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Preface to ”High-Yielding Dairy Cows”

In recent decades, genetic, nutrition, and management improvements have resulted in

high-yielding dairy cows. According to FAOSTAT data [1], 715,922,506 tons of fresh milk was globally

produced in 2019. Currently, the total milk yield (reaching 100,000 kg [2]) and fat and protein contents

reach unpreceded levels during the lifetime production of dairy cows, and further increases are

expected in the next few years. These improvements pose threats and challenges to animal health

and welfare due to metabolic stress faced.

Metabolic stress is characterized by excessive lipomobilization, inflammatory and immune

dysregulations, and oxidative stress on body organic systems. It mainly occurs during the

periparturient period. Cows are more susceptible to metabolic and infectious diseases such as ketosis,

digestive alterations, metritis, mastitis, lameness, and different degrees of infertility.

The ultimate goal of this Special Issue was to aggregate new information striving for more

efficient dairy cow production in confinement and pasture systems. A total of 20 papers (4 full

reviews and 16 research studies) directly or indirectly assessing all aforementioned aspects in

high-producing dairy cows were published from different regions worldwide, ensuring a global

approach to this reality.

We hope that this Special Issue can effectively add some basic and applied scientific value

to knowledge in the dairy industry to satisfy the global demand for milk protein and fat by an

ever-expanding global population. This is one key pattern to ensure the accessibility of safe food to

populations of distinct socio-economic statuses, mitigating the adverse environmental impacts of

dairy production.
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Simple Summary: Heat stress results in a decline in the production performance of the dairy cows.
This study explored the metabolomes of milk and blood plasma in heat-stressed cows by means
of 1H nuclear magnetic resonance (1H NMR)-based metabolomics tools. Findings of the current
experiment reveal that HS alters the metabolic composition of milk and blood plasma in lactating dairy
cows. In brief, HS alters twelve metabolites in blood plasma and eight metabolites in milk, which are
primarily involved in proteolysis, gluconeogenesis, and milk fatty acid synthesis, suggesting that
these metabolites could be possible biomarkers for heat-stressed dairy cows.

Abstract: In the present experiment, we investigated the impact of heat stress (HS) on physiological
parameters, dry matter intake, milk production, the metabolome of milk, and blood plasma in
lactating Holstein dairy cows. For this purpose, 20 Holstein lactating cows were distributed in
two groups in such a way that each group had 10 cows. A group of 10 cows was reared in HS
conditions, while the other group of 10 cows was reared in the thermoneutral zone. The results
of the experiment showed that cows subjected to HS had higher respiration rates (p < 0.01) and
greater rectal temperature (p < 0.01). Results of milk production and composition explored that
HS lowered milk production (p < 0.01) and milk protein percentage (p < 0.05) than cows raised
in a thermoneutral place. Furthermore, HS increased the concentrations of N-acetyl glycoprotein,
scyllo-inositol, choline, and pyridoxamine in milk, while HS decreased the concentrations of O-acetyl
glycoprotein, glycerophosphorylcholine, citrate, and methyl phosphate in milk. Moreover, HS
enhanced plasma concentrations of alanine, glucose, glutamate, urea, 1-methylhistidine, histidine,
and formate in cows, while the plasma concentration of low-density lipoprotein, very-low-density
lipoprotein, leucine, lipid, and 3-hydroxybutyrate decreased due to HS. Based on the findings of the
current research, it is concluded that HS alters the milk and blood plasma metabolites of lactating
Holstein dairy cows. Overall, in the current experiment, HS altered eight metabolites in milk and
twelve metabolites in the plasma of lactating Holstein dairy cows. Furthermore, the current study
explored that these metabolites were mainly involved in proteolysis, gluconeogenesis, and milk fatty
acid synthesis and could be potential biomarkers for dairy cows undergoing HS.

Keywords: heat stress; dairy cow; milk production; metabolomics; biomarkers

Animals 2020, 10, 1741; doi:10.3390/ani10101741 www.mdpi.com/journal/animals1
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1. Introduction

Heat stress (HS) is negatively influencing animal health, production, and reproduction performance
in modern livestock production systems [1]. The impact of HS on animals’ health, production, and
reproduction performance is variable in different livestock species and breeds [2,3]. In beef cattle,
HS is generally considered less crucial than dairy cattle because beef cattle have lower body size
and metabolic rate, which results in lower body heat production [2,3]. Hence, dairy researchers
are interested in conducting research on a topic related to the effect of HS on dairy animals’ health,
production, and reproduction performance. Holstein dairy cow is a popular dairy breed among dairy
farmers due to its high milk production. However, the potential of Holstein cows to emit body heat by
skin evaporation is reduced in hot and humid environments [4]. Therefore, it is assumed that Holstein
cows are at a greater risk of facing HS [5]. Findings of previous experiments have explored that HS in
dairy cows not only reduces milk production and milk quality but also results in metabolic disorders,
rumen acidosis, negative energy balance, and even death [6–8]. These metabolic disorders and health
problems are directly linked with economic losses in the dairy industry [2,9,10].

