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Abstract
Metabolic distress in dairy cows during the transition period is associated with a high incidence of
infectious diseases and reduced performance. This experimental field trial evaluated the use of
injectable mineral supplementation (IMS) to prevent metabolic distress in Holstein cows during the
transitional period. The IMS group (n = 189) received three injections (10 mL) of a multi-mineral
supplement (Fosfosal, Virbac Brazil, São Paulo, Brazil) at days − 14, 0 (calving day) and + 14 days after
parturition. The non-supplemented group (NIMS; n = 123) received three placebo injections. Productive,
health, and reproductive performances were assessed along with metabolic distress biomarkers in a
subset of cows (NIMS, n = 32; and IMS, n = 34). IMS cows had lower incidences of persistent
hypocalcemia and metritis, along with reduced haptoglobin, higher glucose, and lower beta-
hydroxybutyric acid (BHB) concentrations. The IMS group had higher enzyme activities for glutathione
peroxidase (GPx), reduced glutathione (GSH), and higher immunoglobulin G (IgG) concentrations.
Mineral supplementation did not affect milk production, somatic cell count (SCC), or reproductive
performance. In conclusion, IMS-supplemented cows showed improved immunity, characterized by an
anti-inflammatory profile, higher IgG concentrations, reduced lipid metabolism, and oxidative stress,
positively affecting their overall health.

1. Introduction
The transition period in dairy cows involves a sequence of events that ultimately lead to a series of
occurrences connecting the metabolic profile, immune response, and oxidative stress in a scenario of
health or disease (Sordillo and Mavangira 2014). It has been observed that around 75% of the incidence
rate of diseases such as mastitis, metritis, ketosis, milk fever, and displaced abomasum concentrates
during the early lactation period (LeBlanc et al. 2006). The greatest risk of infectious and metabolic
disorders occurs within the first 10 days after calving (Ingvartsen et al. 2003). During this period, cows
undergo several changes that require adjustments to their metabolic and endocrine states to meet their
new physiological needs. These changes lead to a considerable increase in oxygen consumption,
resulting in augmented production of reactive oxygen species (ROS) and nitrogen species (RNS).
Antioxidant molecules must neutralize these reactive species to prevent oxidative stress (Sordillo and
Aitken 2009). In this scenario, trace element (Zn, Mn, Cu, and Se), macromineral (Ca, P, K, and Mg), and
vitamin requirements increase during the 3 weeks prepartum and 3 weeks postpartum, especially
around calving time (Abuelo et al. 2015). Minerals and vitamins are associated with metabolism,
endocrine function, fertility, growth, and immune regulation in dairy cows (Enjalbert et al. 2006).

Including minerals in a transition dairy cow diet may not ensure their intake or absorption because dry
matter intake (DMI) had already decreased during this period. Additionally, dietary and animal factors
contribute to DMI variation among individuals and, hence, to the variation in the intake of minerals. In
addition, dietary mineral supplements may not be properly absorbed because of their antagonistic
interactions with other nutrients. Drinking water containing mineral antagonists can negatively affect
mineral uptake in the digestive tract (Spears 2003). An injectable mineral solution is an alternative
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method for delivering additional minerals during the transition period. Pogge et al. (2012) reported that
using an injectable multi-mineral solution increased the liver concentrations of Cu and Se for at least 15
days, and increased plasma Zn and Mn levels for several hours. Mineral blends appear to play an
important role in udder health (Machado et al. 2013; Pogge et al. 2012), stillbirth rate, and endometritis
incidence (Machado et al. 2013).

We hypothesized that supplementing dairy cows with minerals during the transition period can provide
short-term and long-term benefits on immunity, heath and performance. Therefore, the aim of this study
was to evaluate the effects of intramuscular injections of a solution containing P, Mg, K, Cu, and Se on
the health, performance, and metabolic stress of dairy cows during their transition period.

2. Materials and Methods

2.1. Animals and management
This experimental field trial was conducted according to the procedures approved by the Committee on
Ethics in the Use of Animals of the Faculty of Veterinary Medicine and Animal Science at the University
of São Paulo (USP) (protocol #3886141020). The animals utilized in this study were from a commercial
herd located in São Pedro, São Paulo State, Southeastern Brazil (47°54'50"W, 22°32'55"S). The cows
were enrolled in the trial from February 2021 to May 2021, and the follow-up period continued until
December 2021. The farm had 400 milking Holstein cows. The cows were housed either in a free-stall
cross-ventilation barn with robotic milking or in a free-stall barn with a rotary milking parlor and milked
twice a day. On average, each cow produced 37,5 kg of milk per day, resulting in a total average daily
production of 15,000 kg of milk. Animal diets were formulated by the farm's nutritionist following the
recommendations of the National Academies of Sciences, Engineering, and Medicine (2021). The dietary
compositions that met the prepartum and postpartum requirements are presented in Online Resource 1.
The nutrient determinations are shown in Online Resource 2 and 3.

Intramammary dry cow therapy was administered between 70 and 60 days before the expected calving
date. Dry cows were housed in specific lots inside a free-stall barn with a cross-ventilation system. The
animals were vaccinated against clostridiosis (Fortress 7, Zoetis), neonatal diarrhea (ScourGuard 4KC,
Zoetis), reproductive diseases (CattleMaster Gold, Zoetis), and E. coli-causing mastitis (JVAC,
Boehringer Ingelheim). They were moved to a second free-stall barn with a ventilation tunnel
approximately 30 days before the expected calving date, where they were maintained until calving. After
calving, the cows were directed to a free-stall cross-ventilation barn with robotic milking or kept in a free
stall with a rotary milking parlor, depending on the mammary gland health, cow adaptation to the robot,
and milk production, among other factors. At this point, they were vaccinated against
keratoconjunctivitis (Biokeratogen, Biogénesis Bagó) and mastitis (JVAC, Boehringer Ingelheim).

