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Abstract
Background: the peripartum is the most critical period in dairy cows with high incidence of diseases due to immune dysfunctions, often
paired with systemic in�ammation and oxidative stress. Selenium is a trace mineral that plays an important role in anti-oxidative
function and immune response. We hypothesize that supplementing dairy cows with a relatively small amount of Se-bioforti�ed hay
during the last 40 days of pregnancy and early lactation improves performance, metabolism, oxidative status, and immune response.

Methods: ten Jersey and 8 Holstein pregnant dairy heifers were divided into two groups and supplemented with 1 kg/100 kg BW of Se-
bioforti�ed (Sel; n=9; 3.2 ppm Se) or non-bioforti�ed (Ctr; n=9; 0.4 ppm Se) alfalfa hay from 40 days prior- to 2 weeks post-partum.
Heifers were monitored daily for feed intake, activity, and milk yield, and weekly for BW and BCS. Milk samples were assessed for
components and fatty acid pro�le. Blood samples were collected regularly to assess metabolic, oxidative, and in�ammatory
biomarkers, and to evaluate leukocytes phagocytosis and differential through �ow cytometry.

Results: supplementation of Se bioforti�ed hay did not affect feed intake, milk yield, BW, BCS, milk components, and any of the
parameters measured on leukocytes but increased the hematocrit. Animal receiving Se bioforti�ed hay had larger concentration of
plasma albumin and a tendency for larger blood urea, indicating a possible better liver status, especially post-partum. None of the
parameters measured in plasma related to the oxidative status were affected, except the concentration of advanced oxidation protein
products that was greater in Sel vs. Ctr. The concentration of advanced oxidation protein products was negatively correlated with
parameters related to in�ammation but positively associated to plasma albumin suggesting a possible improved anti-oxidative
function of circulating albumin by Se-bioforti�ed hay supplementation.

Conclusions: feeding Se-bioforti�ed hay during pregnancy in dairy heifers had little effect on metabolic, in�ammatory, and oxidative
status parameters with no effect on performance or immune response. Supplementation with Se-bioforti�ed hay increased plasma
level of albumin, possibly as consequence of improved liver function, promoting the antioxidant role of albumin as indicated by
increased AOPP.

Background
The most critical period in the life of a dairy cow is the “transition period,” which is de�ned as three weeks before and three weeks after
parturition [1]. During that time, high-producing dairy cows undergo many physiological and metabolic changes [2]. The high nutritional
requirements of lactation, together with the inability to eat enough, drive the cow into a negative energy balance that elicits the
mobilization of non-esteri�ed fatty acids (NEFA) from the adipose tissue.

A large amount of circulating NEFA typical of early post-partum cows when entering the hepatocytes can contribute to increasing
reactive oxygen species (ROS) during the process of being converted to energy in the mitochondria [2–4]. ROS are not only produced by
catabolism of NEFA but also by active phagocytes [5]. An imbalance between the high production of ROS and low antioxidant defenses
generate oxidative stress [6]. Early post-partum dairy cows also experience in�ammatory-like conditions that can negatively affect the
ability of the liver to face the ensuing large metabolic and immune challenges [7, 8]. All the above causes increase in the incidence of
diseases [9, 10].

The metabolic and oxidative stress experienced by dairy cows during the transition period negatively impact the immune system [11].
However, immune dysfunction early post-partum in dairy cows is also highly determined by nutritional de�ciencies, as demonstrated by
the positive effects on the immune system by various supplements during this stage of lactation [12, 13]. Among trace minerals, Se
supplementation can enhance the antioxidative status and the innate and adaptive immune response [14–16]. Se supplementation can
also affect overall in�ammatory response and metabolism [14].

Selenium is de�cient in forages produced in several parts of the world, including NW US, due to the low Se availability in the soil [17].
Thus, cows do not receive an adequate amount of Se from forages, and supplementation is required. It is di�cult to reach the
requirements of Se in dairy cows using inorganic Se supplementation, which is mostly due to the acute toxicity of high doses of
inorganic Se. For this reason, Se is the only micronutrient regulated as a feed additive by the FDA that sets the limit of Se
supplementation in cattle to 0.3 ppm in various supplements with a maximum of 3 mg/head per day [18].

Compared to inorganic Se (i.e., selenate and selenite), the organic Se (i.e., seleno-amino acids) is less toxic to cattle and can be used as
a supplement to match the requirement of Se in this species [19, 20]. Se-yeast has been successfully used as supplement in pregnant
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Jersey cows [14]. Besides Se-yeast, agronomic bioforti�cation of forages with Se can be an excellent alternative to supplement Se in
high producing dairy cows fed forages grown in areas with low Se in the soil [21–23].

We have performed a study where we fed dairy heifers during the last 40 days of pregnancy until 14 days in milk with a relatively low
amount of Se-bioforti�ed hay (1 kg DM/100 kg BW) [24]. In that study, the treatment improved Se status and the glutathione
peroxidase (GPx) activity in whole blood and plasma. However, the effect of Se-bioforti�ed alfalfa on metabolism, overall oxidative
status, immune status, and performance was not assessed.

Based on prior observations of the effect of organic Se in dairy cows, we hypothesize that supplementing dairy cows with a relatively
small amount of Se-bioforti�ed hay during the dry period and early lactation improves performance, metabolism, oxidative status, and
immune response. The objective of the present study was to evaluate the effect of feeding 1 kg/100 kg BW of Se-bioforti�ed alfalfa to
pregnant dairy heifers during the last 40 days of pregnancy and early lactation on blood biomarkers, performance, and immune status.