In dairy cow’s production systems, the temperature and humidity index (THI) is considered as an
index of the HS. Nevertheless, THI is only based on environmental humidity and temperature [1] and
is not a direct biomarker of metabolic changes in dairy cows in response to HS. Therefore, in the dairy
production system, vigorous metabolite biomarkers are required to identify the HS occurrence and to
provide understandings related to physiological mechanisms in heat-stressed dairy cows.

Previous studies’ findings have explained that HS in lactating dairy cows not only results in
reduced milk production but also negatively influences the milk protein contents [11,12]. It is generally
considered that lower dry matter intake (DMI) is the major reason for reduced milk production and
milk protein contents in heat-stressed dairy cows [7,13]. However, the latest studies have reported
that lower dry matter intake partially (about 35–50%) describes the reduction in milk production and
milk composition in dairy cows [11,12]. Therefore, it could be assumed that change in post-absorptive
metabolism may be responsible for a large portion of the reduction in productivity of dairy cows;
however, the mechanisms triggering these changes still remain vague [14].

Metabolomics, a useful tool for analyzing the changes of metabolites in physiological fluids and
tissues in response to internal and external stimulations, has been successfully applied for filtering
out biomarkers for milk quality [15], energy metabolism [16], and rumen health in dairy cows [14].
However, only a few studies have attempted to identify biomarkers for the diagnosis of HS in dairy
cows based on milk [15] and plasma [16] metabolomics. Previous studies have reported that blood
and milk metabolites of lactating dairy cows change during HS [14,17–19]. However, to date, none of
the studies have been carried out to evaluate the effect of HS on both milk and plasma metabolome
and their association on the milk yield of mid-lactating dairy cows. In this study, we formulated the
hypothesis that dairy cows suffering from HS may manifest signs of milk and blood metabolite changes,
which can be used as biomarkers for evaluating the influence of HS on dairy cows. Furthermore,
the other objective of the current experiment was to find changes in metabolic pathways due to HS and
to identify the relationship of metabolic changes with milk yield reduction in heat-stressed dairy cows
by comparing the metabolomes of milk and plasma between cows reared in HS and thermoneutral
(TN) conditions.

2. Materials and Methods

The current experimental trial was conducted at Mei Jiadun Dairy Farms (Huang Gang, Hubei,
China). All experimental procedure was in accordance with Chinese laws on Animal Experimentation
(GB/T 35892-2018). Furthermore, all research protocols were permitted by the Institute Animal Care
Committee of Sichuan Agricultural University, China (#SCAUAC201408-3).
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2.1. Experimental Design and Animal Management

A total of twenty healthy Holstein cows from the Mei Jiadun Dairy Farms (Huang Gang, Hubei,
China) herd, with healthy and symmetrical udders, were selected for the current experiment. All cows
were similar in parity, days in milk, milk yield, and body weight (Table 1). Cows were maintained and
reared under the same feeding and management regime before the start of the experiment. For these
experiments, experimental animals were kept in a cowshed (closed type) to avoid environmental
variation and photoperiods on cow’s metabolism. Shed (150 m × 20 m) was equally divided into
10 parts with the help of temporary sidewalls of bamboos and steel pipes. Each part was designated to
a single cow. Every part of the barn was bedded with geotextile mattresses and topped with a thin
layer of sawdust. Each part of the barn contained a drinker and fan. To avoid light, shading nets were
used around the cowshed.

Table 1. Characteristics of the experimental cows.

Parameter TN 1 (Thermal Neutral) HS 2 (Heat Stress) p-Value

Number of cows 10 10
Parity 3.0 ± 1.0 3.2 ± 1.1 0.78

Lactation days 146.2 ± 12 145 ± 25 0.95
Milk yield (kg) 26.8 ± 1.5 27.2 ± 2.1 0.95

Average bodyweight (kg) 604.4 ± 56.44 601.81 ± 78.97 0.95
1 TN: Thermal neutral. 2 HS: heat stress.

Each experimental animal was reared in an individual pen. Fresh drinking water was ensured
for each pen. All other managemental practices were also similar for all animals. Ten cows were
considered for HS treatment, and similarly, ten cows were considered for TN treatment.

Samples from HS experimental animals were collected in the summer period (15 July to 30 August).
In the summer season, THI was increased from 75 to 85 over one month and stabled at 80.50 for seven
days. While the samples of TN treatments were gathered in the spring (15 march to 30 April). In the
spring season, THI steadily increased from 58.8 to 62.3 over a one-month period. Before the onset
of the experiment, all experimental animals were given an adaptation period of 15 days. A total of
30 days duration was given as an experimental period in the current study. All data were collected in
30 days of the experimental period.

Experimental animals were reared on total mixed ration (TMR). The frequency of feeding the
animals was twice a day at 0500 and 1700. The TMR was supplied by the gate feeders, and 10% refusals
were permitted. All experimental animals were milked twice a day (at 0500 and 1700). Animals were
milked in a conventional milking parlor with a machine milking system (DeLaval, Tumba, Sweden).
The milk production of each cow was recorded at each milking.

The diet used in this study was prepared to fulfill the requirements of a cow weighing 550 kg
and producing 25 kg of milk (3.1% milkfat) daily, as suggested by National Research Council (NRC)
2001 [20]. Furthermore, the net energy for lactation (NEL) was 6.36 MJ/kg dry matter, which could meet
the cow’s needs for TN conditions. The TMR’s ingredients and chemical composition are presented in
Table 2.

