* (intensity of red) and b* (inten-

sity of yellow), using a colorimeter (Minolta CR-200).

Determination of meat pHwas also performed, using the same

methodology previously described for the muscle. WRC was

determined according to Hamm’s methodology, adapted by

Yamamoto et al. [51]. To determine CL during cooking, sam-

ples were weighed before and after cooking on a portable grill

(Grill Mondial Due Grill Smart Pretoforno), preheated to

170 °C until achieving 75 °C internal temperature.

Subsequently, we measured areas of portions of cooked sam-

ples and measured SS using a texture analyzer coupled to a

Warner-Bratzler device [51].

Determination of Oxidant/Antioxidant Status in Meat

A muscle fragment of approximately 20 g was removed and

was frozen for oxidant and antioxidant analysis. The sample

was homogenized in buffer solution containing 10 mM Tris-

HCl, pH 7.4 on ice and was centrifuged at 9000g for 15 min at

4 °C. Aliquots were stored at − 20 °C until utilization. Protein

levels in the pancreas were standardized between 1.4 and 1.8

for biochemical tests.

Lipid peroxidation in meat was evaluated by measuring

levels of malondialdehyde (MDA), using the measurement

of thiobarbituric acid reactive substances (TBARS) levels

[31]. Results were expressed in nanomoles MDA per g of

tissue (nmol MDA/g). Oxidation of 2′−7′-dichlorofluorescein

determined the index of peroxide produced by cellular com-

ponents, according to the modified method of Colpo et al. [10]

for determining ROS levels in meat [19, 28], being the results

expressed as U DCF/mg of protein. Briefly, 50 μL of super-

natants (S1) from muscle was incubated with 12 μL DCF and

1 mM CF at 37 °C for 1 h in the dark. Fluorescence was

determined using 488 nm for excitation and 520 nm for emis-

sion. Fluorescence measurements were normalized to time 0

Table 2 Chemical composition of ingredients used in lamb diets

Chemistry composition Silage Hay *Concentrate (8–45 days) #Concentrate (46–150 days)

Dry matter (%) 29.8 86.2 88.0 87.5

Crude Protein (%) 7.78 14.5 20.8 16.4

Copper (mg/kg) nd nd 30.0 nd

Zinc (mg/kg) 0.15 nd 80.2 89.8

Selenium (mg/kg) 0.03 nd 0.61 0.66

Manganese (mg/kg) 24.1 nd 81.0 46.5

not-detected (nd)

*Commercial concentrate
#Concentrate produced with ingredients described in Table 1

Cazarotto et al.



values; rates of increased fluorescence reflected ROS levels.

Results were expressed as U DCFA mg−1 protein.

SOD activity in meat was determined spectrophotometri-

cally by measuring inhibition of the autocatalytic rate of ad-

renochrome [26]. Results were expressed as U SOD/mg pro-

tein. CAT activity in meat was evaluated using the methodol-

ogy of Nelson and Kiesow [29] that determines the decompo-

sition rate of H2O2. CAT results were expressed as U CAT/mg

protein.

Statistical Analysis

Results from each group were presented as mean and standard

deviation. For weight, biochemical, and immunologic analy-

ses, related variables for each group and day of observation

were tested for normality using the Shapiro-Wilk test.

Skewness, kurtosis, and homogeneity were evaluated by the

Levene test, or log transformation when needed. There was a

need for transformation of the following variables: FRAP in

serum, as well as ROS, TBARS, CAT, and SOD in meat.

Then, with all the variables with normal distribution, a t test

was used to analyze all parameters, i.e., between groups (con-

trolling for data dependency due to dependence in time), and

over time for weight (DOL 1, 30, 60, 90, and 150), FRAP, and

cytokines (DOL 1, 30, and 60). Chi-squared analysis was used

to evaluate mortality data. Significant difference was assumed

if P < 0.05. The statistical analyses were performed using R-

language, v.3.1 (R Development Core Team 2012).

Results

Mineral Concentrations in Serum

Serum selenium, copper, zinc, and manganese results showed

in Fig. 1. In the treated group, there was an increase in levels

of selenium and copper (DOL 60) and zinc (DOL 30 and 60)

compared to control. Generally, and numerically, the fourmin-

erals were higher in treated animals than in control animals

(DOL 30 and 60). In the control animals, a reduction of the

four minerals occurred after weaning (at 45 days), an effect

that was not observed in the group supplemented for three

minerals, since they maintained their levels of copper, seleni-

um, and zinc (DOL 60).