Methods

Animals, ration, and experimental design
The overall experimental design is shown in Additionla File 1 Figure S1. Details of the experiments and nutritive values of the diets are
reported elsewhere [24]. Brie�y, ten Jersey and eight Holstein pregnant heifers were kept in a pen equipped with Calan gates received
either 1 kg /100 kg BW of Se-bioforti�ed alfalfa hay (Sel; 3.25 mg Se/kg DM) or control hay (Ctr; 0.43 mg Se/kg DM) starting at 40 day
from expected parturition to 14 day in milk (DIM). Animals were milked twice daily at 0500 and 1800 h and fed ad-libitum a total mixed
ration (TMR) twice daily at 0700 and 1900. Before feeding, TMR was mixed by hand with the chopped Se-bioforti�ed alfalfa hay or the
control alfalfa hay. Details of the feeding and composition and chemical analysis of the feedstuffs were reported previously [24].

Feed intake, body weight, and body condition score
Dry matter intake (DMI) was recorded daily by measuring feed provided and residuals. The BW was measured once a week with a walk-
in scale (A�milk, Kibbutz A�kim, Israel Israel). The body condition score (BCS) was measured every week by three different people,
using a 1 to 5 scale. The �nal BCS was calculated as the geometrical mean of the three operators.

Activity steps, milk yield, milk components, and milk fatty acid pro�ling
The activity steps of the animals, milk yield and milk conductivity were measured by the A�milk system. Milk samples were collected in
tubes containing bronopol during morning milking at 3, 7, and 14 DIM and shipped to a commercial laboratory (Willamette National
Dairy Herd Information Association, Salem, OR) for analysis of butterfat, protein, lactose, solid non-fat (SNF), milk urea nitrogen (MUN),
and somatic cell count (SCC). Milk fatty acid pro�le was analyzed in milk samples collected at 7 and 14 DIM using gas
chromatography as previously described [25] using behenic acid as the internal standard (100 µL of a 0.2 mg/mL solution, Cat#1161,
Matreya, LLC).

Blood collection and analyses
Blood samples were collected before the morning feeding from the jugular vein into evacuated tubes with Na-heparin (Cat# 366480,
10 mL; Becton Dickinson, Franklin Lakes, NJ) at -39 ± 5 (i.e., baseline), -27 ± 4, -10 ± 3, -2 ± 1, 1 ± 0, 2 ± 0, 4 ± 1, 7 ± 1 and 14 ± 1 DIM.
Aliquots of plasma were sent to the Department of Animal Sciences, Food and Nutrition (DIANA), Università Cattolica del Sacro Cuore,
Piacenza, Italy for metabolic and in�ammatory pro�ling. Blood samples were processed and analyzed following the methods
previously described [26]. Energy, protein, and mineral metabolism were pro�led by measuring the concentration of glucose, cholesterol,
NEFA, beta-hydroxybutyric acid (BHB), urea, and total protein, globulin, Ca, and Mg. Positive acute-phase proteins such as haptoglobin
and ceruloplasmin and negative acute-phase proteins such as albumin and paraoxonase were used to evaluate the in�ammatory
response. Myeloperoxidase (MPO) was determined to assess the activity of neutrophils. Liver activity and health were assessed
measuring total bilirubin, aspartate aminotransferase, γ-glutamyl transferase, and alkaline phosphatase (ALP). The oxidative stress
was monitored by measuring total reactive oxygen metabolites, thiolic groups, ferric reducing antioxidant power, and advanced
oxidation protein products (AOPP). The kidney function was assessed via plasma creatinine. Several ratios between parameters were
computed. The NEFA to albumin ratio (mM/mM) was used to assess potential toxicity of free fatty acids (normal range is 0.5-1) [27].
The AOPP to albumin ratio was used as an index of protein oxidation (larger number indicates higher oxidation) [28]. The albumin to
globulin ratio was used as an index of nutrition and systemic in�ammatory status (the larger the number, the better the nutritional and
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in�ammatory status) [29]. The urea to creatinine ratio was used as an indirect index of the renal glomerular �ltration rate with a normal
range of 40–100 (mM/mM), with ranges > 100 indicating extra-renal problems, such as dehydration, and values < 40 indicating kidney
issues [30, 31].

Carrageenan skin test
The carrageenan skin test for the assessment of the in vivo diapedesis was done as previously described [32] at -47 ± 5 (baseline), -19 
± 4, -3 ± 2, and 7 ± 1 DIM. Data from four Jersey cows, two from the Sel and two from the Ctr groups were unavailable. Brie�y, sterile
carrageenan (κ-Carrageenan, Cat# IC10488680, VWR, USA) was dissolved in sterile saline (Cat# VINV-SALN-1000, Henry Schein, USA)
to obtain a 0.7% solution. The CST was administered by subcutaneous injection of 0.6 mL of carrageenan solution (equal to 4.2 mg of
carrageenan) after clipping the hair of the area of the shoulder. The injection was done alternatively in the left and right shoulder
between time points and the site of treatment was different for each injection repeated in the same shoulder. The skin thickness was
measured using a skinfold caliper (Cat# 470119-588, VWR, USA) immediately before carrageenan injection (0 days), then at 2 and 9
days after the injection. The overall response was calculated as the area under the curve of the thickness measured at day 2 and day 9,
subtracting the thickness measured at day 0.

