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Simple Summary

Copper (Cu) and zinc (Zn) are essential trace minerals for growth, reproduction, and im-
mune function in cattle, but their supplementation is often challenging in grazing systems.
We conducted two experiments to evaluate whether a single injection of a CuZn solution
given before artificial insemination could improve the performance of beef heifers. In a
small-scale experiment, heifers receiving CuZn tended to gain more weight and showed
signs of enhanced antioxidant activity and ovarian function. In a larger experiment de-
signed to test reproductive outcomes, heifers injected with CuZn were heavier, had greater
blood Cu concentrations, and those with a low body condition score showed improved
estrus activity and tended to have greater pregnancy rates. These findings suggest that
CuZn injection may be a practical strategy to support the growth and reproductive success
of beef heifers, particularly when their body condition is suboptimal.

Abstract

Two experiments evaluated the effects of copper (Cu) and zinc (Zn) injection on body
weight (BW), body condition score (BCS), pregnancy rate, ovarian traits, and antioxidant
and inflammatory responses of beef heifers. In Exp. 1, 29 heifers were assigned to having
saline or CuZn (a solution containing 15 and 50 mg/mL of Cu and Zn) subcutaneously
injected (5 mL/heifer) 9 days before artificial insemination. Exp. 2 was conducted to
increase the statistical power to evaluate pregnancy rate, and 283 heifers were assigned to
either the saline or CuZn group. In Exp. 1, CuZn heifers tended (p < 0.10) to gain more BW
and to have greater corpus luteum size and plasma concentration of glutathione peroxidase.
No effects of treatment were detected (p > 0.18) for BCS; estrus score; serum concentration
of Cu, Zn, and cortisol; and plasma concentration of haptoglobin, ceruloplasmin, and
superoxide dismutase. In Exp. 2, CuZn heifers had greater (p < 0.01) BW and serum Cu.
The CuZn heifers with low BCS had greater (p < 0.05) estrus scores and tended (p = 0.10) to
have greater pregnancy rates. Thus, injecting CuZn may be an effective strategy to enhance
growth, reproductive performance, and antioxidant responses in heifers, especially when
their BCS is below 5.
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1. Introduction

Minerals play a vital role in animal metabolism, and their deficiency can lead to
significant nutritional imbalances, resulting in suboptimal productive and reproductive per-
formance [1,2]. To overcome issues with trace mineral (TM) deficiency, grazing cattle need
to be frequently supplemented, as forages often fail to meet the cattle’s requirements [2,3].
A deficient or marginal TM status is often linked with impaired reproductive performance,
such as reduced conception rates and increased incidence of anestrus, fetal resorption,
placental retention rates, abortions, premature calving, cystic ovaries, and metritis [4].

The TM supplementation can be delivered through various methods, including free-
choice oral mixes, salt blocks, drenches, rumen boluses, and injectable formulations. The
parenteral supplementation has traditionally included vitamins A and E, along with TM
such as copper (Cu), zinc (Zn), manganese (Mn), and selenium (Se), thus commonly referred
to as injectable trace minerals (ITM). Studies evaluating the use of ITM have been associated
with improved fertilization and pregnancy rates, as well as a reduced calving-to-conception
interval [5,6]. The main described function of Cu and Zn in animal metabolism is to be part
of the antioxidant enzyme called Cu-Zn superoxide dismutase, which is fundamental to
controlling the oxidative stress that could impair reproduction [2]. Specifically, Cu defi-
ciency is closely linked to impaired reproductive functions, highlighting the importance of
Cu supplementation for successful pregnancy outcomes. Adequate Cu status is associated
with normal reproductive functions, as it is linked to numerous enzymatic functions and
antioxidant activity [2,7]. The Zn also plays a crucial role in reproductive success by directly
influencing hormone secretions and function (e.g., progesterone, insulin, prostaglandin F2
alpha (PGF2«)), as well as enhancing oocyte and embryo viability, and supporting fetal
development, thereby contributing to maintaining a viable pregnancy [8-10]. Further-
more, Zn modulates the secretion, bioavailability, and function of insulin growth factor-1
(IGF-1), a key mediator of reproductive processes including uterine involution, embryo
implantation, and fetal growth [11].

Research has shown that strategic TM supplementation, particularly with a combina-
tion of traditional supplementation and ITM administration, can be an effective approach
to enhancing reproductive performance in cattle [11-14]. Furthermore, the use of ITM,
especially when animals are going through challenging events, such as calving, branding,
breeding, weaning, and transportation, is a convenient tool to boost their mineral status
quickly, thus avoiding problems associated with inconsistent intake of traditional mineral
supplementation often observed during stressful and challenging periods [2,15]. It is essen-
tial to note that ITM should not replace traditional free-choice mineral supplementation.
This technology should be utilized as a tool to enhance cattle mineral status before challenge
events and/or as a complement to traditional oral supplementation strategies, particularly
when these traditional strategies do not properly fit the production system [2]. During
fixed-time artificial insemination (FTAI), cattle are brought to and held at working facilities
multiple times during the scheduled protocol, potentially disrupting their routine behavior
of free-choice mineral consumption, which justifies the use of ITM during this period.

Therefore, two experiments were conducted to evaluate the effects of a CuZn injec-
tion at the beginning of the FTAI protocol on growth, reproduction, inflammatory, and
antioxidant responses of Nellore heifers.
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2. Materials and Methods

The Institutional Animal Care and Use Committee (IACUC) of the Universidade
Federal de Mato Grosso do Sul (UFMS) reviewed and approved the experimental protocols
under protocol n°® 754/2016. The experiments were conducted from October 2023 to
March 2024.

2.1. Animals, Treatments, and Samples Collection
2.1.1. Experiment 1

The experiment was conducted at the farm school of UFMS in Terenos, MS, Brazil
(20°26'50.8" S, 54°50'21.5" W). A total of 29 Nellore heifers were enrolled in the experiment
[body weight (BW) = 368 £ 54.1 kg; body condition score (BCS, i.e., a subjective scale to
estimate the amount of fat in the heifers) = 4.80 &= 0.71]. Heifers were maintained in a single
12 ha pasture of Marandu grass [Urochloa brizantha (Hochst. ex A. Rich) R. D. Webster,
cv. Marandu] and supplemented with a free-choice minerals and vitamins mix, with an
expected supplement intake of 120 g/animal day (Table 1).

Table 1. Chemical and mineral composition of forages and guarantee levels of free-choice minerals
and vitamins supplement (Exp. 1 and 2).