Total Antioxidants and Cytokines

On DOL 30 and 60, FRAP levels were higher (P < 0.05) in

animals from the treated group than in the control group

(Table 3). On DOL 60, TNF-α and IL-1 levels were also

higher (P < 0.05) in the treated group than in the control group

(Table 3). Over time, the FRAP, TNF, and IL-1 levels in-

creased in both groups (Table 3).

Growth Performance

There was a significant difference between the groups at DOL

60 and 90, where the treated group gained more weight

(Fig. 2). Weight gain was significantly greater in the treatment

group on DOL 60 and 90. Despite the fact that there was no

significant difference at 150 days (P > 0.05), the animals in the

treated group had 8.7% higher weight compared to the control

group.

Feed intake did not differ between groups in the three pe-

riods (P > 0.05). The daily leftovers were 8.5% and 9.2%

(days 60–64 of the experiment), 10.4% and 10.1% (days

90–94 of experiment), and 11.4% and 11.2% (days 150–154

of the experiment) to groups control and treated, respectively.

There was no difference between groups for mortality data

(P > 0.05). Mortality was 12.75% (7/55) and 5.45% (3/55) in

the control and treatment groups, respectively. The animals

exhibited hyperthermia and diarrhea followed by dehydration,

weight loss, and weakness, ultimately resulting in death in 2–

5 days. Hyperthermic animals were given the antibiotics but

without therapeutic success. The period from the appearance

of clinical signs to death ranged from 2 to 5 days.

Allometric Evaluations

Allometric measurements are displayed in Table 4. No differ-

ences between groups were observed for any allometric eval-

uation (P > 0.05).

Chemical and Physical Meat Analysis

Chemical and physical analyses are presented in Table 5. Fat

thickness was higher in the treated group than in the control

group (P < 0.01). pH levels (P < 0.01) were lower in the treat-

ed group than in the control group. Regarding color, the only

difference between groups was observed in L, returning

higher values in control animals than in treated animals

(P < 0.05). Cooking weight loss was higher in control animals

than in treated animals (P < 0.01). The shear strength was

lower in the treated group than in the control group (P < 0.01).

Oxidant and Antioxidant Status

Antioxidant enzyme activity in meat is shown in Fig. 3. The

treated group had lower values of ROS (P < 0.001) and

TBARS (P < 0.05) compared with the control group (Fig.

3b). CAT and SOD activities differed between groups

(P < 0.01), with higher levels in the treated group (Fig. 3c, d).

Nutraceutical Effect of Trace Elements as Additional Injectable Doses to Modulate Oxidant and Antioxidant...



Discussion

According to the literature, trace elements are essential for

multiple organic processes, including skeletal development,

immune responses, and productive and reproductive perfor-

mance in animals [48]. Unfortunately, cattle diets do not

always contain adequate amounts of trace elements to meet

metabolic demands. In addition, although cattle may receive

mineral supplementation ad libitum, it is not always enough

to block the mineral antagonists that may be present in the

diet. The use of parenteral minerals (subcutaneous or intra-

muscular) may be beneficial for preventing negative interac-

tions that may occur during the digestion and mineral ab-

sorption processes or to augment the mineral status of an

animal before periods of greatest need (i.e., growth, lacta-

tion, and reproduction). After parenteral injection, the ele-

ments circulate and are incorporated into the cells as needed,

the rest being filtered by the liver, where minerals are re-

quired to maintain proteins for long-term use, or where they

are excreted from the body [45]. In this way, minerals can be

better utilized by the animal. In the present study, parenteral

mineral supplementation improved performance in the

growth phase during the lambs’ suckling phase. In addition,

supplementation improved the quality of the meat, reflected

in the reduction of oxidation levels. This result was similar to

that observed by Do Carmo et al. [13] in cattle supplemented

with minerals. According to the authors [13], mineral sup-

plementation may be considered a novel approach to im-

proving animal performance and beef quality. In the present

study, we did not observe a significant difference in lamb

mortality with application of minerals, unlike the results re-

ported by Zakaria et al. [53] and by Kralik and Kralik [24] in

chickens supplemented with minerals. Salim et al. [34] re-

ported that organic mineral supplementation based on Zn

stimulated the development of the immune system, possibly

reducing mortality rates. In addition, the presence of seleni-

um may contribute to the reduction of mortality by

Fig. 1 Serum levels of minerals a selenium, b copper, c zinc, and d manganese in lambs of the control and treated groups