Leukocytes counting, phagocytosis, and differential
Total leukocytes were counted using the Leuko-tic blue kit (Cat#4013-0006/-0007/-0008, bioanalytical, Germany). Phrodo BioParticles
Phagocytosis kit containing green S. aureus bioparticles (Cat# P35382, Life Technologies) was used to measure leukocytes
phagocytosis according to the manufacturer’s protocol. At the end of the protocol, cells were stained with primary antibodies CAM36A
(IgG anti-CD14; Cat# 6-9-03) and CH138A (IgM; neutrophils marker; Cat# 2001) from the Washington State University Monoclonal
Antibody Center (Pullman, WA). Allophycocyanin goat anti-mouse IgG (Cat# M30005, Caltag Laboratories) and R-Phycoerythrin goat
anti-mouse IgM (Cat# 662587, Invitrogen) were used as secondary antibodies. Final samples were �ltered using a cheesecloth and
loaded on a 96 well �at-bottomed plate (Cat#655 180, Cellstar, USA) for �ow cytometer assay using a Beckman Coulter CytoFLEX.
Protocol for cell preparation/staining and �ow cytometer data for phagocytosis and differential were performed as previously
described [33].

Statistical analysis
Milk production was analyzed as daily milk yield during the �rst 14 DIM and as a weekly average for the �rst 120 DIM. When available,
data were arithmetically corrected using the baseline for each breed separately as previously described [33] to obtain the same mean
between treatment groups at baseline but keep the differences between breeds. After the correction, the baseline was removed from the
statistical model. Statistical analysis was performed using SAS (v9.4, SAS Institute, Inc., Cary, NC, USA). For all parameters, outlier data
were checked using PROC REG. Data with a studentized t > 3.0 were removed. Data were analyzed by GLIMMIX with the �xed effect of
feeding Se bioforti�ed hay (Se), breed (Br), time, and their interactions with the cow as a random effect using the default covariate
model (variance components). The Kenward-Roger degrees of freedom approximation was used. For milk fatty acid analysis, a PROC
GLM was used. PROC CORR was used for correlation analysis among the variables. Differences were considered signi�cant with P ≤ 
0.05 and a tendency with P ≤ 0.10.

Results
Performance and milk composition

None of the performance data were signi�cantly affected by feeding Se bioforti�ed alfalfa hay (Table 1). An exception was the lactose
yield, which increased by feeding Se-bioforti�ed hay to Holstein but had the opposite effect on Jersey cows. This effect also drove a
tendency (P=0.06) for the same pattern for SNF. Milk yield and SCC also tended to be affected by the treatment. Milk yield during the
�rst 120 DIM had a tendency (P=0.07) to be affected by Se×Br×Time interaction driven by a larger increase through time in Holstein
cows in Sel vs. Ctr (Additional File 1 Figure S2). The SCC tended (P=0.08) to increase in Jersey cows in Sel but decreased in Holstein
cows in the Sel group compared to their relative control groups.

Feeding Se-bioforti�ed hay had a minor effect on fatty acid pro�ling of the milk. Only the proportion of the peak corresponding to the
sum of trans13-C18:1 and trans14-C18:1 was signi�cantly increased by Se-bioforti�ed hay (Additional File 2 Table S1). The Δ9
desaturation activity toward C14:0 and proportion of C20:3 n3 had a signi�cant interaction Se×Time due to a decrease from 7 to 14
DIM in Sel but an increase in Ctr cows and the proportion of conjugated linolenic acid (C18:3CLN) was affected by a full interaction
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Se×Br×Time due to a larger value at 7 DIM in Jersey cows receiving the Se bioforti�ed hay compared to Ctr (Additional File 1 Figure
S1).

Plasma parameters

All the parameters measured in plasma are reported in Table 2. The temporal pattern of parameters with a signi�cant effect is shown in
Figure 1.

Metabolic parameters. None of the measured parameters related to metabolism were signi�cantly affected by feeding Se-bioforti�ed
hay in peripartum heifers. A tendency (P=0.06) for larger concentration of blood urea in Sel vs. Ctr cows was detected.

In�ammatory parameters. A signi�cant Se×Time and Se×Br×Time interactions were detected for the negative acute-phase protein
albumin (Figure 1A). There was signi�cantly greater concentration of circulating albumin at 14 DIM in Sel vs. Ctr. A tendency for a full
interaction (P=0.06) was detected for the positive acute-phase protein haptoglobin, but there was not a clear effect of the Se bioforti�ed
hay in any of the time points evaluated (Figure 1B). We also detected a tendency (P=0.10) for higher concentration of plasma MPO in
Sel vs. Ctr.

Liver status. Only ALP was affected by the full interaction between Se×Br×Time, but there was no difference due to the Se bioforti�ed
hay in the time points evaluated (Figure 1C).

Oxidative status. Of all parameters measured related to the oxidative status, only the plasma concentration of AOPP was overall
greater in Sel vs. Ctr cows (Figure 1D). The AOPP to albumin ratio was larger in Sel vs. Ctr.

Minerals. Plasma concentration of Ca (Figure 1E) and estimated free Ca was affected by a full interaction of Sel×Br×Time due to larger
values in Sel vs. Ctr in Jersey cows at -10 DIM but larger values in Sel vs. Ctr in Holstein cows at 14 DIM. Mg was decreased by Se-
bioforti�ed hay prior parturition only in Holstein cows (Figure 1F).

Kidney function. The urea to creatinine ratio was larger in Sel vs. Ctr cows with not differences in plasma concentration of creatinine.

Other parameters. The hematocrit was overall larger in Sel vs. Ctr cows (Figure 1G). The concentration of blood total protein tended
(P=0.08) to be increased by the treatment while globulin tended (P=0.06) to be affected by the treatment based on breed, with a
numerical increase in Jersey cows while decreased in Holstein cows fed Se-bioforti�ed hay vs. control.