Items Exp. 1 (Farm School) Exp. 2 (Commercial Operation)  Requirement !
Forage
g/kg of DM
Crude protein 91.8 75.2
Neutral detergent fiber 643 716
Acid detergent fiber 349 393
Lignin 57.2 70.0
Ether extract 14.4 12.5
Ash 102 86.3
Calcium 1.98 1.77
Phosphorus 1.93 1.78
Sodium 0.37 0.77 1.0
Potassium 259 225 7.0
Magnesium 2.28 2.02 2.0
Sulfur 0.9 1.00 1.5
TDN 2 572 546
Mcal/kg of DM
NEm 3 1.21 113
NEg 3 0.65 0.57
mg/kg of DM
Iron 431 109 50.0
Manganese 158 91.8 40.0
Selenium 0.11 0.12 0.10
Zinc 26.9 20.7 30.0
Copper 4.86 4.16 10.0
Mineral /vitamin supplement *
g/kg of DM
Calcium 196 140-190
Phosphorus 90 80
Sodium 99 110
Magnesium 20 10
Sulfur 20 16
mg/kg of DM
Fluorine 900 880

Cobalt 200 61
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Table 1. Cont.

Items Exp. 1 (Farm School) Exp. 2 (Commercial Operation)  Requirement !
Iodine 180 55
Iron 2400
Manganese 1670 4682
Selenium 40 11.8
Zinc 3000 3273
Copper 1200 1091

IU/kg of DM
Vitamin A 150,000
Vitamin D3 30,000
Vitamin E 1500

Target intake, g/d 100 200

1 Requirements established by NASEM [16]. 2 Calculated as described by Weiss et al. [17]. 3 Calculated using the
equations proposed by the NASEM [16]. 4 Guarantee levels; in Exp. 1 the mineral supplement used was Mega
Foés 90 Milk (AgroMega Inddustria de Alimentos Animal, Tamboara, PR, Brazil) and in Exp. 2, it was Probeef 800
(Nutron Nutrigdo Animal, Itapira, SP, Brazil).

The experiment started 9 days before FTAI and ended 60 days after the insemination
(d =9 to d 60). On d —9, heifers were stratified by BW and BCS and then randomly
assigned to 1 of 2 treatments. (1) Saline (1 = 15): injection of a saline solution (0.9% NaCl;
5 mL/heifer). (2) CuZn (n = 14): injection of a CuZn solution [Suplenut, Biogénesis Bago,
Curitiba, PR, Brazil; 15 and 50 mg/mL of Cu (as Cu edetate) and Zn (as Zn edetate),
respectively; 5 mL/heifer; about 0.20 and 0.68 mg of Cu and Zn per kg of BW, respectively].
Solutions were applied subcutaneously on the right side of the neck of each animal. The
day of application (nine days before the insemination) was defined based on the work of
Vedovatto et al. [3], who observed that the peak of superoxide dismutase (SOD) happened
about 8-12 days after the TMI, and our goal was to have increased plasma antioxidant
enzyme concentration on the day of the insemination and later.

All heifers were assigned to an FTAI protocol from d —9 to 0. On d —9, heifers
were administered a 2 mg intramuscular injection of estradiol benzoate (Gonadiol; Zoetis,
Sao Paulo, Brazil), and an intravaginal progesterone-releasing insert containing 1.9 g
of progesterone (P4; CIDR; Zoetis) was inserted. On d —2, the progesterone device was
removed, and intramuscular injection of PGF2c (12.5 mg/heifer; Lutalyse; Zoetis), estradiol
cypionate (0.6 mg/cow; ECP; Zoetis), and eCG (200 IU/cow; Novormon; Zoetis) were
applied. On d 0, all heifers were inseminated by a single technician using semen from a
single Nellore bull. On d 14, heifers were exposed to a single clean-up Nellore bull.

The BW and BCS (1-9 scale) were recorded on d —9 and d 60, according to Herd
and Sprott [18], by a single evaluator. For evaluation of the estrus expression score, on
d —2, all heifers were marked in the sacral region using a paint stick (RaidexMaxi; RAIDEX
GmbH, Dettingen/Erms, Germany). Then, on d 0, the estrus expression score was evaluated
according to the degree of paint removal, where 1—no paint removal = no estrus expression;
2—partial paint removal = low estrus expression; 3—complete paint removal = high estrus
expression [19]. In addition, the mating rate was estimated based on the heifers’ estrus
expression score, where heifers with an estrus expression score of 1 were classified as not
mounted, and scores 2 and 3 as mounted [20]. The dominant follicle diameter (d 0), corpus
luteum (CL) diameter (d 7 and 14), pregnancy status (d 60), and conceptus size (crown-rump
and thoracic; d 60) were assessed using transrectal ultrasonography (7.5 MHz transducer;
Mindray DP 2200 VET, Shenzhen, China). The CL volume (cm?) was calculated using the
formula for the volume of the sphere [V = 4/37(D/2)3], where D is the maximum diameter
(mm) of the CL [21]. All technicians were blinded to treatments for all variables evaluated.
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Blood samples were collected from a subsample of 10 heifers per treatment, from the
coccygeal veinon d —9, 0, 7, 14, and 60 into two 10 mL blood collection tubes (Vacutainer,
Becton Dickinson, Franklin Lakes, NJ, USA) with sodium heparin (for plasma collection)
and without sodium heparin (for serum collection). Immediately after collection, blood
samples were stored on ice and then centrifuged at 1200 ¢ for 30 min to separate plasma
and serum. Samples were stored at —20 °C for further plasma analysis of progesterone,
haptoglobin, ceruloplasmin, SOD, glutathione peroxidase (GSH-Px), and serum concentra-
tions of Cu, Zn, and cortisol. Progesterone was analyzed on d 7 and 14, and haptoglobin,
ceruloplasmin, SOD, GSH-px, cortisol, Cu, and Zn on d —11, 0, and 60.

Forage samples were collected on d —9 and 60 using the grazing simulation [22].
Afterward, samples were dried in a ventilation oven at 55 °C for 5 d, ground in a 1 mm grain
size sieve, and combined into a single composite sample for later chemical composition
and mineral analysis.

2.1.2. Experiment 2

The experiment was conducted in a commercial cow-calf operation (Fazenda Seriema)
located in Miranda-MS, Brazil (20°24’02.0” S, 56°18'11.2” W). A total of 283 Nellore heifers
[BW =333 % 31.1kg; BCS = 6.10 £ 0.80] were managed similarly and kept in 3 management
groups due to grazing logistics [80, 94, and 109 heifers/group, respectively; pasture size
of 80 ha]. Heifers grazed Marandu grass in a rotational grazing system and were supple-
mented with a free-choice minerals and vitamins mix with an expected supplement intake
of 120 g/animal day (Table 1).