Table 3 Mean and standard deviation of ferric reducing ability of
plasma (FRAP), tumor necrosis factor (TNF-α), and interleukin 1 (IL-
1) in serum of treated (n = 10) and control (n = 10) animals on days of life
1, 30, and 60

Variable Days Mean ± standard deviation

Treated Control p value

FRAP (μmol/L) 1 60.9 (10.3)b 63.5 (8.6)b > 0.05

30 128.7(16.4)a 95.6 (18.9)a < 0.05

60 118.3 (17.5)a 88.4 (12.2)a < 0.001

p value < 0.001 < 0.001

TNF-α (pg/mL) 1 47.6 (9.4)b 50.4 (11.6)c > 0.05

30 143.10 (37.2)a 152.20 (26.7)a > 0.05

60 125.17 (12.5)a 96.15 (21.9)b < 0.05

p value < 0.001 < 0.001

IL-1 (pg/mL) 1 21.9 (10.90)b 28.8 (4.70)c > 0.05

30 91.1 (14.8)a 80.7 (13.2)a > 0.05

60 79.0 (8.7)a 60.7 (11.0)b < 0.001

p value < 0.001 < 0.001

p ≤ 0.05 on the same line shows difference between groups. Similarly,
p ≤ 0.05 in the same column shows difference between moments, a re-
peated analysis over time (illustrated with different subscript letters)
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improving the humoral and innate immune response in sheep

[18]. Based on these results, we hypothesized that mortality

reduction of lambs would occur due application of organic

minerals, mediated by the activation and modulation of the

immune system, as observed in this study, with increased

pro-inflammatory cytokines (TNF-α and IL-1) and total an-

tioxidants (FRAP). Although not statistically significant,

mortality reduction occurred numerically in the lambs that

received additional doses of minerals.

Previously published results of this study showed that the

animals in the treated group had a higher number of lympho-

cytes at 45 days of age [9]. These results influenced the choice

of proinflammatory cytokines analyzed here. According to the

literature, IL-1 and TNF are produced intensely by macro-

phages; however, they are also expressed by B [11] and T

lymphocytes [43]. Therefore, the higher number of lympho-

cytes may explain the higher levels of IL-1 and TNF in these

animals in the current study at day 60 of the experiment.

Fig. 2 Distribution by group of
weight in lambs treated with
minerals. Each day of sampling
the mean and standard deviation
of each variable are represented.
*** represents significant
differences between two groups
in DOL 60 and 90 (p < 0.001)

Table 4 Distribution of the animal measurements for treated and control groups to allometric evaluations