Immunological parameters

None of the measured immune-related parameters, including phagocytosis, leukocytes differential, and CST, were affected by the Se
treatment (Table 3); however, the leukocytes count was affected by the full interaction, due to a sudden drop early post-partum with a
quick increase afterwards in Holstein cows fed with Se bioforti�ed hay compared to the other groups (Figure 1H).

Correlations of AOPP with other parameters

Due to the unexpected pattern of AOPP, a correlation between AOPP and other parameters in our study was performed as well as the
correlation between all the measured parameters (Additional File 3). Plasma level of AOPP in our study was not correlated with any of
the immune-related parameters and negatively correlated (P<.001) with plasma GPx (r = -0.46), total ROM (r = -0.41), in�ammatory
parameters haptoglobin and ceruloplasmin (r = -0.38), NEFA (-0.36), BHB (r = -0.31), or indexes of poor liver activity/health such as
AST/GOT (r = -0.47) and total bilirubin (r = -0.28). The plasma level of AOPP was instead positively correlated (r >0.32; P<.0001) with
parameters related to low in�ammation and/or good liver function such as albumin, cholesterol, and paraoxonase. Levels of thiol
groups and albumin were positively correlated (r = 0.60; P<.0001) while no correlations were existed between the activity of GPx in
whole blood previously measured [24] with hematocrit.

Discussion
Cow performance was not affected by Se-bioforti�ed hay

Previous studies on peripartum ewes lambs indicated a positive effect of Se supplementation during pregnancy on mammary gland
growth, development, and vascularity [34, 35] that can increase milk production. In our study, only a tendency for increased milk
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production during the �rst 120 days of lactation in primiparous Holstein cows was detected and not in Jersey cows, but, except for
lactose which increased in Holstein but decreased in Jersey cows receiving the Se-bioforti�ed hay, none of the milk components were
affected by the treatment. Our �ndings are similar to prior studies where Se supplementation did not affect milk yield and composition
[36, 37], but, as in our study, the same treatment increased the lactose yield in Holstein dairy cows [37]. Different than those prior
studies and our study, in another study it was observed a signi�cant increase in fat % in lactating multiparous cows supplemented with
Se-yeast compared to cows supplemented with inorganic Se [20].

In prior studies, Se supplementation increased the proportion of polyunsaturated fatty acids (PUFA) in the milk of cows [38] and
humans [39]. It is thought that the effect of Se on PUFA is due to its role via GPx enzyme. The GPx can prevent the oxidation by free
radicals of PUFA present in milk [40]. Contrary to the above experiments, we did not detect any important effect on milk PUFA by
feeding Se-bioforti�ed hay. This appears to be consistent with our data indicating that feeding Se-bioforti�ed hay does not affect milk
GPx activity [24].

Selenium bioforti�ed hay improves albumin production by the liver

In our experiment, supplementation of dairy cows with Se-bioforti�ed hay improved plasma albumin concentration early post-partum.
Similar results were detected previously in Jersey cows supplemented with Se-yeast during the last eight weeks of gestation [14] and in
Holstein cows supplemented with selenomethionine from 21 days prepartum to 21 days post-partum [41] or inorganic Se + vitamin E
[42].

The reason for the consistent higher concentration of circulating albumin when organic Se is provided to cattle is unclear. Albumin is a
negative acute-phase protein, and larger increase in circulating albumin is consequence of lower in�ammation and better liver function
[11]. In our experiment, we did not observe any effect of the treatment on in�ammation; thus, the larger plasma albumin in Se-treated
cows cannot be the consequence of lower in�ammation. The reason for the greater albumin observed in our experiment by feeding Se-
bioforti�ed hay is likely due to an increase in liver synthesis of albumin or decreased turnover. Unfortunately, we did not measure
synthesis of albumin, but preliminary data indicate not effect of feeding Se-bioforti�ed hay on the transcription of albumin gene in the
liver [43].

Urea concentration in plasma is the result of the balance between urea input (i.e., produced by the liver) and output (i.e., rumen
utilization, elimination by the kidneys, and passive loss via feces, sweat, and milk) [44]. Hence, increased plasma urea can be caused
by increased urea production, decreased urea elimination, or a combination of the two. We can exclude the increase of urea by dietary
protein intake considering that there was no difference in DMI and dietary crude protein between groups [24]. We can also eliminate any
kidney problem, considering that larger urea to creatinine ratio in cows supplemented with Se-bioforti�ed hay was detected. The higher
urea to creatinine ratio however suggests a larger reabsorption of urea by the kidney in Sel vs. Ctr cows. Urea in plasma can also
increase as a consequence of increased muscle proteolysis [45]. This does not appear to be the case in our study due to the lack of any
difference in BW between treatment groups. Thus, it is possible that the larger urea in the blood was the consequence of a combined
improved capacity of the liver to synthesize urea and larger re-absorption of urea by the kidney. Data produced in vitro [46] and in vivo
[47] demonstrated a positive effect of organic Se supplementation on rumen fermentation in dairy cows. Thus, it is possible that the
larger concentration of plasma urea observed in our study was also due to greater production of microbial proteins. However, this did
not translate in more milk protein synthesis. In the in vivo study, Wei and collaborators detected a linear reduction of ammonia in the
rumen by an increased dose of organic Se supplemented. This would indicate a larger amount of ammonia utilization by the microbes
that would decrease the urea production by the liver. Thus, the observed effect on urea level by Se-bioforti�ed hay remains still unclear.