The experiment started 9 days before the Al and ended 120 days after the Al (d —9 to
d 120). On d —9, within each group, heifers were randomly assigned to 1 of 2 treatments:
saline (n = 140, i.e., 40, 42 and 58 heifers in groups 1, 2 and 3, respectively) or CuZn (n = 143,
i.e., 40, 42 and 61 heifers in groups 1, 2 and 3, respectively), as described in Exp. 1. The
FTAI protocol used was also similar to the one used in Exp. 1. The pregnancy rate was
diagnosed by ultrasound (Mindray DP 2200 VET with 7.5 MHz transducer) on d 30, 70,
and 120. Females that failed to become pregnant by d 30 were resynchronized in a new
protocol, and females that failed to become pregnant on d 70 were exposed to bulls at a rate
of 1/40. Bulls were removed on d 120 when the final pregnancy diagnosis was conducted.
This management strategy, involving multiple rounds of FTAI, is commonly and routinely
adopted by beef operations in Brazil. For evaluation of the estrus expression score, on d
—2 (relative to the first FTAI) and 37 (relative to the second FTAI), heifers were marked
in the sacral region using a paint stick (RaidexMaxi; RAIDEX GmbH, Dettingen/Erm:s,
Germany). Then, on d 0 and 39, the estrus expression score and mating rate were evaluated
as previously described for Exp. 1. The BW and BCS of heifers were evaluated on d —9, 30,
70, and 120 similarly to as previously described. All technicians were blinded to treatments
for all variables evaluated.

Ten heifers per treatment from the same group were randomly selected to collect blood
samples. Samples were collected from the coccygeal vein on d —9, 0, and 60 into two 10 mL
blood collection tubes (Vacutainer, Becton Dickinson) with sodium heparin (for plasma
collection) and without sodium heparin (for serum collection). Samples were processed
and stored as was conducted in Exp. 1.

Forage samples were collected in 3 moments (d —9, 30, 120), as described in Exp. 1.
Afterward, samples were dried in a ventilation oven at 55 °C for 5 d, ground to 1 mm, and
combined into a single composite sample for chemical and mineral composition analysis.
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2.2. Laboratory Analysis

Forage samples (Exp. 1 and 2) were analyzed according to (AOAC) [23] dry matter
(DM), method 930.15; crude protein (CP), method 976.05; ether extract (EE), method 920.39;
ash, method 942.05; and minerals (method 985.01). The concentrations of lignin, neutral
detergent fiber (NDF), and acid (ADF) were analyzed as described by Van Soest et al. [24].
The total digestible nutrients (TDN) concentrations were calculated as described by Weiss
etal. [17] and net energy for maintenance (NEm) and gain (NEg) by the equations proposed
by the NASEM [16].

Plasma progesterone concentrations were determined using a solid-phase, competi-
tive, chemiluminescent enzyme immunoassay (Immulite 1000, Diagnostics Products Corp.,
Los Angeles, CA, USA) previously validated for bovine samples [25]. The detectable range
and intra-assay CV for plasma progesterone concentrations were 3.15 to 9.90 ng/mL and
1.32%, respectively. Serum concentrations of Cu and Zn were analyzed by a commercial
laboratory (Axys Andlises, Porto Alegre, RS, Brazil) as described by Bordignon et al. [26].
Plasma concentrations of haptoglobin were analyzed as described by Cooke and Arthing-
ton [27] and ceruloplasmin as described by Demetriou et al. [28]. The inter- and intra-assay
CV was 3.9% and 9.4% for haptoglobin and 2.0% and 4.3% for ceruloplasmin, respectively.
Samples were analyzed for cortisol (Immulite 1000; Siemens Medical Solutions Diagnostics,
Los Angeles, CA, USA) as previously described [29] due to 100% cross-reactivity between
bovine and human cortisol and accomplished within a single assay with an intra-assay
CV of 8.52%. Plasma samples were also analyzed for SOD and GSH-Px using commercial
ELISA kits (Cayman Chemical, Ann Arbor, MI, USA). The inter- and intra-assay CV was
4.3% and 5.7% for SOD, and 6.3 and 7.8% for GSH-px, respectively.

2.3. Statistical Analysis

Sample size calculations were performed using the POWER procedure of SAS (version
9.4; SAS Institute Inc., Cary, NC, USA). The number of animals per treatment was sufficient
to detect at least 10% differences between treatments for all evaluated variables, assuming
a p-value of 0.05 and 80% power based on a two-sided t-test. Estimates for sample size
calculations were derived from prior experiments from our group [3,14].

For all analyses, the animal was considered the experimental unit. In Exp. 1, BCS
and BCS change, ovarian variables, conceptus size, and plasma and serum variables were
tested using the MIXED procedure of SAS with Satterthwaite approximation to determine
the denominator degrees of freedom for the test of fixed effects. Data for BCS change,
ovarian variables, plasma progesterone, and conceptus size were tested for the fixed
effect of treatment, using animal(treatment) as a random effect, and BCS obtained on
d —9 as a covariate. Data of BCS and serum and plasma variables were analyzed as
repeated measures and tested for effects fixed of treatment, day, and resulting interaction,
and for random effects of animal (treatment), and BCS obtained on d —9 was included
as a covariate. In addition, the baseline data collected at d —9 of each variable were
also included as covariates but removed from the model when p > 0.10. The covariance
structures were selected based on the lowest values of the Akaike information criterion.
Binary variables (e.g., pregnancy rates) were analyzed using the GLIMMIX procedure
of SAS with the binomial distribution option and with Satterthwaite approximation to
determine the degrees of freedom for tests of fixed effects. The model was tested for the
fixed effect of treatment and random effects of cow (treatment), and the BCS obtained on
d —9 was included as a covariate. In Exp. 2, the models used were like those described in
Exp. 1, except for the random effect that included animal (treatment X management group)
and management group in the model. In Exp. 2, post hoc analysis was also performed,
where the cows were stratified by BCS on d —9 into two categories: low BCS (<5) and high
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Body weight, kg

BCS (>5). The value 5 represented the median of BCS all animals in Exp. 2. Means were
separated using the protected least significant difference (PDIFF; t-test), and all results were
reported as least squares mean (LSMEANS) followed by the standard error of the mean
(SEM). Significance was defined as p < 0.05, and tendency when p > 0.05 and <0.10.

3. Results
3.1. Experiment 1

There was a treatment x day interaction (p < 0.01) for BW (Figure 1), where heifers
receiving CuZn treatment were heavier on d 60 than those receiving saline treatment.
Moreover, a tendency (p = 0.09) in BW change was observed, where heifers receiving
the CuZn treatment showed a greater BW change compared to those receiving the saline
treatment. Effects of treatment x day and treatment were not detected (p > 0.52) for BCS

or BCS change (Table 2).
410 A Exp. 1 450 1 Exp. 2 %
P-value treat x day <0.01 * 50 P-value treat x day = 0.05
v ES
390 A 2 400 -
elo}
§3)
370 - i350 -
i)
O
s W
350 T ] 300 T T
d-9 d 60 d-9 d 30 d 70 d 120
OSaline @CuZn OSaline @CuZn

Figure 1. Body weight of heifers receiving a saline solution injection (saline) or a Cu and Zn
solution injection (CuZn) at the beginning of fixed-time artificial insemination (d —9; Experiments
1 and 2). The symbol (*) highlights the days that significant differences were detected (p < 0.10)
between treatments.