3
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Table 2. Composition (%. of dry matter (DM)) and nutritional value of the diet.

Item %

Ingredient
Silage (Corn silage) 19.63

Alfalfa hay 5.82
Hemarthriia altissima 1 10.60

Sweet potato vine 13.95
Corn meal 23.50

Wheat bran 6.00
Soybean meal 9.70
Rapeseed meal 6.00

Calcium fatty acids 1.00
Limestone 1.20

Calcium superphosphate 1.00
Salt 0.60

Premix 2 1.00
Total 100

Roughage-to-concentrate 50/50
Nutrient levels 3

NEL 4 (MJ/kg) 6.36
NEL (Mcal/kg) 1.51

CP 5 16.18
NDF 6 36.46
ADF 7 22.96
Ca 8 1.06
P 9 0.56

1 Hemarthria altissima and sweet potato vine fresh mowing. 2 Premix contained (per kilogram of premix): VA—
5,00,000 IU, VD— 1,50,000 IU, VE—3000 IU, Fe (iron) —4.0 g, Cu (copper) —1.3 g, Mn—3.0 g, Zn (Zinc)—6.0 g,
I (iodine)—80 mg, Se (selenium)—50 mg, and Co (cobalt)—80 mg. 3 Net energy for lactation was the calculated
value; the others were measured values. 4 NEL: Net energy for lactation; 5 CP: Crude protein; 6 NDF: Neutral
detergent fiber; 7 ADF: Acid detergent fiber; 8 Ca: Calcium; 9 P: Phosphorus.

2.2. Sampling and Analysis

The samples of fresh and refused TMR were collected on a weekly basis during the experimental
duration (30 days). Collected samples of TMR were oven-dried at 65 ◦C for 24 h. Dried samples of
TMR were ground through a 1 mm screen and were analyzed for dry matter, ash, calcium, phosphorus,
Crude protein (CP), Neutral detergent fiber (NDF), and Acid detergent fiber (ADF). Proximate analysis
was carried out following the protocol of Association of Official Analytical Chemists (AOAC) [21].
The contents of fiber in samples were determined following the protocol of Van Soest et al. [22].

In the last week of the summer period and spring period, morning milk samples (volume of 25 mL
each) were collected at day 7 from the individual cow for the determination of milk components (fat,
lactose, and protein) and somatic cells counts (SCC) (Arizona DHIA, Tempe, AZ, USA). In brief, a total
of 25 mL of composite milk from each animal, with approximately equal volumes from each lactating
udder quarter, was transferred to a sterile plastic bottle (Corning, Inc., Corning, NY, USA) and kept
on ice until transport to the laboratory and storage at −80 ◦C for further analysis. Similarly, one-day
milk samples (10 mL) from every cow were also collected on the last day of the experimental trial
for 1H nuclear magnetic resonance (1H NMR) analysis. The collected sample of milk was defatted
by centrifugation at 3000× g for fifteen min at four-degree Celsius. The skimmed milk samples were
stored at −80 ◦C for H.NMR analysis.

Samples of blood were also collected from the coccygeal vein of the cows before morning feeding
on the last day of the experimental trial. The blood samples were stored in evacuated tubes containing
EDTA for anticoagulation. The collected samples were centrifuged, the same as described for the
production of skimmed milk except for the centrifugation time. The centrifugation time was 10 min for

4
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blood samples. After the centrifugation procedure, blood plasma was aliquoted and stored at −80 ◦C
until NMR analysis.

2.3. Measurements

Milk production and milk fat content were utilized to determine 4% fat-corrected milk. Rectal
temperature (RTs) was determined 3 times per day by using a clinical thermometer (Nanjing, China).
The respiratory rate was measured at 07:00, 14:00, and 22:00 twice a week by counting the total number
of flank movements in one min and recorded as breaths per minute. DMI was recorded on a daily
basis. DMI was measured by subtracting daily refusals from the daily offered feed. The following
formula was used to calculate the temperature and humidity index (THI) following NRC 2001 [20].

THI = (Tdb + Twb) × 0.72 + 40.6 (1)

where Tdb. = dry bulb temperature (◦C), Twb. =wet bulb temperature (◦C).
The Tdb and Twb temperatures were recorded daily at 0700, 1400, and 2200. Cows were weighed

for 3 consecutive days with an empty stomach in the morning, both at the beginning and the end of
the experiment.

2.4. 1H Nuclear Magnetic Resonance (1H NMR) Spectroscopic Measurement

We followed the procedure of sample preparation and NMR experiments, as described in the
literature [23]. In brief, samples of blood plasma were melted at room temperature. Thawed plasma
was homogenized by using a vortex mixer. After that, 400 μL of plasma sample was placed in a
1.5 mL plastic tube and mixed with 170 μL of D2O for detecting the signal. A 30 μL of Phosphate
Buffer Saline (PBS) was added to reduce variations in the pH of the sample. After that, the samples
of plasma were centrifuged at 12000 revolutions per minute (rpm) for ten minutes at four degrees
Celsius. After centrifugation, 500 μL of supernatant was shifted into 5 Mm. nuclear magnetic
resonance tubes. NMR tubes containing supernatant were stored at four degrees Celsius until further
analysis. Nuclear magnetic resonance spectra of all samples were obtained at 298 K on a Bruker
Avance 600 with a 599.91 Hz, the acquisition time of 0.9984 s, the spectral width of 8.01 kHz, and 2.1 s
relaxation delay with 128 scans collected into 32K data points. One dimensional (1D) spectra were
recorded using the Carr-Purcell-Meiboom-Gill (CPMG) experiment to suppress water signals and
broad protein resonances.