To further complicate the interpretation of the urea data, an increase in blood urea concentration in Se supplemented animals was also
observed in rats supplemented with inorganic Se [48] and in one year old Angus steers fed organic Se [49] but not in multiparous dairy
cows [41, 50]. Thus, it is possible that the observed increased circulating urea by feeding Se-bioforti�ed hay might only be associated
with the young age of the cows used.

Overall, the higher albumin and urea concentration in plasma appears to partly support a liver in better condition in cows treated with
Se-bioforti�ed hay compared to cows fed a normal hay. It is also possible that the effects observed were due to a better rumen
fermentation or larger kidney re-absorption of urea. Finally, the effect can be also associated with the use of young animals.

Selenium bioforti�ed hay does not affect the oxidative status and the immune system but improves the antioxidant function of
albumin
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One of the main antioxidant enzymes in the blood of cows is the Se-dependent GPx that acts to remove free radicals normally
produced by cells [51]. The activity of GPx was increased signi�cantly in erythrocytes and plasma of the cows supplemented with Se-
bioforti�ed hay compared to control cows in our experiment [24], indicating an enhanced antioxidant response. However, none of the
measured parameters associated with the oxidative status reported in the present manuscript were affected by the treatment with the
exception of the AOPP, that was larger in cows few Se-bioforti�ed hay compared to control animals.

The AOPP is a marker of protein oxidation that was �rst described in the plasma of uremic human patients [52], and it has been
recognized as a marker of in�ammation in several diseases in humans [53]. Higher concentration of AOPP in plasma was also
observed in dairy cows experiencing endometritis [54]. AOPP are products of proteins exposed to free radicals, and they are formed by
the reaction between plasma proteins and chlorinated oxidants mediated by the neutrophil enzyme MPO [55, 56]. AOPP can also trigger
the oxidative burst and the synthesis of in�ammatory cytokines in neutrophils and monocytes [57]. Increased chemotaxis and
respiratory burst of neutrophils was detected in sheep supplemented with Se nanoparticles compared to sodium selenite [58].
Unfortunately, we did not measure respiratory burst capacity in neutrophils in our experiment, but MPO activity tended to be larger in
cows supplemented with Se-bioforti�ed hay. Despite being both overall larger in Sel vs. Ctr, the negative correlation between AOPP and
MPO and AOPP to albumin ration and MPO do not support a role of MPO in determining the level of AOPP in our study. In humans, a
positive correlation between levels of AOPP and MPO was observed in plasma but only in patients with kidney failure and not in
healthy patients [59]. Our cows, including the ones fed with Se bioforti�ed hay groups, were all healthy with no kidney problems as
supported by the normal level of creatinine; thus, the lack of correlation between AOPP and MPO in healthy animals appears to be
con�rmed.

The above data do not explain the larger concentration of plasma AOPP detected in animals treated with Se-bioforti�ed hay compared
to control cows in our study. Interestingly, the negative correlation of AOPP with in�ammatory parameters and indexes of poor liver
activity/health and the positive correlation with parameters related to low in�ammation and/or good liver function suggest higher
AOPP in plasma as a positive outcome.

Serum albumin is one of the major antioxidant proteins in the blood [60]. Interestingly, the results of albumin oxidation are AOPP [61].
The AOPP produced from oxidized albumin bind to high-density lipoprotein scavenger receptor and are primarily eliminated by the liver
and the spleen [62]. Thus, the larger concentration of AOPP can partly be explained by the greater amount of circulating albumin in
cows fed Se-bioforti�ed hay. This is also supported by the positive correlation between plasma levels of albumin and AOPP. In albumin,
methionine (0.8% of all amino acids) and cysteine (5.8%) account for up to 80% of its total antioxidant activity [63]. The thiol group
Cys34 in albumin that acts as a scavenger for reactive oxygen and nitrogen species accounts for 80% of the reduced thiols in human
plasma.

Our data appear to suggest, contrary to prior data, that larger concentration in plasma of AOPP is associated with lower in�ammation
and/or better oxidative status. Due to this apparent contradiction with the classical interpretation of higher oxidation by a larger level of
AOPP, the role of AOPP in dairy cows deserve further investigations.

The increase in GPx activity but lack of effect of Se-bioforti�ed hay on other parameters of the oxidative status in our study is very
similar to a recent study reported in pregnant heifers [64]. In that study, heifers were supplemented with hydroxy-selenomethionine
during the prepartum, and the authors observed in blood a signi�cantly larger GPx activity but no effect on the lipid peroxidation marker
malondialdehyde. However, our results differ substantially with another recent study performed in multiparous cows [16]. In that study,
supplementation of organic Se prepartum improved most of the antioxidant parameters measured, most of them assessed also in our
study. Thus, it is very likely that the lack of effects observed in our study was due to the use of pregnant heifers instead of using
multiparous cows.

Selenium-bioforti�ed hay affects Ca and Mg metabolism

The effect on the concentration of serum Ca by feeding Se-bioforti�ed hay can partly be driven by the known relationship between
albumin and Ca since Ca ions (approx. 50% of the total serum Ca) is bound in blood to albumin [65]. However, the free Ca appears to be
positively associated with Se-bioforti�ed hay supplementation prepartum in Jersey cows. This is of importance, considering that this is
the active form of Ca, that when decreased induces the release of parathyroid hormone via the Ca2+ sensing receptor, controlling the Ca
homeostasis [66]. Ca homeostasis prepartum is of paramount importance in dairy cows, especially Jersey cows, which are known to be
more at risk of this post-partum hypocalcemia. Probably even more important for the prevention of hypocalcemia is the level of Mg in
plasma prepartum. As a cofactor in parathyroid hormone action, Mg is required for the e�cient absorption and resorption of Ca; hence,
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cows with low blood magnesium around calving are more prone to get milk fever [67]. Our data indicated a higher Ca prepartum in
Jersey cows and a lower Mg during the �rst 2 DIM, suggesting a higher risk of milk fever. However, none of our cows had milk fever.
Thus, the effect of Se-bioforti�ed on Ca and Mg is of interest, but the consequences remain unclear.