Variable Groups (mean and standard deviation) p value

Treated Control

Body weight on day of slaughter (kg) 37.9 (4.27) 36 (5.02) > 0.05

Pelvic limb height (cm) 59.6 (2.50) 58. (3.10) > 0.05

Weight in slaughterhouse (kg) 14 (1.62) 13.8 (2.03) > 0.05

Perimeter (cm) 74.5 (2.78) 73.0 (11.74) > 0.05

Thoracic limb height (cm) 65.0 (2.45) 61.5 (4.09) > 0.05

Body length - in vivo (cm) 56.5 (4.59) 56.6 (3.33) > 0.05

Length of lamb carcass (cm) 50.3 (2.14) 53.1 (2.86) > 0.05

BGreen viscera^ (digestive system) (kg) 10.6 (1.20) 10.9 (1.26) > 0.05

Heart (kg) 0.1 (0.02) 0.1 (0.02) > 0.05

Spleen (kg) 0.05 (0.01) 0.06 (0.02) > 0.05

Internal fat (kg) 0.5 (0.14) 0.7 (0.25) > 0.05

pH 6.6 (0.32) 6.5 (0.13) > 0.05

Testicle weight (kg) 0.1 (0.06) 0.19 (0.08) > 0.05

Perimeter of the testicle (cm) 20.5 (3.70) 21.3 (3.67) > 0.05

Distal extremity of the limbs (Legs) (cm) 0.7 (0.07) 0.77 (0.12) > 0.05

Penis (kg) 0.07 (0.02) 0.06 (0.02) > 0.05

Skin of lamb (skin and wool) (kg) 2.6 (0.29) 2.7 (0.61) > 0.05

Lung (kg) 0.6 (0.09) 0.60 (0.12) > 0.05

Kidneys (kg) 0.08 (0.01) 0.09 (0.01) > 0.05

Head (kg) 1.7 (0.18) 1.6 (0.15) > 0.05

Urinary bladder (kg) 0.02 (0.02) 0.03 (0.02) > 0.05

Liver (kg) 0.6 (0.11) 0.7 (0.10) > 0.05

Depth of thorax (cm) 23.7 (0.71) 23.6 (0.75) > 0.05

Length of pelvic limb (cm) 35.3 (1.19) 34.6 (1.46) > 0.05

Length of thoracic limb (cm) 12.8 (1.79) 12.3 (0.82) > 0.05

Pelvic limb width (cm) 8.9 (0.60) 9.8 (1.14) > 0.05

There were no statistical differences in these analyses between groups (p > 0.05). As central tendency measurement, we show the mean and dispersion by
standard deviation
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Mineral supplementation in the lambs did not alter the al-

lometric analysis; however, it promoted significant differences

in some chemical and physical characteristics of the meat. The

fat content was greater, and pH was lower in mineral-treated

animals. According to Siqueira et al. [41, 42], subcutaneous

fat directly contributes to meat softness by acting as an insu-

lator, preventing sudden cooling of the carcass, thereby short-

ening sarcomeres and making the meat harder. The high fat

content in mineral-treated animals may be responsible for the

tenderness of their meat. Garcia et al. [16] reported that the

final pH in sheepmeat varied from 5.5 to 5.8. However, higher

values (≥ 6.0) could be found in cases of depletion of muscle

glycogen deposits. This may negatively influence the quality

of the final product. Treated animals had lower pH than that

reported in the literature (5.4). However, since the 1990s, in-

vestigators have argued that meat quality at moderately low

final pH (5.4) characterized normal, usually soft meat [7, 12].

The intensity of meat color was determined by the total

concentration and structure of myoglobin, which was itself

affected by ante-mortem factors such as species, gender, and

age of the animal, and by post-mortem factors such as ana-

tomical region, temperature, and pH [36]. L* indicated the

luminosity of the meat [36]. Luminosity values were lower

in the treated group than in the control group, suggesting that

the meat became paler in control animals, associated with

improvement of antioxidant/oxidant status [23]. However,

there were no changes in color values a* and b*. Xu et al.

[50] and Zakaria et al. [53] reported that animal diets contain-

ing Zn did not change factors associated with L* or a* and b*

color values. These differences may be related to the dosing

and the timing of supplementation, as well as to the difference

of species studied (chickens as opposed to lambs). The low pH

in the treatment group associated with lower L* is desirable,

as is the red color, an important factor for retail customers

[39]. Xu et al. [50] showed that pigs supplemented with zinc

showed improvement in pH-associated meat quality, similar

to the effect observed in the present study. However, Zakaria

et al. [53] reported that zinc did not alter the pH of chicken

breast 24 h post-mortem. Taken together, these results suggest

that supplementation with zinc and other microminerals may

improve meat quality in lambs. Cooking weight loss and shear

strength were lower in the treatment group. According to the

softness classification, described by Boleman et al. [6] values

from 2.3 to 3.6 correspond to very soft meat, 4.1 to 5.4 mod-

erately soft, and 5.9 to 7.2 to slightly soft. By this measure,

lamb meat in the treatment group can be classified as moder-

ately soft, with mean values between 2.79 and 3.53. This

suggests that greater forces were required to disrupt meat sam-

ples from the control group. Zakaria et al. [53] demonstrated

that a diet containing zinc produced more succulent breast

meat. The mechanisms involved in this process remain un-

known, but we speculate that they may involve the diminution

of oxidative reactions in post-mortem meat; this is because the

nutraceutical effects of the minerals used in this study have

potent antioxidant effects, thus protecting from free radicals in

cells during the transition period from muscle to meat, as well

as during meat storage.

The treated group had lower ROS and TBARS levels than

did the control group. According to Schneider and Oliveira

[35], excessive production of ROS can lead to oxidative stress

with subsequent harmful effects on the animal. Increases in

ROS and TBARS levels may lead to oxidation of proteins,

lipids, and nucleic acids, with consequent loss of function and

tissue damage [20]. Excessive levels of ROS and other free

radicals cause lipid peroxidation, as observed in the present

study with the increase in MDA levels. MDA accumulation

indicates oxidative stress and tissue damage, possibly contrib-

uting to changes in weight [22]. In addition, high levels of

Table 5 Distribution of the animal measurements for treated and control groups for meat quality analyses of lambs

