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Abstract

The objective of the present study was to assess hair and serum trace element and mineral levels in dairy cows in relation
to daily milk yield. A total of 70 healthy 5-6-year-old Simmental cows were divided into two groups (n=35) with high and
low daily milk yield using median as a cut-off value. Hair and serum trace element and mineral content was evaluated using
inductively coupled plasma mass-spectrometry. A nearly twofold difference in daily milk yield (43.8 +9.7 vs 21.3+7.1 L/
day, p <0.001) was significantly associated with 11% lower hair Cu (p=0.043) and 35% higher Se levels (p =0.058) content
when compared animals with lower daily milk yield. Serum trace element levels were found to be more tightly associated
with milk productivity in dairy cows. Particularly, serum levels of Se and Zn were found to be 73 and 35% higher in cows
with higher milk productivity in comparison to animals with lower milk production, respectively. Serum Co levels also
tended to increase with higher milk productivity. Serum minerals including Ca, Mg, and P were also found to be higher in
highly productive cows by 6%, 14%, and 71%, respectively. The overall regression model based on serum trace element and
mineral levels accounted for 38% of daily milk production variability. Generally, improvement of essential trace element and
mineral supply, as well as prevention of copper overload in dairy cows, may be considered the potential tool for modulation

of milk productivity.
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Introduction

Trace elements and minerals are known to play a significant
role in the organism functioning through their regulatory,
catalytic, structural, and signaling functions. In ruminants,
deficiency of essential trace elements and minerals results
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in impaired growth and development, lower immunity, and
higher susceptibility to contagious diseases [1]. Zinc defi-
ciency was shown to cause altered growth curves, skin,
and hair diseases in cattle [2], whereas copper deficiency
was shown to be tightly associated with infertility, anemia,
bone disorders, and cardiovascular diseases [3]. At the same
time, excessive intake of essential trace elements like copper
may also negatively affect dairy cattle health [4]. Therefore,
monitoring and prevention of both deficiency and toxicity
of essential trace elements are required for livestock health
and high production [5].

Lactation is associated with higher requirements of the
organism in micronutrients and trace elements [6]. Defi-
ciency of certain trace elements including zinc [7] and sele-
nium [8] was shown to be associated with lower milk yield
and lower milk quality. In turn, earlier data demonstrate that
trace element and/or mineral supplementation in dairy cattle
may significantly increase milk production. Particularly, the
results of multiple trials demonstrated a significant increase
in milk production in response to Zn supplementation in
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dairy cows [9]. Similarly, Se supplementation was asso-
ciated with higher daily milk yield in Holstein cows [10].
Recent findings also demonstrate that deficiency of essential
minerals, especially Ca [11], P [12], and Mg [13], is also
associated with impaired lactation and reduced milk yield.
However, the existing data on the association between trace
element and mineral status of dairy cows and milk produc-
tivity are rather contradictory. Moreover, the association
between trace element and mineral status and milk produc-
tivity of dairy cows is not sufficiently studied.

Therefore, the objective of the present study was to assess
hair and serum trace element and mineral levels in dairy
cows in relation to daily milk yield.

Materials and Methods

The protocol of the present study was approved by the Local
Ethics Committee, 2—13/04/2021 (Orenburg State Univer-
sity, Orenburg, Russia). A total of 70 healthy 5-6-year-old
Simmental cows of the Ural type, cultivated by the nurse-
cow technique in the Southern Ural region, were examined.
Only animals with the weight of 610-640 kg (627 + 15 kg)
were involved in the study. All sampling procedures were
performed in the lactation period. The animals were fed a
similar diet during all periods according to the dietary regi-
men specified earlier [14]. Daily intake of essential minerals
and trace elements (Supplementary Table 1) was evaluated
based on the earlier published data on diet composition
and trace element content of the dietary items [15]. Indi-
vidual dietary intake of minerals and trace elements was not
assessed as the cows were not handled individually.

Milk samples from the examined animals were obtained
at milking stations with evaluation of daily milk yield. Based
on the median values of milk yield the animals were divided
into groups with high and low daily milk yield.

Hair samples (0.4 g) were collected from three sites in
withers using ethanol-precleaned stainless steel scissors.
Only brown-colored hair samples were collected in order to
avoid the potential differences in trace element and mineral
content in hair of different color. Only proximal parts of
hair strands were used for subsequent analysis. Blood was
collected from caudal vein using 6-ml Vaccuette® tubes
(Greiner Bio-One International AG, Austria). The obtained
blood samples were centrifuged at 1000 g (10 min) using
ELMI CM-6 M (Latvia).