Effects of treatment were not detected (p > 0.25) for estrus score or mating rate.
Dominant follicle diameter and corpus luteum diameter on d 7 were not affected by
treatment; however, corpus luteum diameter on d 14 tended (p = 0.10) to be greater in
heifers receiving CuZn treatment compared to heifers receiving saline treatment (Table 2).
Moreover, no effects of treatment were detected (p > 0.15) for corpus luteum volume (d 7,
d 14), plasma progesterone (d 14), or pregnancy rate (d 60). Regarding conceptus size traits,
no effects of treatment on crown-rump (d 60) and thoracic (d 60) were detected (p > 0.27;
Table 2).

No effects of treatment or treatment x day were detected (p > 0.18) for serum Cu,
serum Zn, plasma haptoglobin, plasma ceruloplasmin, serum cortisol, and plasma SOD
(Table 3). A treatment x day tendency (p = 0.10) was detected for the plasma GSH-
px concentration of heifers assigned to CuZn treatment. On d 30, the plasma GSH-px
concentration of heifers assigned to CuZn treatment tended (p = 0.10) to be greater than
heifers assigned to saline treatment (Table 3).
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Table 2. Body and reproductive variables of heifers receiving a saline solution injection (saline) or
a Cu and Zn solution injection (CuZn) at the beginning of fixed-time artificial insemination (d —9;
Experiment 1).

1 -
Ttems Treatments SEM p-Value
Saline CuZn Trt Trt x Day
Exp.1,n= 15 14
Body traits
BW change, kg 20.5 24.4 1.51 0.09
Body condition score (BCS), 1-9 0.52 0.63
d -9 4.81 4.90 0.14
d 60 4.81 4.78 0.14
BCS change, 1-9 0.00 —0.15 0.17 0.52
Estrus traits
Estrus expression score (d 0), 1-3 1.80 1.42 0.23 0.25
Mating rate (d 0), % 75.3 76.4 0.12 0.95
Ovarian traits
Dominant follicle diameter (d 0), mm 10.7 104 0.87 0.77
Corpus luteum diameter, mm
d7 18.5 19.2 0.93 0.59
d14 17.3 194 0.81 0.10
Corpus luteum volume, cm?
d7z 3.55 3.99 0.55 0.60
d14 2.99 4.00 0.44 0.15
Plasma progesterone (d 14), ng/mL 5.68 6.42 0.67 0.44
Pregnancy rate (d 60), % 40.8 452 0.14 0.84
Conceptus size traits
Crown-Rump (d 60), mm 329 30.6 2.14 0.51
Thoracic (d 60), mm 15.3 13.2 1.12 0.27
1 Treatments were saline solution (0.9% of NaCl) or CuZn solution [Suplenut, Biogénesis Bag6, Curitiba, PR,
Brazil; 15 and 50 mg/mL of Cu (as Cu edetate) and Zn (as Zn edetate), respectively]. Both solutions were applied
subcutaneously at a dose of 5 mL/heifer on the right side of the neck of each animal.
Table 3. Serum and plasma variables of heifers receiving a saline solution injection (saline) or a
Cu and Zn solution injection (CuZn) at the beginning of fixed-time artificial insemination (d —9;
Experiment 1 and 2).
2 -Val
Items 1 .Treatments SEM p-Value
Saline CuZn Trt Trt x Day
Exp.1,n= 10 10
Serum Cu, pg/dL 52.1 49.2 2.60 047 0.61
Serum Zn, ng/dL 51.9 48.1 4.60 0.58 0.91
Serum cortisol, pg/dL 3.05 3.52 0.24 0.18 0.73
Plasma haptoglobin, mg/mL 0.40 0.41 0.02 0.69 0.25
Plasma ceruloplasmin, mg/mL 16.4 16.6 0.54 0.75 0.97
Plasma SOD, U/mL 86.8 69.3 13.9 0.50 0.21
Plasma GSH-px, U/mL 0.12 0.10
d -9 71.5 71.6 7.57
d 30 68.7° 94.42 7.57
d 60 67.6 79.7 7.57
Exp.2,n= 10 10
Serum Cu, pg/dL 49.0 69.9 3.79 <0.01 0.28
Serum Zn, ug/dL 59.8 67.8 7.72 0.56 0.17
Plasma SOD, U/mL 88.0 83.3 12.0 0.78 0.96
Plasma GSH-px, U/mL 70.5 74.7 4.99 0.57 0.79

1 Superoxide dismutase (SOD) and glutathione peroxidase (GSH-px). 2 Treatments were saline solution (0.9% of
NaCl) or CuZn solution [Suplenut, Biogénesis Bag6, Curitiba, PR, Brazil; 15 and 50 mg/mL of Cu (as Cu edetate)
and Zn (as Zn edetate), respectively]. Both solutions were applied subcutaneously at a dose of 5 mL/heifer on
the right side of the neck of each animal. *® within a row means without a common superscript tend to differ

(p < 0.10).
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3.2. Experiment 2

A treatment effect (p < 0.01) was observed for serum Cu, where heifers receiving CuZn
treatment had a greater concentration of Cu compared to heifers assigned saline treatment
(Table 3). On the other hand, no effects of treatment or treatment x day for serum Zn,
plasma SOD, and plasma GSH-px were detected (p > 0.28; Table 3).

Effects of treatment x day and treatment were detected (p < 0.01) for BW (Figure 1).
On d 120, heifers receiving CuZn treatment had greater BW compared to heifers receiving
saline treatment. Moreover, a tendency (p = 0.09) in body weight change was observed from
d —9 to d 30 and from d —9 to d 120, where heifers assigned to CuZn treatment tended to
gain more weight than heifers assigned to saline treatment. There were no treatment or
treatment x day effects (p > 0.34) for BCS, or BCS change (p > 0.22).