Variables Groups (mean and standard deviation) p value

Treated Control

Color: a 17.9 (1.26) 17.4 (0.95) > 0.05

Color: b 7.8 (1.37) 6.4 (0.81) > 0.05

Color: L 40.4 (1.98) 43.2 (2.32) < 0.05

Fat thickness (mm) 1.9 (0.58) 1.3 (0.21) < 0.01

Ribeye - depth (cm2) 58.0 (4.21) 55.7 (4.63) > 0.05

Ribeye - width (cm2) 28.1 (2.08) 28.2 (1.75) > 0.05

pH 5.4 (0.04) 5.6 (0.03) < 0.01

Loss of water by cooking (LC) (%) 0.06 (0.01) 0.09 (0.02) < 0.01

Water retention capacity (WRC) (g water/g dry matter) 4.0 (0.22) 3.9 (0.11) > 0.05

Shear strength (SS) (kgf/cm2) 4.4 (0.34) 5.2 (0.46) < 0.01

Carcass weight (kg) 14.7 (1.49) 13.8 (1.62) > 0.05

Significant difference between groups (p ≤ 0.05). As central tendency measurement, we show the mean and dispersion by standard deviation
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ROS and increased lipid peroxidation may impair the activity

of antioxidant enzymes such as CATand SOD, as observed by

Baldissera et al. [3]. Damage to CAT activity may lead to

increased levels of hydrogen peroxide, a molecule with pro-

oxidative and pro-inflammatory effects [2]. SOD inhibition

may increase levels of hydroxyl radicals, in turn leading to

impaired performance and risk of mortality [4]. In the present

study, supplementation with organic minerals produced lower

values of ROS and TBARS, suggesting reduced radical for-

mation and lipid peroxidation, similar to results reported by

Soldá et al. [44] in mineral-supplemented cows. For example,

a study conducted by Yeo and Kang [52] demonstrated that

sodium selenite reduced ROS content through elevated

glutathione peroxidase (GPx) activity and stimulation of

selenoprotein P via redox regulation, decreasing free-radical-

mediated lipid peroxidation. It is important to highlight that

sodium selenite was not immediately used for synthesis of

selenoprotein, i.e., it was converted to hydrogen selenite that

acted as a central pool of selenium for specific integration of

selenium in selenoproteins, contributing to protective effects

against oxidation [8]. Using organic compounds, studies have

suggested that zinc edetate inhibited lipid peroxidation, as

observed in the present study, through improvement of GPx

activity and consequent reduction of ROS content [14, 17]. In

summary, organic and/or inorganic compounds may prevent

lipid peroxidation via enhancement of the antioxidant system,

Fig. 3 Distribution of biochemical variables for each group in meat. a A
significant difference between groups (p < 0.001) was observed, i.e.,
higher reactive oxygen species [ROS] in the control group, b and
followed the same tendency with the control group having more
thiobarbituric acid reactive substances [TBARS] (P < 0.05); c, d the
treated group show higher values (p < 0.001) for both enzymes (catalase

[CAT] and superoxide dismutase [SOD]). The dots represent the
individual observations; regular box-and-whisker bars are depicting
groups of numerical data through their quartiles. Box plots may also have
lines extending vertically from the boxes (whiskers) indicating variability
outside the upper and lower quartiles; the center line is always the median
value
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as evaluated in the present study by stimulation of SOD and

CATactivities. The finding of higher SOD and CATactivity in

treated lambs may be accounted for by the presence of copper,

which is a component of the SOD molecule, and zinc, which

is a cofactor of the CAT enzyme. Recall that these enzymes

participate in regulation of free radicals and non-radical spe-

cies that are associated with oxidative reactions [1]. In addi-

tion, it is important to emphasize that improvement of

antioxidant/oxidant status was directly associated to improve-

ment of meat quality, as observed by Khan et al. [23]. Xu et al.

[50] demonstrated that Zn supplementation in swine improved

SOD anti-oxidant activity.

Conclusions

In lambs, among the nutraceutical effects of zinc, manganese,

copper, and selenium, we highlighted the stimulation of im-

portant pro-inflammatory cytokines to the benefit of animal

defense and modulated oxidative reactions via activation of

the antioxidant system. Consequently, there was a greater

weight gain in the initial phase of life, as well as improved

physical characteristics of the meat. These changes are desir-

able as they contribute to animal health and offer the final

consumer a better product. Although not significant, there

were smaller lambs in the treated group, an economically pos-

itive effect on the farmer. Therefore, in general, we conclude

that the subcutaneous application of minerals provides addi-

tional benefit beyond fulfilling the basic requirements for

lamb production.