The obtained hair samples were washed with acetone and
rinsed thrice with distilled deionised water (18 M cm).
After drying on air, the samples were introduced to HNO3-
containing (Sigma-Aldrich Co., St. Louis, MO, USA) Teflon
tubes and subsequently loaded into Berghof SW4 system
(Berghof Products & Instruments, Eningen, Germany) for
microwave degradation (20 min at 170-180 °C).
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Serum samples were diluted (1:15; v/v) with an acidified
(pH=2.0) diluent containing 1% 1-Butanol (Merck KGaA,
Germany), 0.1% Triton X-100 (Sigma-Aldrich, Co., USA),
and 0.07% HNO3 (Sigma-Aldrich, Co., USA) in distilled
deionized water (Merck Millipore, USA).

Hair essential trace element (Co, Cu, Fe, Mn, Se, Zn)
and mineral (Ca, K, Mg, Na, P) levels were evaluated using
inductively coupled plasma mass-spectrometry at NexION
300D (PerkinElmer Inc., Shelton, CT, USA) equipped with
ESI SC-2 DX4 autosampler (Elemental Scientific Inc.,
Omaha, NE, USA). The system was calibrated using stock
solutions from Universal Data Acquisition Standards Kit
(PerkinElmer Inc., Shelton, CT, USA). Standard (10 pg/l)
solutions of Yttrium-89 and rhodium-103 were prepared
from Yttrium (Y) and Rhodium (Rh) Pure Single-Element
Standard (PerkinElmer Inc.) and used for internal on-line
standardization. The certified reference materials of hair
(GBWO09101, Shanghai Institute of Nuclear Research,
Academia Sinica, China) and plasma (ClinChek® Plasma
Control, lyophil., for Trace Elements, Recipe, Munich,
Germany) was used for laboratory quality control with the
recovery rates of 90-110%.

The obtained data were processed using Statistica 10.0
software (StatSoft, Tulsa, OK, USA). Assessment of data
distribution normality was performed using Shapiro—Wilk
test. Due to skewed distribution the medians and interquar-
tile range (IQR) boundaries were used as descriptive statis-
tics, as mean values do not provide adequate information
upon non-Gaussian distribution. Medians were also used
as cutoffs for grouping of animals according to milk pro-
ductivity. After In-transformation of the data, group com-
parisons were performed using one-way analysis of vari-
ance (ANCOVA) with subsequent Bonferroni adjustment.
In order to reveal the association between milk yield and
mineral/trace element levels in hair or serum multiple linear
regression analysis was performed. The level of significance
was set as p <0.05 for all statistical tests.

Results

The median milk yield in the examined cows was 34.1 L
day that was used as a cutoff. Dairy cows with higher milk
productivity (above median) were characterized by a more
than twofold higher daily milk yield as compared to those
with lower productivity (43.8+9.7 vs 21.3+7.1 L/day,
p<0.001).

The difference in daily milk production was significantly
associated with both hair and serum trace element levels
(Table 1). Highly productive dairy cows had 11% lower hair
Cu content when compared animals with lower daily milk
yield. In turn, hair Se levels tended to be 35% higher in ani-
mals with higher milk productivity, although the difference
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Table 1 Hair and serum trace

X i Element Milk yield Milk yield
element content in dairy cows
with low and high daily milk Below median (< 34.1 L/day) Above median (>34.1 L/day)
yield
Hair
Co 0.017 (0.01-0.033) 0.024 (0.018-0.038) 0.479
Cu 9.41 (8.305-10.105) 8.385 (7.7-8.91) 0.043 *
Fe 49.06 (26.925-160) 56.215 (40.05-129) 0.404
Mn 2.595 (1.85-3.92) 2.555 (2.06-3.73) 0.453
Se 0.573 (0.45-0.715) 0.771 (0.569-0.878) 0.058
Zn 118 (109-129) 113 (103-134) 0.703
Serum
Co 0.42 (0.3-0.54) 0.55 (0.41-0.68) 0.061
Cu 0.579 (0.462-0.767) 0.663 (0.565-0.797) 0.158
Fe 1.96 (1.22-2.71) 1.9 (1.48-2.67) 0.303
Mn 2.3(1.9-2.9) 2.65(2.2-3.1) 0.246
Se 0.037 (0.029-0.062) 0.064 (0.057-0.075) <0.001 *
Zn 0.664 (0.563-0.903) 0.899 (0.777-0.969) 0.001 *

Data are expressed as median and IQR; *significant group difference according to one-way ANOVA with

Bonferroni adjustment

was only border-significant. Serum trace element levels were
found to be more tightly associated with milk productivity
in dairy cows. Particularly, serum levels of Se, and Zn were
found to be 73 and 35% higher in cows with higher milk
productivity in comparison to animals with lower milk pro-
duction, respectively. In turn, serum Co levels also tended to
increase with higher milk productivity, although the group
difference was only nearly significant.