2.2. Composition of experimental groups and treatments
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The animals were paired into groups for treatment (IMS = 187) and non-treatment (NIMS = 114) with
injectable mineral supplementation according to the number of calves. The animals were further
subdivided according to their parity into heifers (NIMS, n = 51; IMS, n = 67) and multiparous cows (NIMS,
n = 72; IMS, n = 122). Cows in the NIMS group received 10 mL of 0.9% NaCl by intramuscular route at day
− 14 ± 7 (D-14), calving (D1), and 14 ± 7 (D14) days in milk (DIM), and cows of the IMS group were dosed
thrice, similarly to control group schedule, with 10 mL administered by intramuscular injection of a
commercial multi-mineral supplement composed of 140 mg/mL of C3H7Na2O6P sodium
glycerophosphate (14 g), monosodium phosphate (20.1 g), CuCl2 (0.4 g), KCl (0.6 g), MgCl2(2.5 g), and
Na2SeO3 (0.24 g), in water (100 mL) (Fosfosal, Virbac Brazil, SP, Brazil). The injectable mineral

supplementation protocol was adapted from Machado et al. (2013).

2.3. Health monitoring
Diseases were identified and registered based on the farm protocols. Cows that failed to release the
placenta within 24 hours post-calving were considered to have retained the placenta. Daily uterine
inspection was performed to detect metritis during the first 21 days after DIM. Between 30 and 40 days
after calving, the cows were subjected to gynecological evaluation using a vaginal speculum. The
veterinarians responsible for reproductive management classified cows that exhibited serosanguineous,
purulent, or fetid secretions as positive for endometritis. An ultrasonographic evaluation (Mindray,
Shenzhen, China) was performed by the same veterinarian to confirm the rectal palpation findings, which
included the presence of liquid content in the uterus.

Ketosis was diagnosed on-farm using a ketometer (KetoVet Brazil; TaiDoc Technology, Taiwan, China) on
days 5 (D5) and 10 (D10) postpartum. Animals were classified as positive on D5 and D10, according to
the following intervals: 0–1.1 mmol/L, no ketosis; 1.2–2.8 mmol/L, subclinical ketosis; ≥ 2.9 mmol/L
clinical ketosis (McArt et al. 2012). Blood for the diagnosis of hypocalcemia was collected from the
animals by puncturing the coccygeal vein or artery in plain tubes without anticoagulant on calving day
(D1) and the fourth day postpartum (D4) to determine the total calcium concentration. The cutoff point
adopted to classify animals with subclinical hypocalcemia (HSC) was < 2.15 mmol/L (Reinhardt et al.
2011).Classification in transient hypocalcemic; hypocalcemic, persistently hypocalcemic and delayed
hypocalcemic was based in McArt and Neves (2020).

Postpartum subclinical mastitis screening was performed between the 6th and 7th day postpartum,
using the California Mastitis Test (CMT). Cows with a score of 2 (++) or 3 (+++) were considered positive
for mastitis, according to farm criteria. The cows were sampled aseptically for bacteriological analysis
and antimicrobial susceptibility testing. The mastitis detection index was used as a mastitis indicator in
a robotic milking system (VMS, DeLaval, International AB, Tumba, Sweden). Traditional milk cultures and
the analysis of. antimicrobial susceptibility and resistance tests were performed based on National
Mastitis Council (NMC) (1999) and the guidelines of the Clinical and Laboratory Standards Institute
(2005).

2.4. Metabolic distress biomarkers
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Subsets of NIMS (n = 32) and IMS (n = 34) paired cows were bled seven times during the transition
period: 3 weeks before the expected calving date (M-3), 2 weeks before the expected calving date (M-2),
1 week before the expected calving date (M-1), the week of calving, between calving day and 5 days
postpartum (M0), 1 week postpartum (M + 1), 2 weeks postpartum (M + 2), and 3 weeks postpartum (M 
+ 3). Blood samples were collected from the coccygeal vein using the Vacutainer system (Becton
Dickinson). Oxidative stress was assessed by collecting samples in heparin tubes (10 mL) immersed in
crushed ice, while EDTA tubes (4 mL) (BD Vacutainer K2 Ethylenediaminetetraacetic acid - EDTA, 3.6 mg
REF367841®; BD Diagnosis, Franklin Lakes, NJ, USA) were stored in a separate insulated box at 4°C for
transportation from the farm to the laboratory.

Blood preparation start from two to three hours after samples collection due to the distance between
farm and the laboratory. Blood in heparin was centrifuged at 1900 × g for 15 minutes in a refrigerated
centrifuge at 4°C. Plasma was removed and stored in black microtubes (Fisherbrand HS4323K) at − 80°C
for the analysis of TAS and TBARS. Cell fraction was washed by adding buffered saline solution (NaCl;
Na2HPO4; NaH2PO4; Milli-Q H2O) and centrifuged at 1900 × g for 15 minutes in a refrigerated centrifuge
at 4°C. The leukocyte layer and the buffered saline solution were removed. This process was repeated
until the leukocyte layer could not be distinguished or was reduced so that it did not interfere with
removal of the red blood cell (RBC) mass. RBC stored in black microtubes was kept in the freezer at − 
80°C for the future determination of GPx.