No effects were observed for the overall estrus expression score (p > 0.16). However,
when classifying heifers according to the BCS (BCS < 5 as Low Vs. BCS > 5 as high), a
treatment effect was detected (p = 0.01) for estrus expression score on d 0, where heifers
classified as having low BCS had greater estrus expression score. No treatment effect was
detected (p > 0.16) in heifers with high BCS (Table 4). A treatment tendency (p = 0.10) for
greater mating rate for heifers receiving CuZn treatment was observed on d 0. Furthermore,
an effect of treatment (p = 0.04) was observed for mating rate on d 0 for heifers with low
BCS, where heifers with low BCS receiving CuZn treatment presented a greater percentage
of mating rate compared to heifers receiving saline treatment. Effects of treatment were
not detected (p = 0.72) for mating rate of heifers with high BCS. No effects of treatment
nor time (p > 0.23) were observed for mating rate on d 39 (Table 4). Relative to pregnancy
rates, heifers with low BCS receiving CuZn had a tendency (p = 0.10) to have a greater
pregnancy rate on d 30 when compared to heifers treated with saline solution. No effect
was observed (p > 0.26) for heifers with high BCS, and overall, on d 30. No treatment effects
were detected (p > 0.25) for pregnancy rate on d 70 (2nd FTAI), d 120 (bull), and d 120
(FTAIs + bull) for heifers with low, high BCS, and overall. Final pregnancy loss determined
on d120 was not affected by the treatments (p > 0.16; Table 4).

Table 4. Body and reproductive variables of heifers receiving a saline solution injection (saline) or
a Cu and Zn solution injection (CuZn) at the beginning of fixed-time artificial insemination (d —9;
Experiment 2).

2 -
Items 1 .Treatments SEM p-Value
Saline CuZn Trt Trt x Day
Exp.2,n= 140 143
Body traits
BW change, kg
d —9to 30 243 26.8 8.98 0.09
d 30 to 70 13.6 14.4 5.01 0.61
d 70 to 120 42.8 47.5 26.7 0.57
d —9 to 120 76.9 87.8 27.8 0.09
Body condition score (BCS), 1-9 0.34 0.44
d-9 5.56 5.58 0.05
d 30 6.07 6.10 0.05
d?70 5.94 5.92 0.07
d 120 6.53 6.70 0.07
BCS change, 1-9
d —9to 30 0.51 0.52 0.09 0.60
d30to 70 —0.14 —0.18 0.18 0.81
d 70 to 120 0.59 0.78 0.18 0.55
d —9to 120 0.97 1.12 0.09 0.22

Estrus traits
Estrus expression score, 1-3
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Table 4. Cont.
2 -Value
Items 1 .Treatments SEM P
Saline CuZn Trt Trt x Day
do
Low BCS 2.59 2.82 0.07 0.01
High BCS 2.67 2.62 0.09 0.68
Overall 2.62 2.73 0.05 0.16
d 39
Low BCS 2.82 2.86 0.07 0.71
High BCS 2.83 2.84 0.07 0.93
Overall 2.82 2.85 0.05 0.69
Mating rate, %
do
Low BCS 88.3 97.1 3.14 0.04
High BCS 87.8 89.9 5.07 0.72
Overall 87.8 93.7 2.58 0.10
d 39
Low BCS 100 96.0 0.02 0.23
High BCS 100 100 - -
Overall 100 98.0 1.24 0.25
Pregnancy rate, %
d 30 (1st FTAI)
Low BCS 47.9 56.1 5.10 0.10
High BCS 48.0 52.8 6.88 0.61
Overall 48.3 55.4 4.63 0.26
d 70 (2nd FTAI)
Low BCS 38.2 28.6 9.97 0.42
High BCS 33.1 48.9 9.65 0.25
Overall 36.2 38.7 7.26 0.79
d 120 (bull)
Low BCS 124 9.45 3.90 0.58
High BCS 15.0 114 4.71 0.59
Overall 13.6 10.2 2.92 0.43
d 120 (FTAIs + bull)
Low BCS 82.3 77.3 5.44 0.40
High BCS 80.6 87.4 6.47 0.35
Overall 81.7 82.1 4.12 0.94
Pregnancy loss, %
d 30 to 120
Low BCS 0.00 2.50 1.81 0.33
High BCS 3.66 3.05 3.48 0.90
Overall 1.50 2.77 1.79 0.61
d 70 to 120
Low BCS 7.15 1.92 8.70 0.39
High BCS 0.43 12.3 10.8 0.33
Overall 3.65 16.5 6.30 0.16

1 Heifers with BCS < 5 at the beginning of the fixed-time artificial insemination (FTAI) protocol were classified
as “Low BCS” and BCS > 5 as “High BCS”. ? Treatments were saline solution (0.9% of NaCl) or CuZn solution
[Suplenut, Biogénesis Bag6, Curitiba, PR, Brazil; 15 and 50 mg/mL of Cu (as Cu edetate) and Zn (as Zn edetate),
respectively]. Both solutions were applied subcutaneously at a dose of 5 mL/heifer on the right side of the neck of
each animal.

4. Discussion

The effects of ITM administration reported in the literature on BW and BCS have
been inconsistent [3,14,15,30]. Heifers receiving injectable supplementation of CuZn, in the
current study, exhibited increased BW throughout the study and tended to have greater
BW change compared to heifers receiving a saline injection. In contrast, Vedovatto et al. [3],
working with Nellore cows, and Hernandez et al. [15], working with Angus x Hereford
cows, and using ITM injections throughout the production cycle reported no effects of ITM
administration on BW or BCS of cows, attributing the lack of growth response to adequate
mineral and nutritional status of those herds. It is possible that in the current study, heifers
might have been subjected to nutritional restrictions, and therefore ITM administration
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might have been beneficial. The improvement in BW observed in CuZn-injected heifers is a
relevant finding, given that the majority of cattle worldwide are raised in regions where
nutritional restrictions are common.

In the current study, no effect of ITM administration was observed on BCS. However,
Vedovatto et al. [14] observed in their study that cows treated with ITM tended to have a
greater BCS and gained BCS from d —11 to 30, whereas saline-treated cows had a decrease
in BCS and had a lesser BCS during the same period. The authors reported that, because
the cows had already reached maturity when the trial started, the effect of ITM observed
may have occurred in the form of greater adipose tissue deposition. Additionally, Mundell
et al. [31], reported a greater BCS increase in cows administered ITM 30 d before Al than in
cows administered a saline injection. Although heifers in the current study receiving CuZn
during FTAI gained BW, the change was insufficient to support changes in the BCS scale.
According to the NRC [32], a body weight gain of approximately 30 kg would be required
to promote a one-point change in BCS, while in this study, heifers gained approximately
25kg.

There are contrasting reports on the effects of mineral supplementation on reproduc-
tive performance, and numerous factors can influence this inconsistency, such as reproduc-
tive management, breed, category, BCS, TM status at the time of mineral injection, etc. [7,33].
In this study, the CL size, which is positively correlated with plasma progesterone concen-
tration Kastelic et al. [34] tended to be greater on d 14 for heifers receiving CuZn treatment
compared to heifers receiving saline treatment, despite no observed difference in plasma
progesterone (d 14) concentration. Similarly, Anchordoquy et al. [35] reported an increase
in CL size in Zn-deficient cows administered an injection of Zn; however, in our previous
experiment, we reported (Vedovatto et al. [14]) that the administration of ITM resulted
in a reduced CL size. Finally, Gonzalez-Maldonado et al. [36] observed no effect of ITM
supplementation to cows 30 d before Al on follicle population, dominant follicle size, time
of estrus after CIDR removal, and CL size.