In contrast to trace elements, no significant group differ-
ence in hair mineral levels was observed in cows with low
and high daily milk yield (Table 2). Despite the observa-
tion of nearly twofold higher hair Ca and Mg levels in cows
with high milk yield, this difference was not considered

significant due to high variability. At the same time, serum
minerals including Ca, Mg, and P were also found to be
higher in highly productive cows by 6%, 14%, and 71%,
respectively.

Multiple regression analysis also demonstrated a signifi-
cant association between both hair and serum trace element
and mineral levels and milk productivity (Table 3). It has
been demonstrated that hair Cu and Se levels were inversely
and directly associated with daily milk yield, respectively. It
is notable that hair Mn content also tended to be positively
interrelated with milk productivity. Despite these associa-
tions, the overall model incorporating hair trace element and
mineral levels did not have significant predictive value.

Table 2 Hair and serum mineral

¢ X X i Element Milk yield )4
concentrations in dairy cows in
relation to daily milk yield Below median (< 34.1 L/day) Above median (>34.1 L/day)
Hair
Ca 1059 (795.5-2593) 2218 (1265-2916) 0.913
K 5347 (4159-6048.5) 5752 (4241-6840) 0.961
Mg 274.5 (219-569) 525.5 (269-638) 0.980
Na 1839 (1586-2491) 1642 (1434-2334) 0.295
P 262 (189-288.5) 266 (231-305) 0.151
Serum
Ca 79.58 (70.78-85.47) 84.325 (78.73-88.27) 0.018 *
K 184 (162-247) 205.5 (191-240) 0.505
Mg 23.62 (19.44-27.08) 26.94 (25.42-29.21) 0.001 *
Na 3232 (3136-3485) 3124 (3006-3387) 0.172
P 140 (82.18-206) 240 (209-262) <0.001 *

Data are expressed as median and IQR; *significant group difference according to one-way ANOVA with
Bonferroni adjustment
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Table 3 Regression analysis of the association of trace element and
mineral levels in hair and serum with daily milk yield

Element Hair Serum

p p p p
Ca -0.231 0.778 -0.123 0.623
Co 0.287 0.222 -0.122 0.411
Cu —0.680 0.034 * -0.726 0.039 *
Fe —-0.376 0.100 -0.239 0.170
K 0.215 0.531 0.104 0.613
Mg —-1.537 0.191 0.084 0.662
Mn 1.171 0.070 0.789 0.028 *
Na -0.033 0.904 -0.028 0.881
p 0.058 0.854 0.213 0.427
Se 0.689 0.037 * 0.463 0.040 *
Zn 0.002 0.992 -0.057 0.743
Multiple R 0.580 0.737
Multiple R? 0.336 0.544
Adjusted R? 0.028 0.382
p for a model 0.557 <0.001 *

Data expressed as regression coefficient (beta) and the respective p
value; *the association is significant at p <0.05

Similar to hair, serum Cu concentration was found to be
significantly inversely associated with milk productivity in
dairy cows in a model adjusted for all trace elements and
minerals studied, although no significant group difference
in serum Cu concentrations was observed. Serum Mn and
Se levels were considered positive predictors of daily milk
yield. At the same time, the overall model based on serum
trace element and mineral levels accounted for 38% of daily
milk production variability.

Discussion

The obtained data demonstrate that daily milk yield is asso-
ciated with higher levels of essential trace elements and min-
erals in the organism. At the same time, hair and serum Cu
levels were negatively interrelated with milk productivity
in dairy cows.

Generally, the particular values of hair trace element
content correspond to the earlier estimated reference lim-
its for Hereford cows from the Southern Ural region [14].
At the same time, hair Cu levels in the studied sample of
cows was found to be border-line higher when compared
to the reference values of 3.0-7.5 pg/g, being indicative of
higher risk of copper overexposure. The latter may be related
to copper mining and smelting in the region, resulting in
increased Cu levels in the environment [16]. A recent study
demonstrated low Cu excretory capacity in cattle resulting
in hepatic Cu accumulation [17] that may also aggravate Cu
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overload. Moreover, globally hepatic Cu levels were found to
increase gradually during the last two decades (2007-2018)
[18]. Being a redox metal copper is capable of induction of
oxidative stress and inflammation [19]. Specifically, cop-
per exposure and accumulation in liver was shown to be
associated with hepatic oxidative stress markers including
4-hydroxynonenal and 3-nitrotyrosine levels in dairy cows
[20].