Acknowledgments We thank CAPES, CNPq, and UDESC (PROMOP)
for the scholarship and research.

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflict of
interest.

Ethics Committee This study was approved by the Ethics Committee of
Use of Animals (CEUA) of Universidade do Estado de Santa Catarina
(UDESC), protocol number 7398301116, as well as with the rules issued
by the National Council for Control of Animal Experimentation
(CONCEA).

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

References

1. Andrade LS, Marreiro DN (2011) Aspectos sobre a relação entre
exercício físico, estresse oxidativo e zinco. Rev Nutr 24:4–10

2. Asad NR, Asad LMBO, Almeida CEBD, Felzenszwalb I, Cabral-
Neto JB, Leitão AC (2004) Several pathways of hydrogen peroxide
action that damage the E. coli genome. Genet Mol Biol 27:291–303

3. Baldissera MD, Souza CF, Grando TH, Dolci GS, Cossetin LF,

Moreira KLS, Da Veiga ML, Da Rocha MIUM, Boligon AA, De
Campos MMA, Stefani LM, Da Silva AS, Monteiro SG (2017)
Nerolidol-loaded nanospheres prevent hepatic oxidative stress of
mice infected by Trypanosoma evansi. Parasitology 144:148–157

4. Barreiros ALBS, David JM, David JP (2006) Oxidative stress: rel-

ative between the formation of reactive species and the organism’s
defense. Quím Nova 29:113–123

5. Benzie IFF, Strain JJ (1996) The ferric reducing ability of plasma
(FRAP) as a measure of Bantioxidant power^: the FRAP assay.

Anal Biochem 239:70–76

6. Boleman SJ, Boleman SL, Miller RK, Taylor JF, Cross HR,
Wheeler TL, Koohmaraie M, Shackelford SD, Miller MF, West
RL, Johnson DD, Savell JW (1997) Consumer evaluation of beef

of known categories of tenderness. J Anim Sci 75:1521–1524

7. Bray AR, Graafhuis AE, Chrystall BB (1989) The cumulative ef-
fect of nutritional, shearing and pre slaughter washing stresses on
the quality of lamb meat. Meat Sci 25:59–67

8. Brodin O, Eksborg S, Wallenberg M, Asker-Hagelberg C, Larsen

EH, Mohlkert D, Lenneby-Helleday C, Jacobsson H, Linder S,
Misra S, Bjornstedt M (2015) Pharmacokinetics and toxicity of
sodium selenite in the treatment of patients with carcinoma in a
phase I clinical trial: the SECAR study. Nutrients 7:4978–4994

9. Cazarotto CJ, Boito JP, Gebert RR, Reis JH, Machado G, Bottari
NB, Morsch VM, Schetinger MRC, Doleski PH, Leal MLR,
Baldissera MD, Da Silva AS (2018) Metaphylactic effect of min-
erals on immunological and antioxidant responses, weight gain and

minimization of coccidiosis of newborn lambs. Res Vet Sci 121:46–
52

10. Colpo E, de BemAF, Pieniz S, Schettert SD, dos Santos RM, Farias
IL, Bertoncello I, Moreira CM, Barbosa NV, Moretto MB, Rocha

JB (2008) A single high dose of ascorbic acid and iron is not cor-
related with oxidative stress in healthy volunteers. Ann Nutr Metab
53:79–85

11. Contassot E, Beer HD, French LE (2012) Interleukin-1,
inflammasomes, autoinflammation and the skin. Swiss Med

Wkly 142:w13590

12. Devine CE, Graafhuis AE, Muir PD, Chrystall BB (1993) The
effect of growth rate and ultimate pH on meat quality of lambs.
Meat Sci 35:63–77

13. Do Carmo TJ, Peripolli V, Costa JBG, Tanure CB, Fioravanti MCS,
Restle J, Kindlein L, McManus C (2017) Carcass characteristics
and meat evaluation of Nelore cattle subjected to different antioxi-
dant treatments. Rev Bras Zootec 46:138–146

14. Farinati F, Cardin R, D’Inca R, Naccarato R, Sturniolo GC (2003)

Zinc treatment prevents lipid peroxidation and increases glutathione
availability in Wilson’s disease. J Lab Clin Med 141:372–377