Blood in EDTA was added to tubes with distilled water and precipitant solution (HPO3; EDTA Na2.H2O;
NaCl; H2O) after vortexing for homogenization for GSH analysis. The samples were rested for 5 minutes

and then centrifuged at 1 900 × g for 5 minutes. After centrifugation, the intermediate layer was removed
and stored in amber microtubes (Thermo Fisher Scientific, Ireland) and stored at − 80°C.

Samples for haptoglobin (Hp) and IgG determination were collected using tubes containing a clot
activator (Vacutube, Labor Import, China) to obtain blood serum, which was then centrifuged at 1500 x g
for 10 minutes and stored in duplicate at − 40°C. All analyses were conducted as single assays, except
for the haptoglobin and IgG assays, which were performed in duplicate.

GSH levels were determined according to a previously described method (Beutler et al. 1963). Serum
GPx activity (RS504 and RS505, Randox Brasil Ltda, Brazil) and TAS (NX2332, Randox Brasil Ltda, Brazil)
determination were performed using commercial Randox test kits in an automated biochemical analyzer
(Labmax 240 Premium, Labtest Diagnostica, Brazil). TBARS was assayed by dissolving 3% (w/v) 5-
sulfosalicylic acid hydrate and thiobarbituric acid (TBA) solution at 0.67% in purified water at 95°C for 30
minutes. The pH 1.8 was adjusted from 1.8 to 2.0 using a 1 M sodium hydroxide solution. For TBARS
quantification, 0.25 mL of serum or washed erythrocytes were added to a test tube containing 0.25 mL
of 3% 5-sulfosalicylic acid hydrate, and vortexed for 10 seconds, centrifuged at 18 000 × g for 3 minutes,
and left to rest for 15 minutes at 25°C. Subsequently, 0.25 mL of purified water (blank) or supernatant
(samples) was diluted into 0.5 mL of 0.67% TBA solution. The mixture was heated at 95°C for 30
minutes and then cooled on ice for 10 minutes to stop further reaction. After blanks and samples were
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equilibrated to room temperature, 300 µL were pipetted into a microplate well and absorbance was
measured at 535 nm. The results are expressed as nM TBARS per milligram of Hb or total protein
(nM/mg of Hb or total protein) in washed erythrocytes or serum samples, respectively. The MDA-TBA
complex extinction coefficient of 156 000 M-1/cm-1 at 25°C and 0.9 cm path length were used for the
calculations.

IgG concentrations in serum samples were measured using an in-house sandwich ELISA, according to
the procedures described by Gomes et al. 2023. The intra-test coefficient of variation was 10% and inter-
test coefficient was 10% for IgG assays.

The concentration of haptoglobin was determined based on its ability to bind to hemoglobin (Ramos et
al. 2021) using spectrophotometry. The intra-test coefficient of variation was 7.25% and inter-test
coefficient was 8.19% for haptoglobin assays.

Serum concentrations of total bilirubin, direct bilirubin, cholesterol, glucose, triglycerides, total protein,
non-esterified fatty acids (NEFA), beta-hydroxybutyric acid (BHB), albumin, and aspartate
aminotransferase (AST) were determined in a Labmax 240 Premium automatic biochemical analyzer
(Labtest Diagnostica). References to commercial kits are shown in Online Resource 4.

2.5. Data collection
Data collection began during the prepartum period, from 30 to 20 days before the expected calving date,
and lasted up to 90 DIM. Milk yield in the rotary milking parlor, metritis and endometritis occurrence, and
reproductive performance were extracted from Dairy Plan (GEA Farm Technologies, Canada) databases.
Milk yield data from the milking robot were extracted using DeLaval VMSTM V300 software during the
1st week of lactation. The weekly average milk yield was recorded over 12 weeks, and individual somatic
cell counts (SCC) were recorded monthly. Reproductive indices, such as days between the calving date
and the 1st artificial insemination and the type of semen used (sexed or conventional), were recorded to
verify whether they impacted the conception rate, as well as the outcomes of pregnancy checks to
estimate pregnancy rates between experimental groups.

2.6. Statistical analysis
Analyses were conducted using the Statistical Analysis System for Windows software (SAS version 9.4,
SAS Institute Inc., Cary, NC, USA). Descriptive statistics for qualitative nominal data, such as the
occurrence of diseases and pregnancy, were calculated using the FREQ procedure. Associations
between experimental groups (NIMS and IMS) and disease incidence were evaluated using the Chi-
square test or Fisher’s exact test, with statistical significance set at P ≤ 0.05. Fisher’s exact test was
applied when group sizes included fewer than five animals. Variables with P ≤ 0.05 were further analyzed
through binary logistic regression to estimate odds ratios (OR) and 95% confidence intervals (95% CI)
using the LOGISTIC procedure.
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Quantitative variables were assessed for normality using the SAS Guided Data Analysis function. Non-
normally distributed data underwent logarithmic, square root, quadratic, or inverse transformations to
achieve normal distribution. Fixed effects of treatment (control vs. IMS), evaluation time points, and their
interaction were tested for significance. These effects were analyzed using the MIXED procedure, with a
post hoc least significant difference (LSD) test applied. Covariance structures were evaluated, and
models with the lowest Akaike Information Criterion (AIC) value were selected. Statistical differences
were considered significant at P < 0.05. When a significant interaction between treatment and time was
identified, differences between groups at each evaluation point were analyzed using Student’s t-test for
both prepartum and postpartum periods, with significance defined as P ≤ 0.05.