Earlier data demonstrated adverse effects of copper expo-
sure in dairy cows. Particularly, daily milk production was
also inversely associated with milk Cu levels in Holstein
dairy cattle [21]. Reduced milk production was also reported
in cows exposed to excessive Cu levels from supplements
[22]. Dairy cows from Cu-polluted area were characterized
by the lowest milk yield when compared to unexposed ani-
mals [23]. Although feeding with increasing Cu doses did
not have a significant impact on milk yield, 40 mg/kg Cu
significantly increased serum cholesterol levels in Holstein
cows as well as affected fatty acid content of milk [24]. It has
been also proposed that increased blood and milk Cu levels
may be associated with higher occurrence of mastitis and
thus lower milk yield [25]. In turn, reduction of excessive Cu
supplementation was shown to have beneficial health effect
in female Jersey calves [26]. Therefore, reducing the risk of
copper toxicity in cattle requires significant attention and
efforts [27]. It is also notable that dietary molybdenum may
significantly affect Cu toxicity in cattle through interference
with Cu absorption [28], and evaluation of Mo intake and
accumulation could be beneficial in assessment of biological
effects of Cu in cows including alteration of milk production.

Of essential trace elements, selenium, zinc, manganese,
and cobalt were found to be associated with higher milk
productivity.

Selenium deficiency is considered a rather frequent dis-
order in ruminants, being associated with altered reproduc-
tion, lactation, and other adverse health effects [8]. In turn,
a 16-week supplementation with selenized yeast resulted in
a significant increase in milk yield in Holstein cows [10].
In another study Se supplementation was shown to increase
milk PUFA levels, although no significant effect on milk
yield was observed [29]. Se supplementation through Se-
fortified forage significantly reduced milk somatic cell count
in lactating dairy cows [30]. The positive effect of Se sup-
plementation may be associated with increased antioxidant
selenoprotein levels and certain immunological parameters
[31], as well as reduced risk of mastitis under adequate Se
status [32].

Higher zinc levels were associated with both increased
daily milk yield, being in agreement with the observed
role of zinc nutrition in cattle health and adverse effects
of zinc deficiency [7]. Correspondingly, plasma Zn levels
were found to be directly correlated with milk production
in Zn-supplemented Holstein—Friesian lactating cows [33].
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A summary of twelve trials demonstrated that Zn supple-
mentation resulted in a significant increase in total, energy-
corrected, and fat-corrected milk as compared to control ani-
mals [9]. In turn, supplementation with organic zinc chelates
resulted in a significant increase in plasma Zn levels as well
as significantly increased milk yield, antibody response, and
rumen fermentation [34]. It is also notable that Zn supple-
mentation significantly improves mammary epithelial barrier
as assessed by occludin and E-cadherin expression [35]. An
increase in milk yield along with reduction of milk amy-
loid A levels was also observed in Zn-supplemented dairy
cows [36]. Beneficial effect of Zn may be at least partially
mediated by the earlier demonstrated Zn-induced increase
in estrogen, progesterone, T3 and T4 levels, as well as
improved metabolic profile in Zn-deficient cattle [37].

In contrast to zinc and selenium, the existing data on the
association between Mn and Co status and dairy cattle health
as well as milk productivity are single.

Manganese deficiency in ruminants is known to be asso-
ciated with infertility due to altered endocrine system [38].
Correspondingly, improvement of Mn status in dairy cat-
tle is also associated with reduced incidence of reproduc-
tive disorders [39]. When supplemented along with Zn, Mn
increased rumen fermentation, conversion ratio, as well as
milk yield and milk quality in dairy Friesian cows [40].

The symptoms of Co deficiency in ruminants were largely
attributed to low B12 status causing anemia [41]. Co defi-
ciency is also known to be associated with oxidative stress
and hyperhomocysteinemia [42]. Correspondingly, increased
Co intake in dairy cows was associated with increased B12
levels in milk and liver without a significant effect on milk
productivity [43]. In turn, improvement of B12 status was
shown to prevent weight loss during lactation, as well as
increase protein:fat ratio through improvement of energy
metabolism [44]. Cobalt along with Cu, Zn, and Mn is also
known to be a component of functional dietary supplements
resulting in increased milk yield, milk protein, and fat levels
[45].

Minerals, especially Ca, Mg, and P, were also found to be
significantly associated with milk productivity. These find-
ings corroborate earlier data on the essential role of mineral
nutrition in dairy cows. Specifically, a positive correlation
between serum Ca levels and milk yield was observed [46],
whereas limited Ca intake during lactation was shown to
reduce milk production [11]. Significant reduction in dietary
P levels from 3.4 to 2.3 g P/kg in dairy cows resulted in a
significant decrease in milk yield, milk protein levels, as
well as plasma Ca concentrations [12]. However, an earlier
study demonstrated a significant reduction in blood Ca and
P levels in high-productive dairy cows, whereas blood Mg
levels increased with milk yield [47]. Oral Mg supplementa-
tion in Mg-deficient cows resulted in a significant increase
in milk production [48]. In turn, increased milk production

is associated with higher Mg requirements [49]. Being in
agreement with the results of the present study, increased
K intake during lactation was shown to be associated with
improved milk yield and fatty acid content [50].

Despite significant associations between hair and serum
trace element levels with milk yield, the relationship for dif-
ferent samples was inconsistent. The latter may be mediated
by different marker ability of blood serum and hair, with
the latter being indicative of long-term status due to lack of
homeostatic regulation of hair trace element levels and irre-
versible incorporation of the elements into hair matrix [51].