Selenium bioforti�ed hay improves red blood cells

The hematocrit was positively affected by feeding Se-bioforti�ed hay in our study. This was not caused by dehydration as supported by
the lack of change in plasma concentration of creatinine. While there are no previous data concerning cows, Se supplementation
increase hematocrit in mice [68] and fattening lamb [69]. Selenium has a role in regulating red cell homeostasis by mitigating oxidative
stress-dependent modulation of genes that affect the differentiation of erythroid progenitors [68]. Furthermore, oxidative stress is
known to decrease the function and the half-life of red blood cells [70]. Se supplementation can prevents erythrocyte lysis and
formation of methemoglobin by improved GPx activity, as observed in vitro in the rat [71]. However, the lack of correlation between the
activity of GPx in whole blood previously measured [24] with hematocrit does not support the higher GPx activity in blood and plasma
of cows supplemented with Se-bioforti�ed hay improved erythropoiesis and/or protected red blood cells.

Limitations Of The Study
Our study presents several limitations. The number of animals used was low, and the two breeds had an unbalanced number of
animals between the treatments. Another limitation was the use of pregnant heifers instead of multiparous cows. Thus, it is possible
that a bene�cial effect of the Se supplementation was not detected due to the use of young and healthy animals. The short term of
data collection after parturition (14 days), especially milk components, was also a limitation of the study. This is suggested by the
tendency for larger milk yield in Holstein cows when observed for 120 days post-partum.

Conclusions
The present study revealed that feeding pregnant heifers with a relatively low amount of Se-bioforti�ed hay did not in�uence cow's
performance or milk yield or composition, including the fatty acid pro�le of the butterfat. The treatment also had little effect on
metabolic and in�ammatory parameters. Furthermore, despite higher GPx activity in blood and plasma [24], no other measured
parameters related to antioxidant response were affected. However, data allowed us to infer that supplementation of pregnant heifer
with Se-bioforti�ed hay likely improved the antioxidant function of albumin and improved erythropoiesis. All those outcomes need to be
further validated. As indicated above, a lack of stronger effect might be due to the use of pregnant heifers and the low number of
animals. It appears sensible to test further the effect of Se-bioforti�ed hay in pluriparous cows. If a new experiment should be
performed, our data indicate that the respiratory burst should be inserted among the measured parameters. More studies may be
needed to conduct to clarify the main function of AOPP in dairy cows and their association with albumin and oxidative status.
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Tables
Table 1. Performance of Jersey (n=5/group) and Holstein (n=4/group) pregnant dairy heifers supplemented with 1% BW of Se-
bioforti�ed alfalfa hay (Sel) or no bioforti�ed alfalfa hay (Ctr) from 40 days prior expected parturition to 14 days after calving
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Parameter Holstein Jersey   P-value1

  Ctr Sel Ctr Sel SEM Se Br T Se×Br Se×T Br×T Se×Br×T

BW kg 548.6 554.7 469.1 463.1 19.8 0.99 <0.01 <0.01 0.75 0.12 0.57 0.20

BCS 2.97 2.94 3.18 3.21 0.09 0.96 0.02 0.03 0.72 0.24 0.87 0.72

DMI kg/d2 12.2 12.9 11.3 11.2 0.67 0.65 0.06 <0.01 0.58 0.75 0.74 0.93

DMI/BW %2 2.23 2.31 2.35 2.39 0.13 0.64 0.45 <0.01 0.85 0.88 0.97 0.98

Milk Yield
Kg/d3

21.2 23.7 20.2 17.7 1.67 0.99 0.03 <0.01 0.11 0.51 0.89 0.82

Milk Yield
Kg/d4

27.0 28.5 25.0 24.0 1.19 0.79 0.02 0.01 0.34 0.82 0.46 0.07

ECM kg/d5 17.7 19.5 20.7 17.0 2.64 0.68 0.92 0.04 0.24 0.84 0.95 0.90

FCM kg/d6 16.3 18.3 20.4 16.7 3.09 0.75 0.63 0.03 0.30 0.85 0.88 0.75

FPCM kg/d7 18.2 19.9 20.9 17.4 2.64 0.68 0.96 0.04 0.26 0.83 0.96 0.91

Dairy
E�ciency8

1.27 1.45 1.52 1.48 0.09 0.44 0.11 <0.01 0.21 0.57 0.69 0.19

Milk
composition9

                       