When working with unequal numbers of experimental units across treatments, variance between
treatments may differ. This was particularly relevant in the present study, as data from control group
animals were lost due to issues in the farm's information system. To address this, the statistical model
included a correction for variance heterogeneity by incorporating the group = trt statement in the
REPEATED command (e.g., Welch's test).

3. Results

3.1. Descriptive statistics
The sample size varied during the study owing to the removal of cows, but the proportions of cows
removed were similar between the experimental groups: 7.5% (14/187) and 4.4% (5/114) for the NIMS
and IMS groups, respectively. The incidence of twin births, stillbirths, and the sex of the calves from the
301 experimental cows are avalilable in Online Resource 5.

3.2. Effect of injectable mineral supplementation on ketosis
and hypocalcemia
Online Resource 6 shows the serum calcium levels on D1 (at calving) and D4 in Holstein cows treated or
not treated with IMS. The results indicated that heifer cows from the IMS group had slightly higher (P = 
0.06) calcium levels (8.23 ± 0.23 mmol/L) than those from the NIMS group (8.78 ± 0.18 mmol/L) on D4
after calving (Online Resource 6). The effects of intramuscularly injected multi-mineral supplementation
on the incidence of ketosis and hypocalcemia are shown in Table 1. The incidence of persistent
hypocalcemia (D1 and D4) was higher in NIMS for both multiparous category (P = 0.04) and for all cows
(P = 0.01). The odds of developing persistent hypocalcemia in the NIMS group were 4.60 times higher in
the multiparous group (95% CI: 1.105–19.186) and 3.13 times higher in the overall population (95% CI:
1.288–7.595). On the other hand, the incidence of late hypocalcemia (only D4) was lower (P = 0.02) in
the NIMS group than in IMS for the multiparous category (OR = 0.30, 95% CI; 0.107–0.836).

Table 1. Effect of the injectable multi-mineral supplement on ketosis and hypocalcemia incidence rate in
Holstein transition cows.
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Metabolic Diseases Category Incidence % (n/total) Odd Ratio
(95% CI)

P-
value

NIMS IMS

Subclinical ketosis (D5) Heifers 14.29
(7/49)

15.87
(10/63)

0.88 (0.310 -
2.517)

0.82

Multiparous 43.06
(31/72)

29.73
(33/111)

1.79 (0.962 -
3.319)

0.07

Total 31.40
(38/121)

24.71
(43/174)

1.39 (0.833 -
2.336)

0.21

Subclinical ketosis (D10) Heifers 12.24
(6/49)

14.29
(9/63)

0.84 (0.276 -
2.535)

0.75

Multiparous 43.06
(31/72)

32.73
(36/110)

1.55 (0.842 -
2.870)

0.16

Total 30.58
(37/121)

26.01
(45/173)

1.25 (0.749 -
2.096)

0.40

Transitory hypocalcemia
(D1)

Heifers 11.90
(5/42)

14.55
(8/55)

0.80 (0.240 -
2.629)

0.71

Multiparous 29.41
(20/68)

28.00
(28/100)

1.07 (0.543 -
2.115)

0.84

Total 22.73
(25/110)

23.23
(36/155)

0.97 (0.544 -
1.739)

0.92

Late hypocalcemia (D4) Heifers 23.81
(10/42)

10.91
(6/55)

2.55 (0.845 -
7.712)

0.09

Multiparous 7.35 (5/68) 21.00
(21/100)

0.30 (0.107 -
0.836)

0.02

Total 13.64
(15/110)

17.42
(27/155)

0.75 (0.377 -
1.485)

0.41

Persistent hypocalcemia
(D1 and D4)

Heifers 4.76 (2/42) 0 (0/55) - 0.96

Multiparous 20.59
(14/68)

8.00
(8/100)

4.60 (1.105 -
19.186)

0.04

Total 14.55
(16/110)

5.16
(8/155)

3.13 (1.288 -
7.595)

0.01

Abbreviations: NIMS = Control group; IMS = Injectable mineral supplementation group, received three
doses of 10 ml of intramuscular injections at 260±7 days of gestation, at calving, and 14±7 days in milk;
D1 = Calving day; D4 = Fourth day postpartum; D5 = Fifth day postpartum; D10 = Tenth day postpartum

3.3.  Effect of injectable mineral supplementation on uterine health and reproductive performance

The incidence rates of retained placenta (RP) and endometritis were similar between the IMS and NIMS
groups; however, the incidence of metritis was higher in the NIMS group than in the IMS group in all



Page 9/24

parity categories. NIMS has at least 2.10 (95% CI: 1.218–3.625) more chances (P = 0.01) to develop
metritis than the IMS group (Table 2). The intervals between calving and 1st artificial insemination and
pregnancy rates were similar between the experimental groups (Online Resource 7 and 8).

Table 2. Effect of injectable multi-mineral supplementation on uterine health of Holstein transition cows. 