The study methodology has certain limitations. First,
monitoring of individual intake of trace elements and min-
erals would be beneficial to estimate whether the observed
associations are mediated by dietary factors. Second, addi-
tional information could be obtained from analysis of func-
tional markers of trace element status including selenopro-
tein, hemoglobin, and ceruloplasmin levels for selenium,
iron, and copper, respectively.

Conclusions

Generally, the results of the present study demonstrated that
higher serum and/or hair levels of essential minerals (Mg,
Ca, P) and trace elements (Co, Mn, Se, Zn) are associated
with increased milk yield due to the role of the elements in
ruminant health and lactation. In turn, higher serum and hair
Cu content is associated with lower milk production in dairy
cows through prooxidant and overall toxic effect of increased
Cu levels. Therefore, improvement of essential trace element
and mineral supply, as well as prevention of copper over-
load in dairy cows, may be considered the potential tool for
modulation of milk productivity and quality.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12011-021-02878-w.

Author Contribution Elena A. Sizova (conceptualization, investigation,
funding acquisition, methodology, data curation, formal analysis, writ-
ing—original draft), Sergey A. Miroshnikov (conceptualization, super-
vision, funding acquisition, validation, resources, writing—review and
editing), Svetlana V. Notova (conceptualization, investigation, meth-
odology, data curation, writing—review and editing), Olga V. Marshin-
skaya (formal analysis, investigation, writing—original draft) Tatiana
V. Kazakova (formal analysis, investigation, writing—original draft),
Alexey A. Tinkov (investigation, data curation, formal analysis, writ-
ing—original draft), Anatoly V. Skalny (conceptualization, supervision,
validation, writing—review and editing).

Funding The study was performed with the financial support of the
Russian Science Foundation (project no. 20—16-00078).

Availability of Data and Material Data will be made available on rea-
sonable request.

@ Springer


https://doi.org/10.1007/s12011-021-02878-w

2714

E. A.Sizovaetal.

Code Availability Not applicable.

Declarations

Ethics Approval The protocol of the present study was approved by the
Local Ethics Committee, 2—13/04/2021 (Orenburg State University,
Orenburg, Russia).

Conflict of Interest The authors declare no competing interests.

References

10.

11.

12.

13.

14.

15.

Radwinska J, Zarczynska K (2014) Effects of mineral deficiency
on the health of young ruminants. J Elementol 19:915-928.
https://doi.org/10.5601/jelem.2014.19.2.620

Nielsen FH (2012) History of zinc in agriculture. Adv Nutr 3:783—
789. https://doi.org/10.3945/an.112.002881

Hill GM, Shannon M (2019) Copper and zinc nutritional issues
for agricultural animal production. Biol Trace Elem Res 188:148-
159. https://doi.org/10.1007/s12011-018-1578-5

Suttle NF (2016) Reducing the risk of copper toxicity in dairy
cattle. Vet Rec 178:196-196. https://doi.org/10.1136/vr.i793
Lépez-Alonso M (2012) Trace minerals and livestock: not too
much not too little. Int Sch Res Notices 704825.https://doi.org/
10.5402/2012/704825

Erickson PS, Kalscheur KF (2020) Nutrition and feeding of dairy
cattle. In: Erickson PS, Kalscheur KF (eds) Animal Agriculture.
Academic Press, United States, pp 157-180

Miller WJ (1970) Zinc nutrition of cattle: a review. J Dairy Sci
53:1123-1135. https://doi.org/10.3168/jds.S0022-0302(70)
86355-X

Wichtel JJ (1998) A review of selenium deficiency in grazing
ruminants part 1: new roles for selenium in ruminant metabolism.
NZ Vet ] 46:47-52. https://doi.org/10.1080/00480169.1998.36055
Kellogg DW, Tomlinson DJ, Socha MT, Johnson AB (2004)
Effects of zinc methionine complex on milk production and
somatic cell count of dairy cows: Twelve-trial summary. PAS
20:295-301. https://doi.org/10.15232/S1080-7446(15)31318-8
Phipps RH, Grandison AS, Jones AK, Juniper DT, Ramos-
Morales E, Bertin G (2008) Selenium supplementation of lactat-
ing dairy cows: effects on milk production and total selenium
content and speciation in blood, milk and cheese. Animal 2:1610—
1618. https://doi.org/10.1017/S175173110800298X

Gaignon P, Le Grand K, Laza-Knoerr AL, Hurtaud C, Boudon
A (2019) Effect of calcium intake and the dietary cation-anion
difference during early lactation on the bone mobilization dynam-
ics throughout lactation in dairy cows. PLoS ONE 14:e0218979.
https://doi.org/10.1371/journal.pone.0218979