All obtained 1H.NMR spectra were phased manually, and the baseline was adjusted by the use
of MesReNova 7.1software. Before Fourier transformation, Free Induction Decay Signal (FIDs) were
multiplied by an exponential with a 0.3Hz line broadening factor. The nuclear magnetic resonance
spectrum was a reference to the lactate resonance at 1.33 ppm. Each spectrum (0.5–9.0 ppm) was split
into 0.002 ppm bins, removing the residue water region from 5.2 to 4.5 ppm. The left-over bins of each
spectrum were normalized to a total spectral area of unity prior to pattern recognition.

2.5. 1H NMR Data Handling

Free induction decays were multiplied by a factor of 1.0 Hz and phased manually. The chemical
shift of each milk sample was referenced to the signal of the sodium trimethylsilyl (2, 2, 3, 3-2 H4)
1 propionate (TSP) (δ 0 ppm), and the chemical shift of each plasma sample was referenced to the
signal of L-lactate (δ 1.33ppm). The NMR spectra of milk samples (δ 0.6–9.0 ppm) and plasma samples
(δ 0.5–9.0 ppm) were further divided into 0.002 ppm integral region and integrated. The parts of δ
4.73–5.16 ppm and δ 3.33–3.34 ppm were eliminated to eradicate the baseline effect of imperfect water
supersession and effects of ethanol on milk samples, and the region of δ 4.5–5.2 ppm was removed to
eradicate baseline effects of inadequate water supersession on plasma samples.

Multivariate analyses, comprising Principal Component Analysis (PCA) and Orthogonal Partial
Least Squares Discrimination Analysis (OPLS-DA), were carried out by the use of SIMCA-P11.0
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software (UmetricsUmea, Sweden). PCA is known to show the core structure of datasets in an unbiased
pattern and to reduce the dimensionality of experimental data. In the current experiment, PCA was
used to explore the global clustering and variations in metabolic profiles between obtained samples.
Furthermore, the data of mean center scaling was employed for PCA. For regression, partial least
square discrimination analysis was used, and the R2X, R2Y, and Q2 parameters were carried out to
assess the model quality. The R2Y and R2X parameters, which characterize the fractions of X and Y
variations, respectively, were utilized to assess the quality of the model. The predictive ability of the
model was represented by the Q2 parameter. Usually, the model is acceptable when the values of R2Y,
R2X, and Q2 are more significant than 0.5. After obtaining the initial overview of PCA and Partial Least
Squares Discrimination Analysis (PLS-DA) analysis, a more sophisticated OPLS-DA model with the
precise discriminant info was obtained from the HS and TN periods.

The difference of the metabolites in experimental treatments is represented as a coefficient of
variation plots. The OPLS-DA model was utilized to increase the separation between samples by
eliminating the variation in the X matrix unrelated to the Y matrix [24]. The multivariate models were
validated by a 6-round cross-validation procedure to guard against overfitting and by permutation
tests (n = 200). The color-coded coefficient of loading plots of the OPLS-DA model was utilized to
determine the difference between the HS and TN periods.

Based on the number of samples in the current experiment, the correlation coefficients of |r| > 0.63
and |r| > 0.60 were used as the cutoff values for the significance of milk and plasma samples, respectively.

2.6. The Differential Metabolites Identification and the Analysis of the Metabolic Pathway

The OPLS-DA and PLS-DA were used to identify the difference in metabolites. SPSS 16.0 was
used to calculate the receiver operating characteristic (ROC) curves, and the diagnostic value of these
differentials was determined by the areas under the curves (AUCs). The Kyoto Encyclopedia of Genes
and Genomes (KEGG) was used to find the metabolic pathways and enrichment analysis. After that,
MetaboAnalyst3.0 (https://www.metaboanalyst.ca/) was used for the pathway analysis.

2.7. Calculation and Statistical Analysis

The effects of HS on physiological parameters and milk yield were analyzed by repeated-measures
by using the PROC GLM procedure of SAS 9.0 software (SAS Institute Inc., Cary, NC, USA). Least square
means were separated by using the Pare difference (PDIFF) procedure of SAS 9.0 software (SAS Institute
Inc, Cary, NC, USA). The significance was declared at p < 0.05.

3. Results

3.1. Environmental Conditions

The THI values calculated during the experimental periods are shown in Figure 1. Results revealed
that daily mean THI was between 58.5 and 62.3 during the spring season (avg. 60.8 in the whole spring
season). The daily mean THI was ranged from 75.0 to 85.0 during the summer season (avg. 80.5 in the
whole summer season). The mean daily THI in the entire summer period exceeded 72, indicating that
dairy cows in the HS treatment suffered HS.
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Figure 1. The temperature and humidity index (THI) values (mean/d) during the summer period
(n = 10, triangle line) and spring period (n = 10, rectangle line).