Condition Parity Incidence % (n/total) Odd Ratio (95%
CI)

P-
value

NIMS IMS

Retained
placenta

Heifers 6.35 (4/63) 11.76 (6/51) 1.97 (0.524 -
7.386)

0.32

Multiparous 11.11 (8/72) 7.02 (8/114) 1.66 (0.593 -
4.630)

0.34

Total 11.38
(14/123)

6.78 (12/177) 1.77 (0.787 -
3.962)

0.17

Metritis Heifers 24.00 (12/50) 11.11 (7/63) 2.53 (0.912 -
7.000)

0.07

Multiparous 36.11 (26/72) 21.43
(24/112)

2.07 (1.072 -
4.008)

0.03

Total 31.15
(38/122)

17.71
(31/175)

2.10 (1.218 -
3.625)

0.01

Endometritis Heifers 18.37 (9/49) 19.05 (12/63) 0.96 (0.367 -
2.493)

0.93

Multiparous 14.71 (10/68) 14.68
(16/109)

1.00 (0.426 -
2.357)

0.99

Total 16.24
(19/117)

16.28
(28/172)

0.99 (0.528 -
1.885)

0.99

Abbreviations: NIMS = Control group; IMS = Injectable mineral supplementation group, received three
doses of 10 ml of intramuscular injections at 260±7 days of gestation, at calving, and 14±7 days in milk. 

3.4.  Effect of injectable mineral supplementation on mastitis, somatic cell count, and milk production

Milk production, SCC, the incidence of mastitis, and antimicrobial use in the immediate postpartum
period (from calving to D7) and across the first 90 DIM were similar between the groups (Online
Resource 9 to 11).

3.5. Effect of injectable mineral supplementation on metabolic profile 

The effects of mineral supplementation on metabolic biomarkers in transitional Holstein cows are
shown in Table 3. It was possible to detect higher mg/dL, and all experimental cows treated with an
injectable multi-mineral complex; 64.10 ± 0.93 mg/dL vs. 61.15 ± 0.63 mg/dL (P = 0.02), respectively, for
IMS and NIMS all parity cows. 
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Table 3. Mean (±standard error) of metabolism biomarkers in Holstein cows supplemented (IMS) or not
(NIMS) with an injectable mineral complex. 
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Parity Biomarkers Group Treatment Time Treatment*Time
Interaction

NIMS IMS

Mean ±
SE

Mean ±
SE

Heifers ALB 2.63 ±
0.03

2.50 ±
0.04

0.30 <
0.01

0.64

AST 33.59 ±
1.03

36.35 ±
1.10

0.25 <
0.01

0.65

BT 0.18 ±
0.01

0.18 ±
0.03

0.58 <
0.01

0.75

BD 0.23 ±
0.01

0.20 ±
0.01

0.26 <
0.01

0.90

COL 84.72 ±
2.56

90.17 ±
3.30

0.24 <
0.01

0.56

GLI 62.20 ±
0.94

66.34 ±
1.80

0.05 <
0.01

0.47

BHB
(mmol/L)

1.35 ±
0.03

1.35 ±
0.03

0.97 <
0.01

0.74

NEFA
(mmol/L)

1.01 ±
0.06

0.77 ±
0.41

0.22 0.67 0.19

Multiparous ALB 2.64 ±
0.03

2.66 ±
0.024

0.89 <
0.01

0.61

AST 34.82 ±
0.85

37.50 ±
1.00

0.37 <
0.01

0.24

BT 0.17 ±
0.01

0.23 ±
0.02

0.17 <
0.01

0.20

BD 0.22 ±
0.01

0.25 ±
0.01

0.10 <
0.01

0.05

COL 98.57 ±
3.12

94.52 ±
2.77

0.41 <
0.01

0.88

GLI 60.29 ±
0.84

62.90 ±
1.05

0.07 <
0.01

0.34

BHB
(mmol/L)

1.26 ±
0.03

1.25 ±
0.03

0.48 <
0.01

0.01

NEFA
(mmol/L)

0.92 ±
0.06

0.93 ±
0.05

0.97 0.06 0.58

Total ALB 2.63 ±
0.02

2.60 ±
0.02

0.67 <
0.01

0.87
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AST 34.41 ±
0.64

37.10 ±
0.75

0.17 <
0.01

0.34

BT 0.18 ±
0.01

0.215 ±
0.02

0.40 <
0.01

0.61

BD 0.22 ±
0.01

0.24 ±
0.01

0.36 <
0.01

0.30

COL 92.30 ±
2.11

93.00 ±
2.13

0.79 <
0.01

0.73

GLI 61.15 ±
0.63

64.10 ±
0.93

0.02 <
0.01

0.20

BHB
(mmol/L)

1.3 ±
0.02

1.28 ±
0.02

0.78 <
0.01

0.22

NEFA
(mmol/L)

0.96 ±
0.04

0.88 ±
0.03

0.44 0.04 0.71

Abbreviations: NIMS = control group; IMS = Injectable mineral supplementation group, received three
doses of 10 ml of intramuscular injections at 260±7 days of gestation, at calving, and 14±7 days in milk;
ALB = Albumin; AST = Aspartate Aminotransferase; BT = Total Bilirubin; BD = Direct Bilirubin; COL =
Cholesterol; GLI = Glucose; BHB = Beta-hydroxybutyrate; NEFA = Non-esterified fatty acids; Mean = mean
between groups; SE = Standard error. MIXED-model procedure. 