Puggaard L, Lund P, Liesegang A, Sehested J (2014) Long term
effect of reduced dietary phosphorus on feed intake and milk yield
in dry and lactating dairy cows. Livestock Sci 159:18-28. https://
doi.org/10.1016/J.LIVSCI.2013.10.009

Schonewille JT (2013) Magnesium in dairy cow nutrition: an
overview. Plant Soil 368:167-178. https://doi.org/10.1007/
s11104-013-1665-5

Miroshnikov SA, Zavyalov OA, Frolov AN, Bolodurina IP,
Kalashnikov VV, Grabeklis AR, Tinkov AA, Skalny AV (2017)
The reference intervals of hair trace element content in Hereford
cows and Heifers (Bos taurus). Biol Trace Elem Res 180:56-62.
https://doi.org/10.1007/s12011-017-0991-5

Miroshnikov SA, Skalny AV, Zavyalov OA, Frolov AN, Gra-
beklis AR (2020) The reference values of hair content of trace

@ Springer

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

elements in dairy cows of Holstein breed. Biol Trace Elem Res
194:145-151. https://doi.org/10.1007/s12011-019-01768-6
Skalny AV, Salnikova EV, Burtseva TI, Skalnaya MG, Tinkov
AA (2019) Zinc, copper, cadmium, and lead levels in cattle
tissues in relation to different metal levels in ground water and
soil. Environ Sci Pollut Res Int 26:559-569. https://doi.org/10.
1007/s11356-018-3654-y

Lépez-Alonso M, Carbajales P, Miranda M, Pereira V (2017)
Subcellular distribution of hepatic copper in beef cattle receiv-
ing high copper supplementation. J Trace Elem Med Biol
42:111-116. https://doi.org/10.1016/j.jtemb.2017.05.001
Counotte G, Holzhauer M, Carp-van Dijken S, Muskens J, Van
der Merwe D (2019) Levels of trace elements and potential toxic
elements in bovine livers: a trend analysis from 2007 to 2018.
PLoS ONE 14:e0214584. https://doi.org/10.1371/journal.pone.
0214584

Pereira TCB, Campos MM, Bogo MR (2016) Copper toxicol-
ogy, oxidative stress and inflammation using zebrafish as experi-
mental model. J Appl Toxicol 36:876-885. https://doi.org/10.
1002/jat.3303

Strickland JM, Lyman D, Sordillo LM, Herdt TH, Buchweitz JP
(2019) Effects of super nutritional hepatic copper accumulation
on hepatocyte health and oxidative stress in dairy cows. Vet
Med Int 2019:3642954. https://doi.org/10.1155/2019/3642954
Pechové A, Pavlata L, Dvofak R, Lokajové E (2008) Contents of
Zn, Cu, Mn and Se in milk in relation to their concentrations in
blood, milk yield and stage of lactation in dairy cattle. Acta Vet
Brno 77:523-531. https://doi.org/10.2754/AVB200877040523
Bradley CH (1993) Copper poisoning in a dairy herd fed a min-
eral supplement. Can Vet J 34:287-292

Pawlina E, Monkiewicz J, Jaczewski S (1988) Milk yield of
cows maintained in the area polluted by the copper smelter.
Zeszyty Naukowe Akademii Rolniczej we Wroclawiu. Zoot-
echnika (Poland) 78-85

Engle TE, Fellner V, Spears JW (2001) Copper status, serum
cholesterol, and milk fatty acid profile in Holstein cows fed
varying concentrations of copper. J Dairy Sci 84:2308-2313.
https://doi.org/10.3168/jds.S0022-0302(01)74678-4

Gakhar G, Randhawa SS, Randhawa CS, Bansal BK, Singh RS
(2010) Effect of copper on the milk quality and prevention of
mastitis in dairy cows. Indian J Anim Sci 80:727

Hunter AG, Suttle N, Martineau HM, Spence MA, Thomson JR,
Macrae Al, Brown S (2013) Mortality, hepatopathy and liver
copper concentrations in artificially reared Jersey calves before
and after reductions in copper supplementation. Vet Rec 172:46.
https://doi.org/10.1136/vr.101051

Grace N, Knowles S (2015) Taking action to reduce the risk of
copper toxicity in cattle. Vet Rec 177:490-491. https://doi.org/
10.1136/vr.h5977

Thorndyke MP, Guimaraes O, Kistner MJ, Wagner JJ, Engle
TE (2021) Influence of molybdenum in drinking water or feed
on copper metabolism in cattle—a review. Animals 11(7):2083.
https://doi.org/10.3390/ani11072083

Ran L, Wu X, Shen X, Zhang K, Ren F, Huang K (2010) Effects
of selenium form on blood and milk selenium concentrations,
milk component and milk fatty acid composition in dairy cows.
J Sci Food Agric 90:2214-2219. https://doi.org/10.1002/jsfa.
4073