Heifers with low BCS on d 30 (1st FTAI) receiving CuZn treatment tended to have a
greater pregnancy rate. Similarly, Vedovatto et al. [3] and Vedovatto et al. [14] reported a
tendency to increase pregnancy rate only when cows treated with ITM had low BCS. An-
chordoquy et al. [35] observed an increased pregnancy rate when cows were administered
a Zn injection at the beginning of the FTAI protocol. Meanwhile, Arthington et al. [37]
reported no effects of ITM on pregnancy rates and Springman et al. [38] reported no effects
of ITM on the pregnancy rates of heifers when mineral status was adequate. The exact
reasons for such responses are not very clear; however, Vedovatto et al. [14] suggested that
this response might be attributed to the greater BCS for ITM cows in their study. In our
current experiment, CuZn-treated heifers gained more weight, which may be associated
with the higher reproduction performance observed. Alternatively, a better antioxidant
status and increased mineral status, as observed in the current study, with greater GSH-px
on d 30 and greater serum Cu concentration for heifers treated with CuZn, could also play a
role in improving pregnancy rates. Greater antioxidant enzyme activity may have enhanced
the capacity to mitigate oxidative stress and the associated risk of cellular damage [27]. The
minerals Cu and Zn are components of the enzymes Cu-Zn SOD, and when TMI is applied
to cattle, these enzymes are frequently increased [3,14]. The reason why the CuZn injection
did not increase SOD concentration in the current experiment is unknown and deserves
further investigation.

In our experiment, the CuZn injection did not affect the plasma concentration of
haptoglobin and ceruloplasmin. The effects of TM injection on the acute phase response
are contradictory in the literature. In a study conducted by Arthington et al. [37], the TM
injection increased the plasma concentrations of haptoglobin by 6-10 d after the injection
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(1 mL/45kg of BW) in Brangus crossbred heifers, indicating a possible inflammatory reac-
tion. Based on that experiment, Caramalac et al. [39] evaluated the inflammatory reaction in
Angus heifers at weaning in response to TM (1 mL per 92 kg of BW), and no effects on hap-
toglobin or ceruloplasmin were detected. Furthermore, in two experiments conducted by
our group, Vedovatto et al. [3,14], the TM injection (~1mL/66 kg of BW) before the FTAI pro-
tocol in Nellore beef cows also did not affect the plasma concentration of ceruloplasmin and
haptoglobin. In the current experiment, the dosage used (~1 mL/74 kg of BW in Exp. 1)
was lower than that used by Arthington et al. [37], which could explain why that experiment
elicited inflammatory reactions but not our other studies.

Collectively improved BW, mineral, and antioxidant status seems to positively impact
the reproduction efficiency of Nellore heifers. However, studies exploring the mechanisms
by which ITM may increase the reproductive efficiency of cattle are warranted.

5. Conclusions

In summary, the use of injectable CuZn at the beginning of the FTAI protocol for Nel-
lore heifers resulted in increased BW, estrus expression score, and mating rate, especially
for heifers with a lower BCS, leading to a tendency for increased pregnancy rate, accompa-
nied by greater serum Cu, and plasma GSH-px activity. The administration of injectable
CuZn may be a viable strategy to complement conventional mineral supplementation and
improve growth, reproduction, and antioxidant responses in Nellore heifers.

Author Contributions: Conceptualization, L.G.d.S., M.V,, and G.L.E,; methodology, L.G.d.S., M.V,
JR, MEF, EdAL, LCLFE, WV.A.dAR, and G.L.F; formal analysis, M.V.; resources, J.R., and
G.L.F; writing—original draft preparation, L.G.d.S. and M.V,; writing—review and editing, L.G.d.S.,
M.V, JR, MEE, Ed. AL, LCLFE, EECM. WV.A.d.R, and G.L.E; visualization, M.V. and G.L.E;
supervision, M.V. and G.L.E; project administration, M.V.; funding acquisition, M.V. All authors have
read and agreed to the published version of the manuscript.

Funding: Funding was provided by Biogénesis Bagé (Curitiba, PR, Brazil).

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee on Animal Use of The Universidade Federal de Mato Grosso do Sul (UEMS) under
protocol n°® 754/2016.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available by email upon request to the corresponding author
with reasonable justification.

Acknowledgments: The authors acknowledge the Coordenagdo de Aperfeicoamento de Pessoal
de Nivel Superior (CAPES) for the scholarship provided to the first author and the companies Cia
Pecudria Assessoria (Campo Grande, MS, Brazil) and Biogénesis Bagé (Curitiba, PR, Brazil) for par-
tially sponsoring the experiment. Furthermore, the authors acknowledge the USDA-NIFA Multistate
Project S1093—Management systems for beef cattle reared in subtropical and tropical environments.

Conflicts of Interest: Luiz Carlos Louzada Ferreira, who works at Cia Pecudria Assessoria (a company
that provides technical assistance to producers), has no commercial interests in the product tested.
However, he was not involved in treatment application, data collection, laboratory analysis, or
statistical analysis. All authors declare no conflicts of interest.

1.  Valadares Filho, S.C.; Costa e Silva, L.F.; Gionbelli, M.P,; Rotta, P.P.; Marcondes, M.1.; Chizzotti, M.L.; Prados, L.FE. BR—Corte:
Tabela Brasileira de Exigéncias Nutricionais, 3rd ed.; Universidade Federal de Vigosa, DZO: Vigosa, Brazil, 2016. [CrossRef]

2. Arthington, ].D.; Ranches, J. Trace Mineral Nutrition of Grazing Beef Cattle. Animals 2021, 11, 2767. [CrossRef]

3. Vedovatto, M.; Moriel, P.; Cooke, R.F,; Costa, D.S.; Faria, E].C.; Cortada Neto, I.M.; Pereira, C.D.S.; Bento, A.L.D.L.; De Almeida,
R.G.; Santos, S.A.; et al. Effects of a Single Trace Mineral Injection on Body Parameters, Ovarian Structures, Pregnancy Rate and


https://doi.org/10.5935/978-85-8179-111-1.2016B001
https://doi.org/10.3390/ani11102767

Animals 2025, 15, 2926 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Components of the Innate Inmune System of Grazing Nellore Cows Synchronized to a Fixed-Time Al Protocol. Livest. Sci. 2019,
225,123-128. [CrossRef]

Corah, L.R; Ives, S. The Effects of Essential Trace Minerals on Reproduction in Beef Cattle. Vet. Clin. N. Am. Food Anim. Pract.
1991, 7, 41-57. [CrossRef] [PubMed]