3.2. Physiological Parameters and Animal Performance

The physiological parameters and performance of cows are illustrated in Table 3. Bodyweight did
not differ both at the beginning and the end of the HS and TN periods. However, body weight change
in the experimental treatments varied greatly (p < 0.01). The respiratory rates and RTs were higher
(p < 0.01) in the HS experimental treatment than the TN treatment.

Table 3. Physiological parameters and performance of cows reared in heat stress and thermoneutral
periods (mean ± SD).

Item Thermoneutral Period Heat Stress Period p-Value

Respiration rate (breaths/min) 35.4 ± 4.7 82.3 ± 10.5 <0.01
Rectal temperature (◦C) 38.6 ± 0.1 39.4 ± 0.3 <0.01

Initial 1 BW (kg) 604.4 ± 56.4 601.8 ± 79.0 0.91
Final BW (kg) 612.2 ± 55.6 565.5 ± 74.6 0.17

BW changes (kg) 7.8 ± 8.3 −36.4 ± 11.2 <0.01
2 DMI (kg) 18.1 ± 2.5 15.5 ± 2.0 <0.05

Milk yield (kg/d) 28.6 ± 1.4 19.9 ± 2.1 <0.05
Protein (%) 3.2 ± 0.2 2.9 ± 0.9 <0.05

Protein yield (g/d) 914.5 ± 2.2 578.1 ± 1.8 <0.01
Fat (%) 3.6 ± 0.7 3.8 ± 0.6 0.12

Fat yield (g/d) 1026.6 ± 3.2 753.8 ± 2.5 <0.05
Lactose (%) 4.9 ± 0.2 4.7 ± 0.2 0.19

Lactose yield(g/d) 1407.2 ± 5.2 933.5 ± 3.8 <0.05
Somatic cells count 1000/mL 286± 8.2 312± 9.5 0.03

1 BW = bodyweight, 2 DMI = dry matter intake.

Heat stress reduced milk production (p < 0.05), milk protein contents (p < 0.05), milk protein yield
(p < 0.01), and DMI (p < 0.05). Heat stress did not alter milk lactose contents and milk fat contents
(p > 0.10). Results showed that milk fat yield and lactose yield were lowered in the HS experimental
cows as compared to the TN experimental group animals. Results showed that HS increased the SCC
(p = 0.03) of cows.
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3.3. 1H NMR Spectra of Milk and Blood Plasma Samples

The representative 600 MHz of Varian 600 (Agilent, Santa Clara, CA, USA) spectra gave an overview
of the metabolic profiles from milk and plasma (Supplementary Materials Figures S1–S3) of cows in
the HS and TN groups. By visual inspection of the 1H NMR spectra, different metabolite patterns were
observed between the experimental groups. Milk concentrations of pyridoxamine and scyllo-inositol
and plasma concentrations of glucose and formate appeared to be higher in cows of the HS group.
To get a more intensive analysis of the difference in metabolites in the experimental treatments, NMR
data was further analyzed by using multivariate analysis, including PLS-DA, PCA, and OPLS-DA,
to obtain the significant differences of obtained metabolites between experimental treatments.

3.4. Identification of Different Metabolites

The PCA and PLS-DA of the 1H.NMR data from milk and plasma represented a separation in the
experimental treatments (Figure 2, Supplementary Materials Figures S4 and S5). OPLS-DA analysis
revealed that concentrations of eight metabolites in the samples of milk and twelve metabolites in
the samples of plasma were significantly different between the HS and TN experimental groups
(Figures 3 and 4). The cows in the HS groups had a higher level of choline, N-acetyl glycoprotein
(NAG), scyllo-inositol, and pyridoxamine and lower levels of citrate, O-acetyl glycoprotein (OAG),
glycerol phosphorylcholine (GPC), and methyl phosphate in milk as compared to cows in the TN
groups. The cows from the HS group had greater levels of glutamate, alanine, glucose, histidine, urea,
1-methylhistidin, and formate and lower levels of Very low density lipoprotein (VLDL), low density
lipoprotein (LDL), lipid, leucine, and 3-hydroxybutyrate in plasma as compared to the cows in the
TN experimental group (Table 4). We further employed ROC analysis to find the diagnostic values of
obtained different metabolites for distinguishing the HS experimental cows from the TN experimental
cows (Figure 5A,B). Most of the metabolites showed excellent diagnostic potential with the AUC values
of 0.70–1.0.

  
R2X = 73.7%, Q2 = 0.590 R2X = 69.6%, Q2 = 0.508 

Figure 2. Principal Component Analysis (PCA) scores plot based on 1H.NMR spectrum of aqueous
phase acquired from the HS (heat stress) and TN treatments (left). PCA scores plot based on 1H NMR
spectra of plasma acquired from the HS and TN treatments (right). A = heat stress (HS) group;
B = thermal neutral (TN) group.
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Table 4. OPLS-DA coefficients derived from the 1H NMR data of metabolites in the milk and plasma of
cows reared in the heat stress and thermoneutral zone.