3.6.   Effect of injectable mineral supplementation on oxidative stress 

In multiparous cows, injectable multi-mineral complex treatment resulted in higher (P = 0.02) GPx (U/g
Hb). In addition, GSH (mg/dL) levels were higher (P = 0.05) in IMS cows than in untreated cows across
parities. An effect of time was detected for most variables, independent of the parity of the cows, except
for GPx and GSH. Interactions between treatment and time were also detected (P < 0.05) in the
multiparous category for TBARS (nM/mg) and TAS (mmol/L) (Table 4 and Figure 1). We detected higher
values of TBARS in the NIMS (2.16 ± 0.27) than in the IMS group (1.60 ± 0.33) at week +1 postpartum (P
= 0.02). In addition, the total antioxidant activity (TAS, mmol/L) was lower in the NIMS group than in the
IMS group at weeks +2 and +3 postpartum.

Table 4. Mean values and standard errors (SE) for biomarkers of oxidative stress in Holstein cows
treated or not with an injectable mineral supplement during the transition period. 
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Parity Variables Group P <
Treatment

P <
Time

P <
Treatment*Time

NIMS IMS

Mean ±
SE

Mean ±
SE

Heifers GPx (U/g
Hb)

1228.4 ±
39.2

1224.1 ±
44.6

0.71 0.07 0.32

TBARS
(nM/mg)

2.65 ±
0.17

1.99 ±
0.14

0.31 < 0.01 0.70

GSH
(mg/dL)

3.46 ±
0.36

3.59 ±
0.32

0.22 0.20 0.70

TAS
(mmol/L)

1.01 ±
0.01

0.98 ±
0.01

0.23 < 0.01 0.16

Multiparous GPx (U/g
Hb)

801.9 ±
34.7

940.7 ±
30.0

0.02 0.13 0.74

TBARS
(nM/mg)

1.98 ±
0.13

1.85 ±
0.13

0.59 < 0.01 0.04

GSH
(mg/dL)

3.76 ±
0.38

3.47 ±
0.27

0.68 0.43 0.63

TAS
(mmol/L)

0.99 ±
0.01

0.98 ±
0.01

0.33 < 0.01 0.05

Total GPx (U/g
Hb)

955.5 ±
28.1

1004.8 ±
25.6

0.25 < 0.01 0.23

TBARS
(nM/mg)

2.29 ±
0.11

1.90 ±
0.10

0.24 < 0.01 0.49

GSH
(mg/dL)

3.44 ±
0.22

3.7 ±
0.18

0.05 0.02 0.61

TAS
(mmol/L)

1.00 ±
0.01

0.98 ±
0.01

0.10 < 0.01 0.48

Abbreviations: NIMS = Control group; IMS = Injectable mineral supplementation group; animals were
injected 3 times, between D-30 to D-20 prepartum, on calving day and D+15 postpartum; GPx =
Glutathione peroxidase; TBARS = Thiobarbituric acid; GSH = Glutathione reductase; TAS = Total
antioxidant status; Mean = mean between groups; SE = Standard error. 

*Differences were considered significant when P ≤ 0.05. 

Total animals per parity: Heifers: 25 (NIMS = 15 and IMS = 10); Multiparous: 41 (NIMS, n =17;  IMS, n =
24); Total: 66 (NIMS, n = 32; IMS, n = 34)

3.7.  Effect of injectable mineral supplementation on immune biomarkers 
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Significant differences were observed in IgG concentrations between the IMS and NIMS groups for all
parity categories, with higher (P < 0.01) IgG levels in the IMS group. In contrast, the haptoglobin
concentration was higher (P < 0.05) in the NIMS group for multiparous cows and for all parity orders. A
time-related effect was observed for all variables and lactate levels. An interaction between treatment
and time was detected for IgG concentration in all experimental animals included in this study (Table 5
and Figure 2).

Table 5. Mean values, standard error (SE) for serum IgG and haptoglobin in Holstein cows treated or not
with an injectable mineral supplement during the transition period. 

Parity Variables Group Treatment P <
Time

Treatment*Time
Interaction

NIMS IMS

Mean ±
SE

Mean ±
SE

Heifers IgG
(mg/ml)

27.19 ±
1.53

33.32 ±
1.96

< 0.01 < 0.01 0.14

HAP
(mg/ml)

5.48 ±
0.52

4.00 ±
0.37

0.49 < 0.01 0.23

Multiparous IgG
(mg/ml)

28.09 ±
1.45

36.87 ±
1.69

< 0.01 < 0.01 0.27

HAP
(mg/ml)

6.15 ±
0.65

4.32 ±
0.30

0.03 < 0.01 0.10

Total IgG
(mg/ml)

27.68 ±
1.05

35.63 ±
1.30

< 0.01 < 0.01 0.03

HAP
(mg/ml)

5.84 ±
0.42

4.21 ±
0.23

0.05 < 0.01 0.11

Abbreviations: NIMS = Control group; IMS = Injectable mineral supplementation group, animals were
injected 3 times, between D-30 to D-20 prepartum, on calving day and D+15 postpartum; IgG =
Immunoglobulin G; HAP = Haptoglobin; Mean = Mean between groups; SE = Standard error.

Total animals per parity: Heifers: 25 (NIMS = 15 and IMS = 10); Multiparous: 41 (NIMS, n = 17; IMS, n =
24); Total: 66 (NIMS, n  = 32; IMS, n = 34) 

Discussion
The analysis indicated that the untreated and treated groups had similar incidence rates of ketosis.
Calcium analysis did not show a consistent difference between the experimental groups; however,
qualitative analysis revealed a 4.6 times higher likelihood of developing persistent hypocalcemia in the
NIMS group. This finding agrees with the usual development of subclinical hypocalcemia around
parturition, where the high and immediate calcium requirements for the production of colostrum and
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transition milk, along with a decrease in DMI, result in a great calcium deficiency that can take days to
settle (Mann et al. 2019).