Fat % 2.79 2.82 3.98 3.45 0.56 0.64 0.11 0.23 0.61 0.91 0.20 0.47

Protein % 3.64 3.73 3.85 3.82 0.17 0.84 0.37 <0.01 0.71 0.32 0.66 0.30

Lactose % 4.58 4.65 4.58 4.47 0.11 0.87 0.41 <0.01 0.40 0.68 0.34 0.73

SNF % 9.35 9.44 9.45 9.33 0.15 0.93 0.99 <0.01 0.47 0.56 0.65 0.25

SCC (log2) 7.06 5.07 7.00 7.71 0.73 0.38 0.09 <0.01 0.08 0.37 0.79 0.37

MUNN mg/dl 13.2 13.6 17.0 17.2 1.84 0.88 0.05 0.07 0.94 0.96 0.07 0.40

Fat g/d 516.7 609.2 819.7 643.3 178.4 0.78 0.28 0.09 0.38 0.90 0.81 0.55

Protein g/d 828.8 898.3 766.3 663.7 59.3 0.75 0.01 0.12 0.11 0.76 0.32 0.63

Lactose g/d 969.5ab5 1112.3a 927.9ab 788.2b 76.8 0.98 0.02 <0.01 0.05 0.48 0.61 0.78

SNF g/d 2013.5 2262.8 1922.4 1669.2 136.7 0.99 0.02 0.01 0.06 0.48 0.92 0.47

MUNN g/d 2.73 3.32 3.85 3.14 0.67 0.92 0.44 <0.01 0.30 0.56 0.09 0.89

Conductivity
mS

8.95 8.97 8.93 9.05 0.18 0.71 0.89 <0.01 0.80 0.97 0.93 0.73

Activity
steps/h

119.8 127.2 152.4 147.8 8 0.89 0.02 0.10 0.54 0.93 0.62 0.68

1Se = Selenium bioforti�ed alfalfa treatment; Br = Breed; T = Time

2 The data were analyzed as weekly average

3 Up to14 day post-partum with daily milk yield

4 Up to 120 days post-partum with daily milk yield averaged weekly
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5 Energy Corrected Milk = kg milk*(38.3×kg fat+24.2×kg protein+15.71×kg lactose+20.7)/3140 (Sjaunja et al., 1991).  

6 Fat-corrected Milk = 0.4× kg milk + 15 × kg fat (Gaafar et al., 2010).

7 Fat and Protein corrected Milk = [0.337 + 0.116 × fat (%) + 0.06 × protein (%)] × kg milk (van Hoeij et al., 2017).

8 FCM/DMI

9 SNF = Solid Non-Fat; SCC = Somatic Cell Count in 103 cell/mL; MUNN = Milk Urea Nitrogen

Table 2. Plasma parameters in Jersey and Holstein pregnant heifers supplemented with 1% BW of Se-bioforti�ed alfalfa hay (Sel) or no
bioforti�ed alfalfa hay (Ctr) from 40 days prior expected parturition to 14 days after calving 
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Parameter1 Holstein Jersey   P-value2

  Ctr Sel Ctr Sel SEM Se Br Se×T Se×Br Se×Br×T

Metabolic status

NEFA mmol/l 0.48 0.58 0.61 0.53 0.12 0.92 0.71 0.93 0.44 0.65

NEFA/Albumin3 0.91 1.07 1.18 0.80 0.18 0.51 0.67 0.96 0.14 0.77

BHB mmol/l 0.57 0.60 0.65 0.70 0.08 0.65 0.28 0.31 0.88 0.45

Glucose mmol/l 4.36 4.36 4.24 4.22 0.11 0.90 0.23 0.22 0.90 0.79

Cholesterol mmol/l 2.54 2.65 1.96 1.99 0.24 0.77 0.02 0.97 0.85 0.61

Urea mmol/l 5.24 5.75 5.17 6.11 0.37 0.06 0.67 0.56 0.54 0.98

In�ammatory status

Ceruloplasmin µmol/l 2.52 2.65 2.90 2.96 0.30 0.73 0.23 0.64 0.90 0.61

Haptoglobin g/l 0.64 0.77 0.66 0.67 0.09 0.42 0.65 0.76 0.50 0.06

Myeloperoxidase U/L 402.9 468.1 394.0 426.2 29.1 0.10 0.37 0.79 0.56 0.46

Albumin g/l 35.5 36.1 36.1 37.5 0.85 0.26 0.22 0.02 0.62 <0.01

Paraoxonase U/ml 73.5 79.2 74.1 74.8 5.4 0.54 0.70 0.61 0.63 0.94

Liver status

AST/GOT U/L 99.4 99.2 98.4 92.8 4.4 0.50 0.39 0.99 0.53 0.93

GGT U/L 22.3 23.5 22.0 21.4 1.7 0.83 0.46 0.11 0.58 0.97

ALP U/L 69.3 74.1 64.6 58.6 11.2 0.95 0.36 0.36 0.62 0.05

Bilirubin µmol/l 4.16 4.56 3.52 3.41 0.64 0.81 0.16 0.82 0.67 0.94

Oxidative status

ROMt mg H2O2/100 ml 14.8 15.3 14.6 15.5 1.1 0.51 0.98 0.72 0.81 0.77

Thiol Groups  µmol/l 335.3 357.3 352.7 359.9 14.4 0.30 0.47 0.19 0.60 0.65

FRAP µmol/l 149.4 134.8 139.4 132.5 8.7 0.22 0.47 0.38 0.65 0.53

AOPP µmol/l 34.3 43.0 32.5 35.8 1.9 <0.01 0.02 0.34 0.15 0.96

AOPP/Albumin 0.97 1.15 0.91 0.94 0.05 0.05 0.01 0.67 0.17 0.94

Minerals                    

Ca mmol/l 2.45 2.46 2.43 2.47 0.04 0.44 0.90 0.39 0.70 <0.01

Free Ca mmol/l4 1.21 1.21 1.19 1.20 0.01 0.79 0.36 0.36 0.71 0.03

Mg mmol/l 0.98 0.92 1.09 1.07 0.03 0.20 <0.01 0.72 0.58 <0.01

Kidney Function                    

Creatinine µmol/l 100.2 94.9 86.1 88.2 2.5 0.52 <0.01 0.32 0.13 0.21

Urea/Creatinine 52.3 60.2 59.7 69.3 3.63 0.02 0.03 0.46 0.80 0.98

Other parameters                    

Hematocrit V/V% 33.8 35.8 32.9 34.0 0.70 0.04 0.07 0.62 0.51 0.85

Total protein g/l 74.0 76.7 71.0 74.5 1.49 0.08 0.04 0.78 0.75 0.63

Globulin g/l 38.5 35.3 34.8 37.0 1.58 0.51 0.35 0.33 0.08 0.64
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Albumin/Globulin 0.94 1.04 1.06 1.02 0.05 0.56 0.36 0.36 0.18 0.50