Metabolites 1 Identification (ppm)
and Multiplicity 2

Correlation
Coefficients (r) 3 p-Value

Milk

N-Acetyl glycoprotein 2.06 (s) 4 −0.73 0.02
O-Acetyl glycoprotein 2.07 (s) 0.68 0.01

Citrate 2.53 (d), 2.67 (d) 5 0.74 <0.01
Choline 3.20 (s) −0.64 0.03

Glycerophosphorylcholine 3.23 (s) 0.63 0.01
Methyl phosphate 3.49 (d) 0.68 0.1

scyllo-Inositol 3.36 (s) −0.66 0.02
Pyridoxamine 7.67 (s) −0.68 0.02

Plasma

L2, L4: VLDL 0.89 (br), 1.29 (br) 6 0.81 <0.01
L3: LDL 1.27 (br) 0.66 <0.01
L6: Lipid 2.01 (br) 0.64 <0.01
Leucine 0.96 (t) 7, 1.69 (m) 8 0.75 <0.01

3-Hydroxybutyrate 1.20 (d) 0.74 <0.01
Alanine 1.48 (d) −0.64 <0.01

Glutamate 2.13 (m), 2.46 (m) −0.65 <0.01

Glucose
3.42 (t), 3.54 (dd) 3.71
(t), 3.73 (m) 3.84 (m),

5.23 (d)
−0.71 <0.01

Urea 5.78 (br) −0.66 0.02
Histidine 7.05 (s), 7.76(s) −0.63 <0.01

1-Methylhistidine 6.96 (s), 7.61(s) −7.64 <0.01
Formate 8.45 (s) −0.68 <0.01

1 VLDL: very-low-density lipoprotein; LDL, low-density lipoprotein. 2 Multiplicity: s represents singlet, d represents
doublet, t represents triplet, q represents quartet, dd represents doublet of doublets, m represents multiplet, br
represents broad resonance. 3 Correlation coefficients: positive and negative signs show a positive and negative
correlation in the concentrations of milk metabolites in dairy cows in the TN (thermoneutral) group relative to cows
in the HS (heat stress) group. 4 s: singlet; 5 d: doublet; 6 br: broadlet; 7 t: triplet; 8 m: multiplet.

 
(A) (B) 

Figure 5. ROC (receiver operating characteristics) analysis of biomarkers from the milk (A) and plasma
(B) for cows from the HS (heat stress) and TN (thermoneutral) periods.
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3.5. Integration of Key Different Metabolic Pathways

In the current experiment, a total of twelve pathways were obtained. Those metabolites were
involved in various biochemical pathways, such as proteolysis, glycolysis, lipolysis, gluconeogenesis,
galactose, inositol phosphate metabolism, muscle protein catabolism, purine metabolism, and alanine
metabolism (Figure 6A,B). The obtained results were combined to draw a metabolic network map,
as shown in Figure 7, to represent the biological significance of the variation of plasma and milk
concentrations of metabolites as a result of HS.

 
(A) 

 
(B) 

Figure 6. The metabolome view map of significant metabolic pathways characterized in milk (A) and
plasma (B) for cows from the HS (heat stress) and TN (thermoneutral) periods. This figure tries to find
pathways that were significantly changed based on enrichment and topology analysis.
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Figure 7. Metabolic network of the potential biomarkers in plasma and milk, which were different
between the HS (heat stress) and TN (thermoneutral) periods. The increased metabolites in the HS
period are represented in red. The decreased metabolites in the HS period are represented in blue.
GPC: glycerol phosphoryl choline; 3-HB: 3-hydroxybutyrate; 1-MH: 1-Methylhistidine.

4. Discussion

In dairy production systems, THI has been used as a vibrant indicator to evaluate HS in dairy
cows. It is normally believed that THI above 68 results in HS in dairy cows [25]. In the present
experiment, THI results showed that average THI was above 80.5 in the HS experimental group
(Figure 1), indicating HS in cows of this group. Moreover, previous studies have reported that higher
RTs and respiration rates are prominent indicators of heat-stressed dairy cows [26–29]. In the present
experiment, higher RTs and respiration rates in cows of the HS experimental treatments further clarified
that cows in the HS experimental treatment suffered from HS.

In this study, HS reduced DMI and milk production, which is similar to the findings of previous
studies [1,7,30]. It has already been reported that HS reduces the DMI, milk yield, and milk protein
contents [15,19]. However, recent studies have explored that in heat-stressed dairy cows, low DMI
only partially describes the dairy cow milk productivity and changes in milk composition [17,18].
In the current study, HS reduced DMI dramatically in cows, and thus cows were unable to meet
energy demands for maintenance and lactation. Therefore, it could be assumed that HS cows were in
negative nutrient balance, as supported by bodyweight changes in HS cows as compared to cows in the
thermoneutral zone (Table 3). In negative energy balance, processes of both lipolysis and proteolysis
started in cows [31].