Séboussi R, Tremblay GF, Ouellet V, Chouinard PY, Chorfi Y,
Bélanger G, Charbonneau E (2016) Selenium-fertilized forage as
a way to supplement lactating dairy cows. J Dairy Sci 99:5358-
5369. https://doi.org/10.3168/jds.2015-10758

Gong J, Ni L, Wang D, Shi B, Yan S (2014) Effect of dietary
organic selenium on milk selenium concentration and antioxi-
dant and immune status in midlactation dairy cows. Livestock Sci
170:84-90. https://doi.org/10.1016/J.LIVSCI.2014.10.003


https://doi.org/10.5601/jelem.2014.19.2.620
https://doi.org/10.3945/an.112.002881
https://doi.org/10.1007/s12011-018-1578-5
https://doi.org/10.1136/vr.i793
https://doi.org/10.5402/2012/704825
https://doi.org/10.5402/2012/704825
https://doi.org/10.3168/jds.S0022-0302(70)86355-X
https://doi.org/10.3168/jds.S0022-0302(70)86355-X
https://doi.org/10.1080/00480169.1998.36055
https://doi.org/10.15232/S1080-7446(15)31318-8
https://doi.org/10.1017/S175173110800298X
https://doi.org/10.1371/journal.pone.0218979
https://doi.org/10.1016/J.LIVSCI.2013.10.009
https://doi.org/10.1016/J.LIVSCI.2013.10.009
https://doi.org/10.1007/s11104-013-1665-5
https://doi.org/10.1007/s11104-013-1665-5
https://doi.org/10.1007/s12011-017-0991-5
https://doi.org/10.1007/s12011-019-01768-6
https://doi.org/10.1007/s11356-018-3654-y
https://doi.org/10.1007/s11356-018-3654-y
https://doi.org/10.1016/j.jtemb.2017.05.001
https://doi.org/10.1371/journal.pone.0214584
https://doi.org/10.1371/journal.pone.0214584
https://doi.org/10.1002/jat.3303
https://doi.org/10.1002/jat.3303
https://doi.org/10.1155/2019/3642954
https://doi.org/10.2754/AVB200877040523
https://doi.org/10.3168/jds.S0022-0302(01)74678-4
https://doi.org/10.1136/vr.101051
https://doi.org/10.1136/vr.h5977
https://doi.org/10.1136/vr.h5977
https://doi.org/10.3390/ani11072083
https://doi.org/10.1002/jsfa.4073
https://doi.org/10.1002/jsfa.4073
https://doi.org/10.3168/jds.2015-10758
https://doi.org/10.1016/J.LIVSCI.2014.10.003

Serum and Hair Trace Element and Mineral Levels in Dairy Cows in Relation to Daily Milk Yield

2715

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Blanco-Penedo I, Lundh T, Holtenius K, Fall N, Emanuelson U
(2014) The status of essential elements and associations with milk
yield and the occurrence of mastitis in organic and conventional
dairy herds. Livestock Sci 168:120-127. https://doi.org/10.1016/j.
livsci.2014.07.016

Anton A, Solcan G, Solcan C (2013) The impact of copper and
zinc deficiency on milk production performances of intensively
grazed dairy cows on the north-east of Romania. Int J Biol Vet
Agric Food Eng 7:409-414

Wang RL, Liang JG, Lu L, Zhang LY, Li SF, Luo XG (2013)
Effect of zinc source on performance, zinc status, immune
response, and rumen fermentation of lactating cows. Biol Trace
Elem Res 152:16-24. https://doi.org/10.1007/s12011-012-9585-4
Weng X, Monteiro APA, Guo J, Li C, Orellana RM, Marins TN,
Bernard JK, Tomlinson DJ, DeFrain JM, Wohlgemuth SE, Tao S
(2018) Effects of heat stress and dietary zinc source on perfor-
mance and mammary epithelial integrity of lactating dairy cows. J
Dairy Sci 101:2617-2630. https://doi.org/10.3168/jds.2017-13484
Cope CM, Mackenzie AM, Wilde D, Sinclair LA (2009) Effects
of level and form of dietary zinc on dairy cow performance and
health. J Dairy Sci 92:2128-2135. https://doi.org/10.3168/jds.
2008-1232

Sharma MC, Joshi C (2005) Therapeutic efficacy of zinc sulphate
used in clustered model treatment in alleviating zinc deficiency
in cattle and its effect on hormones, vitamins and production
parameters. Vet Res Commun 29:609-628. https://doi.org/10.
1007/s11259-005-3382-x

Yasothai R (2014) Importance of minerals on reproduction in
dairy cattle. Int J Environ Sci Technol 3:2051-2057

Gorski K, Saba L (2015) Assessment of manganese levels in the
soil and feeds, and in the bodies of milk cows from central-east-
ern Poland administered a mineral compound feed. Acta Sci Vet
43:1288