No significant effect of IMS on lipolysis biomarkers was observed for either BHB or NEFA, regardless of
parity. Qualitative analysis of NEFA using odds ratios also did not detect differences between the
experimental groups.

Omur et al. 2016 administered vitamins (ADE) and trace elements (Cu, Se, Mn, and Zn) to ten
multiparous Brown Swiss cows and found lower NEFA values in the treated group at all sampling points
during the transition period. The study by Yazlık et al. 2021 found elevated concentrations of non-
esterified fatty acids (NEFA) in animals that received supplementation with the same commercial trace
mineral and vitamin product used by Omur et al. 2016, indicating some inconsistency in outcomes.

These different results for NEFA and BHB may be associated with the non-standardization of sampling
time, the technique used for sample analysis, cow physiological factors during the transition period, or
the supplementation of different commercial products with different mineral concentrations.

An interaction between treatment and time was detected in multiparous cows at the first week
postpartum, observing lower BHB concentration for the IMS group than for multiparous cows (0.75 ±
0.08 vs. 1.10 ± 0.15 mmol/L). One possible explanation for this finding is that multiparous cows
generally have higher milk yields; consequently, they have a greater metabolic challenge and more severe
negative energy balance (Kreipe et al. 2011). Therefore, IMS may have increased the risk of older cows.

Our findings are consistent with those reported by Machado et al. 2014. These researchers evaluated
subcutaneous mineral supplementation containing 300 mg of Zn, 50 mg of Mn, 25 mg of Se, and 75 mg
of Cu in 250 multiparous cows at 230 and 260 days of gestation and 35 days postpartum. Among the
findings of the study, serum BHB concentrations for the group that received mineral supplementation
was 0.27 mmol/L while the control group was 0.41 mmol/L. BHB analysis is usually performed for
ketosis control during the first week postpartum (McArt et al. 2012).

The effect of the treatment on glucose concentration was observed regardless of parity, with higher
glucose concentrations observed in the treated cows. It is possible that the sources of phosphate in the
commercial mineral supplements used in this study were different. Blood P levels are physiologically
reduced during the postpartum period, and P concentrations may be even lower in high-producing dairy
cows. Therefore, P supplementation may improve the energy balance (Grünberg and Constable 2009). In
addition, Grünberg and Constable (2009) found that small reductions in cytosolic P levels after
parturition may affect the liver metabolic activity. Bertoni et al. (2008) and Trevisi et al. (2012) observed
that transition cows with better liver function had lower NEFA and BHB serum levels.

The effect of mineral supplementation was observed in multiparous cows, with increased levels of the
antioxidant substance GPx in the supplemented group. Enzymatic antioxidants are pivotal in
transforming H2O2 into less reactive forms for the organism, including O2 and H2O. Previous studies
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have revealed that increased serum Se concentrations are associated with increased GPx activity in
cattle (Koller et al. 1984). Bittar et al. (2018) reported that mineral supplementation (Zn, Cu, Mn, and Se)
containing Se could also increase Se, which is a cofactor of GPx and could explain the GPx increase in
multiparous cows.

Interaction between treatment and time was detected for TBARS and TAS in multiparous cows, with
higher TAS and lower TBARS values in IMS animals than in NIMS animals in the postpartum period.
Soldá et al. (2017) reported significantly lower TBARS concentrations and higher catalase levels in
animals that received mineral supplementation during the transition period. However, Silva et al. (2022)
did not find differences in GPx and SOD antioxidant enzymes in dairy cattle supplemented with two
applications of subcutaneous mineral complexes (300 mg Zn, 50 mg Mn, 25 mg Se, and 75 mg Cu);
therefore, their findings differ from the results of our study. The time at which antioxidant enzymes were
evaluated may have influenced the results, since in our study, we analyzed the transition period from
prepartum to postpartum. In contrast, the cited authors evaluated the first 10 days after calving.

According to our findings and previously published results, older animals may have a reduced ability to
respond to selenoproteins, such as GPx, as the ability of younger animals to respond seems more
evident. Thus, although further studies are needed, this may justify the fact that Se supplementation may
reduce oxidative stress in older cows by increasing antioxidant activity.

The number of different antioxidant components in the serum and tissues makes it relatively difficult to
measure each antioxidant component separately. In addition, because there is cooperation among
various antioxidants, examining a single antioxidant may not accurately reflect their combined action.
Therefore, the measurement of TAS seems to be a suitable biochemical parameter for evaluating the
overall antioxidant status resulting from antioxidant intake or production and consumption by increasing
levels of oxidative stress (Nemec et al. 2000). In the present study, differences were observed in the TAS
scores of the multiparous cows. Interaction analysis revealed differences between multiparous cows in
the second and third weeks postpartum.

Abuelo et al. (2013) argued that the concentrations of antioxidants and pro-oxidants observed separately
are not good indicators of oxidative stress because an imbalance between them defines oxidative
stress. Although the focus of our study was not on oxidative stress, antioxidant enzymes and the lack of
oxidizing substance analysis may have prevented us from observing the entire scenario.