15. Flores EMM, Saidelles APF, Barin JS, Mortari SR, Martins AF
(2001) Hair sample decomposition using polypropylene vials for

determination of arsenic by hydride generation atomic absorption
spectrometry. J Anal At Spectrom 16:1419–1423

16. Garcia A, Purchas RW, Kadim IT, Yamamoto SM (2005) Meat
quality in lambs of different genotypes and ages at slaughter. Rev

Bras Zootec 34:1070–1078

17. Girotti AW, Thomas JP, Jordan JE (1985) Inhibitory effect of zinc
(II) on free radical lipid peroxidation in erythrocyte membranes. J
Free Radic Biol Med 1:395–401

18. Hall JA, Vorachek WR, Stewart CW, Gorman ME, Mosher WD,

Pirelli GJ, BobeG (2013) Selenium supplementation restores innate
and humoral immune responses in footrot-affected sheep. PlosOne
8:e82572

19. Halliwell B, Gutteridge JMC (2007) Free radicals in biology and

medicine. 4. Clarendon, Oxford

20. Halliwell B, Whiteman M (2004) Measuring reactive oxygen spe-
cies and oxidative damage in vivo and in cell culture: how should

Cazarotto et al.



you do it and what do the results mean? Br J Pharmacol 142:231–

255

21. Holen JP, Rambo Z, Hilbrands AM, Johnston LJ (2018) Effects of

dietary zinc source and concentration on performance of growing-
finishing pigs reared with reduced floor space. Prof Anim Sci 34:
133–143

22. Kassahn KS, Crozier RH, Portner HO, Caley MJ (2009) Animal
performance and stress: responses and tolerance limits at different
levels of biological organization. Biol Rev Camb Philos Soc 84:

277–292

23. Khan AZ, Kumbhar S, Liu Y, Hamid M, Pan C, Nido SA, Parveen
F, Huang K (2018) Dietary supplementation of selenium-enriched
probiotics enhances meat quality of broiler chickens (Gallus gallus
domesticus) raised under high ambient temperature. Biol Trace

Elem Res 182:328–338

24. Kralik G, Kralik Z (2017) Poultry products enriched with nutricines

have beneficial effects on human health. Med Glas 14:1–7

25. Martin LCT (1993) Nutrição mineral de bovinos de corte. Nobel,

São Paulo, p 173

26. McCord JM, Fridovich I (1969) Superoxide dismutase an enzy-
mic function for erythrocuprein (hemocuprein). J Biol Chem 244:
6049–6055

27. Morris ST (2009) Economics of sheep production. Small Rumin
Res 86:59–62

28. Murphy MP, Holmgren A, Larsson NG, Halliwell B, Chang CJ,
Kalyanaraman B, Rhee SG, Thornalley PJ, Partridge L, Gems D,
Nystrom T, Belousov V, Schumacker PT, Winterbourne CC (2011)

Unraveling the biological roles of reactive oxygen species. Cell
Metab 13:361–366

29. Nelson DP, Kiesow LA (1972) Enthalpy of decomposition of hy-
drogen peroxide by catalase at 25°C (with molar extinction coeffi-
cients of H2O2 solutions in the UV). Anal Biochem 49:474–478

30. NRC – National Research Council (2007) Nutrient requirements of
small ruminants: sheep, goats, cervids, and new world camelids.

The National Academies Press, Washington, DC. https://doi.org/
10.17226/11654

31. Ohkawa H, Ohishi N, Yagi K (1978) Assay for lipid peroxides in
animal tissues by thiobarbituric acid reaction. Anal Biochem 95:
351–358

32. Paz Matias J, Costa e Silva DM, Clímaco Cruz KJ, Gomes da Silva
K, Oliveira Medeiros LG, do Nascimento Marreiro D, do

Nascimento Nogueira N (2014) Effect of zinc supplementation on
superoxide dismutase activity in patients with ulcerative rectolitis.
Nutr Hosp 31:1434–1437

33. Pethick DW, Ball AJ, Banks RG, Hocquette JF (2011) Current and
future issues facing red meat quality in a competitive market and
how to manage continuous improvement. Anim Prod Sci 51:13–18

34. Salim HM, Lee H, Jo C, Lee SK, Lee BD (2011) Supplementation

of graded levels of organic zinc in the diets of female broilers:
effects on performance and carcase quality. Br Poult Sci 52:606–
612

35. Schneider CD, Oliveira AR (2004) Radicais livres de oxigênio e
exercício: mecanismos de formação e adaptação ao treinamento
físico. Rev Bras Med Esporte 10:308–313