3-Methylhistidine (3-MH) is a product of the posttranslational methylation of histidine in
both myosin and actin, and the plasma concentration of 3-MH is a good indicator of protein
mobilization in cows because it is not further metabolized in the body [32]. Interestingly, we did
not find the changes in the plasma concentration of 3-MH. Instead, we found the upregulation of
3-Methylhistidine(1-MH)in the plasma of heat-stressed dairy cows. 1-MH is the degradation product
of anserine (β-alany1-1-methy1-histidine) that is a dipeptide found in the muscles of many animals,
including cows [33]. 1-MH is used as a biomarker for meat intake in humans because anserine is
not found in human muscle [34]. This methylation product of histidine cannot be synthesized in the
human body unless anserine-containing meat is consumed. In the current study, it could be assumed
that anserine was degraded in cow muscle and resulted in the production of 1-MH during HS, which
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ultimately enhanced the plasma concentration of 1-MH. Therefore, the plasma concentration of 1-MH
could be a possible biomarker for monitoring protein mobilization in HS dairy cows.

In normal and pathological conditions, the rate of protein synthesis is correlated with the
intracellular amino acid pool as compared to the blood plasma concentration of amino acid [35,36].
Results showed that HS increased concentrations of glutamate, alanine, and histidine in the plasma
of cows. It has been reported that glutamate, alanine, and histidine are the main precursors of
glucose production via gluconeogenesis [12,37]. It has also been reported that during periods
of food deprivation, gluconeogenesis and glycolysis are regulated by alanine to ensure glucose
production [37,38]. Furthermore, it has also been reported that under HS condition, alanine synthesis
increases, and alanine accumulates as the major amino acid [16,39]. In the current study, higher levels
of alanine were found in the HS experimental group, representing that during HS, gluconeogenesis
was started in cows. Therefore, high plasma alanine concentration is also a sign of inadequate cellular
energy substrates of dairy cows in HS periods.

Glutamate is essential for carbohydrate and amino acid metabolism because it is a chief precursor
of glucose synthesis during the process of gluconeogenesis [40]. It has been reported that in many
amino acids’ metabolism, proline, ornithine, glutamine, arginine, and histidine converge on glutamate
itself [41]. Moreover, under stressful cell conditions, glutamate can be synthesized for neurotransmitters
and glutathione to protect cells from damage from the redox crisis [42]. It has been reported that
HS increases the synthesis of glutamate, which is often part of an adaptive strategy for the body in
response to stressors [12,16,37,39]. A higher level of glutamate was found in the heat-stressed cows,
highlighting that glutamate was involved in multiple metabolic processes under HS. The accumulation
of excess amino acids in the plasma indicated that amino acid catabolism was probably started in the
liver [43]. These amino acids can further degrade to produce 2-oxoglutarate. Through the tricarboxylic
acid cycle (TCA), 2-oxoglutarate is converted to oxaloacetic acid, which is used to synthesize glucose
to supplement the energy demand. Based on findings, it could be concluded that dairy cows subjected
to HS suffer from protein catabolism and lack of energy substrates.

Formate is an essential endogenous one-carbon metabolite in animals, who participate in a vital
one-carbon pool of intermediary metabolism, and used as a valuable biomarker for impaired one-carbon
metabolism [44]. In dairy production, the endogenous source of formate is rumen methanogens,
which use microbial fermentation to produce products, such as formic acid and hydrogen, which are
reduced to produce methane. Therefore, there is normally little hydrogen and formic acid in the
rumen [45]. Our results showed that plasma concentrations of formate in heat-stressed cows were
increased, suggesting that HS led to impaired methanogenesis, which led to high levels of formate
entering the blood. Formate is observed to be toxic to animals as it has been reported to be involved in
the toxicity observed with methanol poisoning [46]. Metabolic acidosis and optic nerve damage are
connected with the toxicity of formate [47]. Hovda et al. [48] demonstrated that metabolic acidosis
happened only at higher concentrations of plasma formate. Our results showed impaired one-carbon
metabolism and possible signs of a metabolic acidosis of the cows during the HS period.

Current study findings explored that plasma concentrations of glucose were increased in the
animals of the HS group, similar to the research results of Srikandakumar and Johnson in Holstein
cows [49]. The higher plasma concentration of glucose could be explained by the theory of higher
uptake of glucose from the kidney and the intestine and the higher production of hepatic glucose
during HS [50–52].

Significantly, decreased levels of 3-hydroxybutyrate (3-HB) were observed in the HS animals.
The 3-HB, the main ketone body, is generated from lipolysis in the liver mitochondria and could be
utilized as an energy source as the supply of blood glucose is insufficient [53]. Therefore, the decreased
3-hydroxybutyrate plasma levels in heat-stressed cows might indicate that the inhibition of β-oxidation
of fatty acid occurred in cows suffering HS [54]. The upregulation of plasma concentrations of glucose
in the HS period in this study supported the theory that β-oxidation of fatty acid is inhibited in
heat-stressed cows. Previous studies have also reported that HS limits fat mobilization to limit heat
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generation [55,56]; therefore, it could be assumed that lipolysis may not be an energy-generating
process for dairy cows during HS. However, further evidence is required to confirm this hypothesis.
In addition, plasma 3-HB is derived not only from liver fatty acid metabolism but also from rumen
butyrate [57]. A decrease of DMI in animals of the HS experimental group may be related to a decrease
in plasma 3-hydroxybutyrate. In any case, the decreased plasma 3-HB in this study might suggest the
inhibitory effect of HS on lipolysis in dairy cows. Plasma 3-HB level may also be used as a biomarker
for evaluating the susceptibility to HS.