                             

1NEFA= Non-esteri�ed fatty acids; BHB: β- hydroxybutyric acid; AST/GOT: Aspartate amino-transferase; GGT: γ-glutamyl transferase;
ALP: Alkaline phosphatase; ROMt: Total reactive oxygen metabolites; FRAP: Ferric reducing antioxidant power; AOPP: Advanced
oxidation protein products

2Se = Selenium bioforti�ed alfalfa treatment; Br = Breed; T = Time

3NEFA/Albumin ratio = mM NEFA/ mM Albumin à (Albumin g/L/(Albumin MW [66,463] × 1000))

4Free calcium was calculated as previously described [65] using the Orrell adjusted Ca as follow (Free Ca = (Ca mmol/l + 0.0176 * (34-
albumin g/L)/2

 

Table 3. Carrageenan skin test (CST), phagocytosis, and leukocytes differential in Jersey and Holstein pregnant dairy heifers
supplemented with 1% BW of Se-bioforti�ed alfalfa hay (Sel) or no bioforti�ed alfalfa hay (Ctr) from 40 days prior expected parturition
to 14 days after calving
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Parameters Holstein Jersey     P-value1

  Ctr Sel Ctr Sel SEM* Se Br Se×T Se×Br Br×T Se×Br×T

CST                      

Day 2 mm 1.13 1.29 1.30 1.46 0.30 0.57 0.54 0.81 0.99 0.92 0.97

Day 9 mm 1.82 1.63 1.57 2.07 0.35 0.63 0.77 0.71 0.30 0.56 0.34

AUC2 11.7 11.6 11.7 13.6 2.06 0.65 0.59 0.83 0.61 0.93 0.83

Phagocytosis (%)                      

Leukocytes 25.4 34.8 20.1 21.5 7.11 0.36 0.13 0.82 0.50 0.73 0.41

Granulocyte3 50.4 71.2 40.9 43.7 14.2 0.32 0.13 0.60 0.45 0.92 0.48

Monocytes4 78.8 78.2 75.6 68.9 16.3 0.80 0.66 0.33 0.83 0.01 0.61

PMN+Monocytes5 50.1 67.5 39.1 40.8 11.4 0.34 0.07 0.58 0.43 0.51 0.19

Differential (%)                      

Granulocytes3 31.6 35.3 33.7 33.1 4.60 0.69 0.99 0.56 0.59 0.34 0.84

PMN+Monocyte5 47.5 55.2 51.5 46.4 4.91 0.77 0.58 0.97 0.15 0.54 0.94

Lymphocytes5 52.5 45.1 48.6 53.5 4.94 0.77 0.60 0.96 0.17 0.51 0.96

Monocytes4 1.56 0.56 0.76 1.82 0.92 0.97 0.78 0.25 0.22 0.30 0.76

Leukocytes ×1000/μl 6                      

Total# 13.6 14.4 11.3 10.6 1.4 0.50 <0.01 0.19 0.87 0.06 0.02

Granulocytes3 4.18 3.08 3.80 3.34 0.78 0.21 0.92 0.99 0.60 0.38 0.21

PMN+Monocyte5 5.64 5.44 4.85 4.54 0.76 0.67 0.17 0.64 0.92 <0.01 0.54

Lymphocytes5 6.92 4.34 5.50 5.58 1.32 0.26 0.93 0.84 0.24 0.09 0.55

                           

1Se = Selenium bioforti�ed alfalfa treatment; Br = Breed; T = Time

2Area under the curve of skin thickness from day 0 to 9.

3Cells positive to CH138A antibody

4Cells positive to CAM36 antibody

5Cells gated manually

6Absolute number of each category of leukocytes using differential (%)

#The leukocytes total count was measured during the whole trial while the �ow cytometer analysis was performed only at -10, 4, and 14
DIM. The total leukocytes was also corrected by the baseline.

*Highest SEM

Figures
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Figure 1

Signi�cantly affected blood parameters. Blood parameters that were signi�cantly (p≤.05) affected by feeding cows with Se bioforti�ed
alfalfa (Se) or the interaction between Se, breed (Br), and Time in Jersey (Jer; n=5/group) and Holstein (Hol; n=4/group) pregnant dairy
heifers supplemented with 1% BW of Se-bioforti�ed alfalfa hay (Sel) or no bioforti�ed alfalfa hay (Ctr) from 40 days prior expected
parturition to 14 days after calving. Reported in the graph are the P-value of the overall effect of Se, Time, Br, and their interactions. *
and # denote difference with P≤0.05 between groups at each time point in Holstein and Jersey cows, respectively, when signi�cant
(P≤0.05) Se×Br×Time was detected. @ denotes a signi�cant effect in a time point when signi�cant (P≤0.05) Se×Time interaction was
detected.
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