Graham, T.W. Trace element deficiencies in cattle. Vet. Clin. N. Am. Food Anim. Pract. 1991, 7, 153-215. [CrossRef] [PubMed]
Harrison, J.H.; Hancock, D.D.; Conrad, H.R. Vitamin E and selenium for reproduction of the dairy cow. |. Dairy Sci. 1984,
67,123-132. [CrossRef]

Van Emon, M.; Sanford, C.; McCoski, S. Impacts of bovine trace mineral supplementation on maternal and offspring production
and health. Animals 2020, 10, 2404. [CrossRef]

Hostetler, C.E.; Kincaid, R.L.; Mirando, M. A. The role of essential trace elements in embryonic and fetal development in livestock.
Vet. J. 2003, 166, 125-139. [CrossRef]

Nazari, A.; Dirandeh, E.; Ansari-Pirsaraei, Z.; Deldar, H. Antioxidant levels, copper and zinc concentrations were associated
with postpartum luteal activity, pregnancy loss and pregnancy status in Holstein dairy cows. Theriogenology 2019, 133, 97-103.
[CrossRef]

Wooldridge, L.K.; Nardi, M.E.; Ealy, A.D. Zinc supplementation during in vitro embryo culture increases inner cell mass and
total cell numbers in bovine blastocysts. |. Anim. Sci. 2019, 97, 4946—4950. [CrossRef]

Palomares, R.; Ferrer, M.; Jones, L. Role of trace minerals in cow’s reproductive function and performance: A clinical theriogenol-
ogy perspective. Clin. Theriogenol. 2024, 16, 10529. [CrossRef]

Del Rio-Avilés, A.; Correa-Calderén, A.; Avendafio-Reyes, L.; Macias-Cruz, U.; Thomas, M.G.; Mark Enns, R.; Speidel, S.E,;
Sanchez-Castro, M.A.; Zamorano-Algandar, R.; Lopez-Castro, P.A.; et al. Mineral supplementation (injectable) improved
reproductive performance in Holstein cows managed in a warm summer environment. Reprod. Dom. Anim. 2022, 57, 839-848.
[CrossRef]

Avendano-Reyes, L.; Gonzalez-Lépez, M.; Lépez-Baca, A Lépez-Rincén, G.; Prado-Rebolledo, O.F,; Mellado, M.; Herndndez-
Rivera, J.A.; Macias-Cruz, U.; Castafieda-Bustos, V.].; Garcia-Casillas, A.C. Ovarian activity and reproductive responses of
lactating Angus cows due to a mineral supplementation throughout a timed Al protocol. Trop. Anim. Health Prod. 2023, 55, 308.
[CrossRef]

Vedovatto, M.; Moriel, P.; Cooke, R.F,; Costa, D.S.; Faria, EJ.C.; Cortada Neto, LM.; Bento, A.L.L.; Rocha, R.EA.T,; Ferreira, L.C.L.;
Almeida, R.G,; et al. Effects of a Single Trace Mineral Injection at Beginning of Fixed-Time Al Treatment Regimen on Reproductive
Function and Antioxidant Response of Grazing Nellore Cows. Anim. Reprod. Sci. 2019, 211, 106234. [CrossRef]

Hernandez, G.P.; Ferreira, M.EL.; Santos, A.C.R.; Bohnert, D.; Ranches, ]J. Effects of Trace Mineral Injections on Measures of
Growth and Trace Mineral Status of Primiparous Cows and their Calves. Transl. Anim. Sci. 2024, 8, txae068. [CrossRef] [PubMed]
National Academies of Sciences, Engineering, and Medicine (NASEM). Nutrient Requirements of Beef Cattle Model, 8th ed.; National
Academic Press: Washington, DC, USA, 2016. [CrossRef]

Weiss, W.P,; Conrad, H.R; St. Pierre, N.R. A Theoretically-Based Model for Predicting Total Digestible Nutrient Values of Forages
and Concentrates. Anim. Feed Sci. Technol. 1992, 39, 95-110. [CrossRef]

Herd, D.B.; Sprott, L.R. Body Condition, Nutrition and Reproduction of Beef Cows; Texas A&M University System, Texas Agricultural
Extension Service: College Station, TX, USA, 1998.

Rodrigues, W.B.; Jara, ].P; Borges, ].C.; Oliveira, L.O.F,; Abreu, U.P.G.; Anache, N.A; Silva, K.S.; Bezerra, A.O.; Cardoso, C.J.T.;
Nogueira, N. Efficiency of mating, artificial insemination, or resynchronisation at different times after first timed artificial
insemination in postpartum Nellore cows to produce crossbred calves. Anim. Prod. Sci. 2019, 59, 225-231. [CrossRef]

Speckhart, S.L.; Oliveira Filho, R.V.; Franco, G.A.; Vasconcelos, ].L.M.; Schrick, EN.; Edwards, J.L.; Pohler, K.G. Short Communica-
tion: Influence of estrus activity and reproductive tract size and position scores on fertility in Bos indicus and Bos taurus suckled
beef cows. J. Anim. Sci. 2022, 100, skac141. [CrossRef]

Cooke, R.F,; Arthington, ].D.; Austin, B.R.; Yelich, J.V. Effects of Acclimation to Handling on Performance, Reproductive, and
Physiological Responses of Brahman-Crossbred Heifers. J. Anim. Sci. 2009, 87, 3403-3412. [CrossRef]

Euclides, V.P.B.; Macedo, M.C.M.; Oliveira, M.P. Avaliacao de Diferentes Métodos de Amostragem Para Se Estimar o Valor
Nutritivo de Forragem Sob Pastejo. Rev. Soc. Bras. Zootec. 1992, 21, 691-702.

AOAC. Official Methods of Analysis. Association of Official Analytical Chemists, 17th ed.; Association of Official Analytical Chemists:
Gaithersburg, MD, USA, 2000.