El-Esawy GS, Riad WA, El-Dein AM, Ali MFE, Gaafar HMA
(2017) Effect of supplementary zinc and manganese methionine
chelates on productive and reproductive performance of dairy
Friesian cows. Archiva Zootechnica 20:69-83

Ammerman CB (1970) Recent developments in cobalt and cop-
per in ruminant nutrition: A review. J Dairy Sci 53:1097-1107.
https://doi.org/10.3168/jds.S0022-0302(70)86353-6

Stangl GI, Schwarz FJ, Jahn B, Kirchgessner M (2000) Cobalt—
deficiency—induced hyperhomocysteinaemia and oxidative status
of cattle. Br J Nutr 83:3-6. https://doi.org/10.1017/s000711450
0000027

43.

44,

45.

46.

47.

48.

49.

50.

51.

Akins MS, Bertics SJ, Socha MT, Shaver RD (2013) Effects of
cobalt supplementation and vitamin B12 injections on lactation
performance and metabolism of Holstein dairy cows. J Dairy Sci
96:1755-1768. https://doi.org/10.3168/jds.2012-5979

Duplessis M, Girard CL, Santschi DE, Lefebvre DM, Pellerin
D (2014) Milk production and composition, and body measure-
ments of dairy cows receiving intramuscular injections of folic
acid and vitamin B-12 in commercial dairy herds. Livestock Sci
167:186-194. https://doi.org/10.1016/j.livsci.2014.06.022
Kellogg DW, Socha MT, Tomlinson DJ, Johnson AB (2003)
Effects of feeding cobalt glucoheptonate and metal specific amino
acid complexes of zinc, manganese, and copper on lactation and
reproductive performance of dairy cows. PAS 19:1-9. https://doi.
org/10.15232/S1080-7446(15)31367-X

Fadlalla IMT, Omer SA, Atta M (2020) Determination of some
serum macroelement minerals levels at different lactation stages
of dairy cows and their correlations. Scientific African 8:¢00351.
https://doi.org/10.1016/j.sciaf.2020.e00351

Mukaca A, Katica M (2018) Effect of daily milk production levels
on plasma calcium, phosphorus and magnesium concentrations in
dairy cows. JIVS 2(1):23-29. https://doi.org/10.30704/http-www-
jivs-net.409161

Wilson GF (1980) Effects of magnesium supplements on the
digestion of forages and milk production of cows with hypomag-
nesaemia. Anim Sci 31:153-157. https://doi.org/10.1017/S0003
356100024387

Herrera D, Harris WG, Nair VD, Josan M, Staples CR (2010)
Effect of dietary modifications of calcium and magnesium on
reducing solubility of phosphorus in feces from lactating dairy
cows. J Dairy Sci 93:2598-2611. https://doi.org/10.3168/jds.
2009-2766

Harrison JH, White R, Kincaid R, Jenkins T, Block E (2011)
Potassium in the early lactation dairy cow and its impact on milk
and milk fat production. Adv Dairy Technol 23:313-319
Chojnacka K, Zieliriska A, Gérecka H, Dobrzarski Z, Gorecki
H (2010) Reference values for hair minerals of Polish students.
Environ Toxicol Pharmacol 29(3):314-319. https://doi.org/10.
1016/j.etap.2010.03.010

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.livsci.2014.07.016
https://doi.org/10.1016/j.livsci.2014.07.016
https://doi.org/10.1007/s12011-012-9585-4
https://doi.org/10.3168/jds.2017-13484
https://doi.org/10.3168/jds.2008-1232
https://doi.org/10.3168/jds.2008-1232
https://doi.org/10.1007/s11259-005-3382-x
https://doi.org/10.1007/s11259-005-3382-x
https://doi.org/10.3168/jds.S0022-0302(70)86353-6
https://doi.org/10.1017/s0007114500000027
https://doi.org/10.1017/s0007114500000027
https://doi.org/10.3168/jds.2012-5979
https://doi.org/10.1016/j.livsci.2014.06.022
https://doi.org/10.15232/S1080-7446(15)31367-X
https://doi.org/10.15232/S1080-7446(15)31367-X
https://doi.org/10.1016/j.sciaf.2020.e00351
https://doi.org/10.30704/http-www-jivs-net.409161
https://doi.org/10.30704/http-www-jivs-net.409161
https://doi.org/10.1017/S0003356100024387
https://doi.org/10.1017/S0003356100024387
https://doi.org/10.3168/jds.2009-2766
https://doi.org/10.3168/jds.2009-2766
https://doi.org/10.1016/j.etap.2010.03.010
https://doi.org/10.1016/j.etap.2010.03.010

	Serum and Hair Trace Element and Mineral Levels in Dairy Cows in Relation to Daily Milk Yield
	Abstract
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	References