Haptoglobin and IgG levels were measured as representatives of the innate and adaptive immune
responses. Haptoglobin is an α2-globulin synthesized by the liver during the acute-phase response. In
cattle, the circulating concentrations of haptoglobin are negligible in healthy subjects; however, they may
increase by more than 100-fold during inflammatory and acute-phase reactions (Eckersall and Bell
2010). Therefore, haptoglobin has been used as a marker of stress or inflammation induced by
infections, diseases, and trauma in bovine (Eckersall and Bell 2010). In our study, haptoglobin
concentration was lower in the mineral supplementation group, both for multiparous cows and all cows,
in agreement with Silva et al. (2022). These finding disagree with the results presented by Silva et al.
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(2022), who did not found differences in haptoglobin levels between cattle supplemented and non-
supplemented with mineral complexes during the transition period. 

The effect of treatment with injectable minerals was observed for IgG in almost all parities evaluated in
this study. However, the interaction between treatment and time was only observed when the total
population were analyzed, independently of calving number, in which all time points showed higher IgG
values in the mineral supplementation group than in the control group. Since IgG is important for viral
and toxin neutralization, bacterial agglutination, and opsonization, in addition to neutralizing antibodies
and complement activation, among other immune functions, the increase in serum IgG dosage may be
related to the improvement of the cow's immune status during the study period (Abuelo et al. 2013).

The mechanisms by which trace minerals influence the immune response are not yet fully understood,
though a recent review in humans underscores the necessity of adequate mineral intake—specifically
magnesium, zinc, copper, iron, and selenium—for immune competence. Inadequate levels of these
minerals can temporarily impair immune function and disrupt inflammation regulation (Stefanache et al.
2023).

Magnesium and selenium, in particular, influence the acute-phase response by reducing cytokine
production in macrophages following toll-like receptor (TLR) stimulation, resulting in an anti-
inflammatory modulation. Additionally, selenium acts as a crucial co-factor for antioxidant enzymes,
protecting innate immune cells from damage caused by high concentrations of reactive oxygen species
(Stefanache et al. 2023). This mechanism may explain the observed reduction in acute-phase proteins,
such as haptoglobin, in cattle receiving injectable mineral supplementation compared to a placebo
group.

In terms of adaptive immunity, both magnesium and selenium are essential for lymphocyte activation,
growth, differentiation, and proliferation. Redox balance also plays a significant role in the differentiation
of T helper cell subtypes, including Th1, Th2, Th17, Treg, and other T helper types. Higher selenium intake
has been associated with increased IFN-gamma production, whereas lower selenium intake elevates IL-4
levels (Huang et al. 2012; Stefanache et al. 2023). Selenium levels may also influence B-cell-dependent
antibody production in a pathogen-specific manner, though its effect on T-cell immunity is generally more
consistent. Studies have documented an increase in antibody production in cattle vaccinated and
supplemented with injectable minerals (Bittar et al. 2020; Mattioli et al. 2020; Rodrigues et al. 2023).

While the specific mechanisms by which copper supports immune system development and function are
still unclear, its importance is well-established. Copper is necessary for the normal development and
optimal performance of the immune system, and deficiencies have been linked to reduced effectiveness
of both cellular and humoral immune responses (Pogge et al. 2012).

This research highlights the beneficial impact of injectable mineral supplementation on reducing
postpartum ketosis and metritis incidence, alongside its effects on oxidative stress and both innate and
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humoral immune responses. Future studies are needed to further investigate and clarify the specific
roles of each mineral in bovine immunity during critical periods.

The results from this study indicated that IMS enhanced the metabolic and uterine health of Holstein
cows during the transition period. The treated animals showed reduced oxidative stress owing to the
increased enzymatic activity of GPx (multiparous cows) and GSH (all animals). The immunity of cows,
characterized by an anti-inflammatory profile, was also improved, as evidenced by a decrease in the
haptoglobin biomarker levels compared to the control group, and higher serum IgG concentrations at all
time points in the group that received injectable mineral treatment.
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Figure 1

Mean values, standard error (SE), and differences for TAS (a) and TBARS (b) between control and
mineral supplementation groups in Holstein dairy cows during the transition period

Abbreviations: NIMS = Control group, animals did not receive injectable mineral supplementation; IMS =
Injectable mineral supplementation group, animals were injected 3 times, between D-30 to D-20
prepartum, on calving day and D+15 postpartum; TBARS = Thiobarbituric acid; TAS = Total antioxidant
status; M-3 = Three weeks prepartum; M-2 = Two weeks prepartum; M-1 = One week prepartum; M0 =
Peripartum; M+1 = One week postpartum; M+2 = Two weeks postpartum; M+3 = Three weeks
postpartum.

* Differences were considered significant when P < 0.05 (Student’s t-test).

Total animals per group: NIMS, n = 17; IMS n = 24.
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Figure 2

Mean values, significant P-value, and differences for IgG between control and mineral supplementation
for the total of animals

Abbreviations: NIMS = Control group, animals did not receive injectable mineral supplementation; IMS =
Injectable mineral supplementation group, animals were injected 3 times, between D-30 to D-20
prepartum, on calving day and D+15 postpartum; HAP = Haptoglobin; IgG = Immunoglobulin G; M-3 =
Three weeks prepartum; M-2 = Two weeks prepartum; M-1 = One-week prepartum; M0 = Peripartum;
M+1 = One week postpartum; M+2 = Two weeks postpartum; M+3 = Three weeks postpartum.

* Differences between groups are considered significant when p < 0.05 (Student's t-test).

Total animals per group: NIMS, n = 32; IMS, n = 34.
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