Van Soest, PJ.; Robertson, J.B.; Lewis, B.A. Methods for Dietary Fiber, Neutral Detergent Fiber, and Nonstarch Polysaccharides in
Relation to Animal Nutrition. J. Dairy Sci. 1991, 74, 3583-3597. [CrossRef]

Martin, J.L.; Vonnahme, K.A.; Adams, D.C.; Lardy, G.P,; Funston, R.N. Effects of Dam Nutrition on Growth and Reproductive
Performance of Heifer Calves1. . Anim. Sci. 2007, 85, 841-847. [CrossRef]


https://doi.org/10.1016/j.livsci.2019.05.011
https://doi.org/10.1016/S0749-0720(15)30809-4
https://www.ncbi.nlm.nih.gov/pubmed/2049670
https://doi.org/10.1016/S0749-0720(15)30816-1
https://www.ncbi.nlm.nih.gov/pubmed/2049666
https://doi.org/10.3168/jds.S0022-0302(84)81275-8
https://doi.org/10.3390/ani10122404
https://doi.org/10.1016/S1090-0233(02)00310-6
https://doi.org/10.1016/j.theriogenology.2019.04.034
https://doi.org/10.1093/jas/skz351
https://doi.org/10.58292/CT.v16.10529
https://doi.org/10.1111/rda.14125
https://doi.org/10.1007/s11250-023-03723-z
https://doi.org/10.1016/j.anireprosci.2019.106234
https://doi.org/10.1093/tas/txae068
https://www.ncbi.nlm.nih.gov/pubmed/38774510
https://doi.org/10.17226/19014
https://doi.org/10.1016/0377-8401(92)90034-4
https://doi.org/10.1071/AN17466
https://doi.org/10.1093/jas/skac141
https://doi.org/10.2527/jas.2009-1910
https://doi.org/10.3168/jds.S0022-0302(91)78551-2
https://doi.org/10.2527/jas.2006-337

Animals 2025, 15, 2926 14 of 14

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Bordignon, R.; Volpato, A.; Glombowsky, P.; Souza, C.F; Baldissera, M.D.; Secco, R.; Pereira, W.A.B.; Leal, M.L.R.; Vedovatto, M.;
Da Silva, A.S. Nutraceutical Effect of Vitamins and Minerals on Performance and Immune and Antioxidant Systems in Dairy
Calves during the Nutritional Transition Period in Summer. . Therm. Biol. 2019, 84, 451-459. [CrossRef]

Cooke, R.F,; Arthington, J.D. Concentrations of Haptoglobin in Bovine Plasma Determined by ELISA or a Colorimetric Method
Based on Peroxidase Activity: Methods to Determine Haptoglobin in Bovine Plasma. J. Anim. Physiol. Anim. Nutr. 2013,
97, 531-536. [CrossRef]

Demetriou, J.A.; Drewes, P.A.; Gin, J.B. Ceruloplasmin. In Clinical Chemistry; Cannon, D.C., Winkelman, J.W., Eds.; Harper and
Row: Hagerstown, MD, USA, 1974; pp. 857-864.

Cooke, R.F,; Schubach, K.M.; Marques, R.S.; Peres, R.E.G.; Silva, L.G.T.; Carvalho, R.S.; Cipriano, R.S.; Bohnert, D.W.; Pires, A.V,;
Vasconcelos, J.L.M. Effects of Temperament on Physiological, Productive, and Reproductive Responses in Bos Indicus Beef Cows.
J. Anim. Sci. 2017, 95, 1-8. [CrossRef]

Stokes, R.S.; Volk, M.]; Ireland, FA.; Gunn, PJ.; Shike, D.W. Effect of Repeated Trace Mineral Injections on Beef Heifer
Development and Reproductive Performance. J. Anim. Sci. 2018, 96, 3943-3954. [CrossRef] [PubMed]

Mundell, L.R.; Jaeger, ].R.J.; Waggoner, W.; Stevenson, J.S.; Grieger, D.M.; Pacheco, L.A.; Bolte, ] W.; Aubel, N.A_; Eckerle, G.J.;
Macek, M.]; et al. Effects of prepartum and postpartum bolus injections of trace minerals on performance of beef cows and calves
grazing native range. Prof. Anim. Sci. 2012, 28, 82-88. [CrossRef]

NRC. Nutrient Requirements of Beef Cattle, 7th ed.; National Academies Press: Washington, DC, USA, 2000.

Ahola, ] K.; Baker, D.S.; Burns, P.D.; Mortimer, R.G.; Enns, R.M.; Whittier, ].C.; Geary, T.W.; Engle, T.E. Effect of copper, zinc, and
manganese supplementation and source on reproduction, mineral status, and performance in grazing beef cattle over a two-year
period. |. Anim. Sci. 2004, 82, 2375-2383. [CrossRef] [PubMed]

Kastelic, J.P.; Bergfelt, D.R.; Ginther, O.]. Relationship between Ultrasonic Assessment of the Corpus Luteum and Plasma
Progesterone Concentration in Heifers. Theriogenology 1990, 33, 1269-1278. [CrossRef]

Anchordoquy, ] M.; Anchordoquy, J.P.; Galarza, E.M.; Farnetano, N.A.; Giuliodori, M.].; Nikoloff, N.; Fazzio, L.E.; Furnus, C.C.
Parenteral Zinc Supplementation Increases Pregnancy Rates in Beef Cows. Biol. Trace Elem. Res. 2019, 192, 175-182. [CrossRef]
Gonzalez-Maldonado, J.; Rangel-Santos, R.; Rodriguez-de Lara, R.; Garcia-Pefia, O. Effect of Injectable Trace Mineral Complex
Supplementation on Development of Ovarian Structures and Serum Copper and Zinc Concentrations in Over-Conditioned
Holstein Cows. Anim. Reprod. Sci. 2017, 181, 57-62. [CrossRef]

Arthington, ].D.; Moriel, P.; Martins, PG.M.A.; Lamb, G.C.; Havenga, L.J. Effects of Trace Mineral Injections on Measures of
Performance and Trace Mineral Status of Pre- and Postweaned Beef Calvesl. J. Anim. Sci. 2014, 92, 2630-2640. [CrossRef]
Springman, S.A.; Maddux, J.G.; Drewnoski, M.E.; Funston, R.N. Effects of injectable trace minerals on reproductive performance
of beef heifers in adequate trace mineral status. PAS 2018, 34, 649-652. [CrossRef]

Caramalac, L.S.; Moriel, P.; Ranches, ].; Silva, G.M.; Arthington, ].D. Comparison of injectable trace minerals vs. adjuvant on
measures of innate and humoral immune responses of beef heifers. Livest. Sci. 2021, 251, 104665. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jtherbio.2019.07.034
https://doi.org/10.1111/j.1439-0396.2012.01298.x
https://doi.org/10.2527/jas.2016.1098
https://doi.org/10.1093/jas/sky253
https://www.ncbi.nlm.nih.gov/pubmed/31986206
https://doi.org/10.15232/S1080-7446(15)30318-1
https://doi.org/10.2527/2004.8282375x
https://www.ncbi.nlm.nih.gov/pubmed/15318737
https://doi.org/10.1016/0093-691X(90)90045-U
https://doi.org/10.1007/s12011-019-1651-8
https://doi.org/10.1016/j.anireprosci.2017.03.015
https://doi.org/10.2527/jas.2013-7164
https://doi.org/10.15232/pas.2018-01752
https://doi.org/10.1016/j.livsci.2021.104665

	Introduction 
	Materials and Methods 
	Animals, Treatments, and Samples Collection 
	Experiment 1 
	Experiment 2 

	Laboratory Analysis 
	Statistical Analysis 

	Results 
	Experiment 1 
	Experiment 2 

	Discussion 
	Conclusions 
	References