36. Seideman SC, Cross HR, Smith GC, Durland PR (1984) Factors
associated with fresh meat color: a review discusses the various

color forms of myoglobin in muscle, species, atmospheric condi-
tions, antemortem factors and storage characteristics. J Food Qual
6:211–237

37. Shankar V (2015) Field characterization by near infrared (NIR)

mineral identifiers—a new prospecting approach. Procedia Earth
Planet Sci 11:198–203

38. Shenk JS, Westerhaus MO (1994) The aplication of Near infrared
reflectance spectroscopy (NIRS) to forage analysis. In: Fahey GC Jr

(ed) Forage quality evaluation and utilization. American Society of
Agronomy, Madison, pp 406–449

39. Silva Sobrinho AG, Silva AMA (2000) Produção de carne ovina.
Rev Nac Carne 285:32–44

40. Silva MA, Santin T, Maturana FM, Lemes KM, Gonçalves RL,
Mattioli GA, Mendes Lollato JP, Persico JM, Celeghini ECC,
Madureira EH (2016) Effect of mineral supplementation and vita-
min injection (Kit Adaptador® MIN and Adaptador® VIT,

Biogenesis Bagó), associated with vaccination against reproductive
diseases (Bioleptogen® and Bioabortogen® H, Biogenesis Bagó)
on pregnancy rates in beef cows. Anim Reprod 13:631

41. Simões JA, Ricardo R (2000) Avaliação da cor da carne tomando

como referência o músculo rectus abdominis, em carcaças de
cordeiros leves. Revista Portuguesa de Ciências Veterinárias 95:
124–127

42. Siqueira ER, Simões CD, Fernandes S (2001) Efeito do sexo e do

peso ao abate sobre a produção de carne de cordeiros. Morfometria
da carcaça, peso dos cortes, composição tecidual e componentes
não constituintes da carcaça. Rev Bras Zootec 30:1299–1307

43. Smyth MJ, Johnstone RW (2000) Role of TNF in lymphocyte-

mediated cytotoxicity. Microsc Res Tech 50:196–208
44. Soldá NM, Glombowsky P, Campigotto G, Bottari NB, Schetinger

MRC, Morsch VM, Favero JF, Baldissera MD, Schogor ALB,
Barreta D, Machado G, da Silva AS (2017) Injectable mineral sup-

plementation to transition period dairy cows and its effects on ani-
mal health. Comp Clin Pathol 26:335–342

45. Suttle NF (2010) Mineral nutrition of livestock, 4th edn. CABI
Publishing, New York

46. Thompson JM, Hopkins DL, D’Souza DND, Walker PJ, Baud SR,
Pethick DW (2005) The impact of processing on sensory and ob-
jective measurements of sheep meat eating quality. Aust J Exp
Agric 45:561–573

47. Truscott TG, Hudson JE, Anderson SK (1984) Differences between
observers in assessment of meat colour. Proc Aust Soc Anim Prod
15:762–764

48. Underwood EJ, Suttle NF (1999) Themineral nutrition of livestock,

3rd edn. CABI Publishing, New York
49. Wang R, Pan X, Peng Z (2009) Effects of heat exposure on muscle

oxidation and protein functionalities of pectoralis majors in broilers.
Poult Sci 88:1078–1084

50. Xu X, Liu L, Long SF, Piao XS, Ward TL, Ji F (2017) Effects of
chromium methionine supplementation with different sources of
zinc and growth performance, carcass traits, meat quality, serum
metabolites, endocrine parameters, and the antioxidant status in

growing-finishing pigs. Biol Trace Elem Res 179:70–78
51. Yamamoto SM, Garcia A, Silvio R, Pinheiro B, Leão AG (2013)

Inclusion of sunflower seeds in the diet of lambs on carcass quan-

titative characteristics and meat quality. Semina: Ciências Agrarias
34:1925–1934

52. Yeo JE, Kang SK (2007) Selenium effectively inhibits ROS-
mediated apoptotic neural precursor cell death in vitro and in vivo

in traumatic brain injury. Biochim Biophys Acta 1772:1199–1210
53. Zakaria HA, Jalal M, Al-Titi HH, Souad A (2017) Effect of sources

and levels of dietary zinc on the performance, carcass traits and
blood parameters of broilers. Revista Brasileira de Ciência

Avícola 19:519–526

Nutraceutical Effect of Trace Elements as Additional Injectable Doses to Modulate Oxidant and Antioxidant...