A significantly decreased level of leucine was seen in cows of the HS experimental groups in
the current study. The essential amino acid leucine can stimulate muscle protein synthesis [56].
Fried et al. [58] stated that the increased concentration of leucine in the blood led to an increase in
protein turnover in a mouse model. A decreased leucine concentration in blood plasma causes physical
and mental fatigue [59]. Leucine is also concerned with different disease conditions; for example,
the disease of maple syrup urine disease [60]. It has also been reported that the metabolism of leucine
is essential for heart disease [61]. Taegtmeyer et al. [62] observed that the supplementation of leucine
aided in repair of the heart during ischemic injury. Therefore, it could be hypothesized that the
decreased level of leucine observed in our study might lead to mental fatigue and ischemic injury of
the heart of dairy cows during HS.

VLDL is likely an essential source of fats for extrahepatic tissues [63]. Our results showed that the
plasma concentration of VLDL decreased due to HS. The result of the lower plasma level of VLDL
is similar to the research results of Tian et al. [16], who observed that HS negatively influenced the
level of plasma VLDL in the animals suffered from HS. It is known that hepatocytes are involved
in the assembly and secretion of VLDL particles [64]. The lower level of VLDL could be justified
with the lesser production of the essential components of VLDL like cholesterol, apolipoproteins,
and phospholipids (especially GPC) [65]. In the current study, the level of GPC decreased, but the
concentration of choline was upgraded in the milk of HS cows. This result might indicate that HS
causes abnormalities in liver lipid metabolism. It has been reported that a reduced ratio of GPC
to choline leads to a metabolic change of phosphatidylcholine and GPC to choline during the HS
period [66]. It has been further reported that decreased GPC levels in the milk are advantageous for
choline release and adaptation to hot weather conditions. Previous studies have also reported that
choline is positively associated with good coagulation parameters [67]. The high choline content,
together with the decreased citrate content in the dairy cow, during the HS period, could improve milk
coagulation properties [67].

As a common protein modification, protein glycosylation is linked to protein functions, such as
biological recognition, enzymatic protection, and protein folding [68,69]. The N-acetyllactosamine units
are typically present in glycoprotein, which is constituted of an O- or N-linked core structure. It has
been reported that N-acetyllactosamine core structures are carriers of terminal carbohydrate epitopes,
which confer a specific biological property to the glycoprotein [69]. Furthermore, it is believed that
approximately all of the important molecules concerned with the adaptive and innate responses are
glycoproteins, and the majority of circulating glycoproteins are acute phase reactants and immunologic
proteins. Many studies have reported that HS impairs cow immune function [70,71] and results in
higher disease incidence, especially in the period after postpartum [72]. Moreover, it has also been
reported that HS also has a negative impact on the offspring [73]. The study of Nardone et al. [74]
explained that HS in dairy cows during the late pregnancy reduced the concentration of IgA and
IgG and the percentage of total protein of the colostrum from the first milking of primiparous dairy
cows. In another study, higher mortality in heat-stressed neonatal calf was observed due to impaired
colostral antibody absorption [75]. So far, no study has reported any glycan-dependent functions for
the glycoproteins present in the cow’s milk. Therefore, in the current experiment, the increased milk
level of NAG and the decreased milk level of OAG in animals of the HS experimental groups might
have experienced an impaired immune function and incorrect glycosylation of immunoglobulins
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by mammary gland epithelial cells. Thus, both NAG and OAG may be useful milk biomarkers for
heat-stressed cows.

Scyllo-inositol is an isomer of myoinositol, which can be produced in vivo from glucose-six-
phosphate [76]. Inositol is a galactose metabolism product, and it has been reported that a part of
serum inositol is derived from the degradation of dietary phytate by some specific species of intestinal
microbes [77]. Milk scyllo-inositol may either be up taken from blood or synthesized by mammary
gland epithelial cells. It has been reported that in transgenic mice with an Alzheimer’s phenotype,
scyllo-Inositol reverses the memory deficit [78]. In the current study, the content of scyllo-inositol was
upregulated by HS, which indicated that HS leads to inositol metabolism disorder and cellular toxicity
of mammary gland epithelial cells.

Pyridoxamine is one form of vitamin B6, serving as a coenzyme in various enzymatic reactions,
such as transamination and decarboxylation reactions [79]. The deficiency of vitamin B6 can cause
various processes of the body, such as nephrotic syndrome and inflammation [80]. Milk pyridoxamine,
therefore, is an essential functional nutrient beneficial to animal health. However, the biological
significance and the mechanism of the elevated milk concentration of pyridoxamine during the HS
period is not known.

Citrate is not the main constituent of milk, but it plays as a buffer role in the udder of dairy cows.
It has been reported that citrate regulates Ca2+and H+ ions homeostasis and maintain the fluidity of
milk by effecting casein micelles [81]. In the case of citrate deficiency in the udder, the clumping of
Ca2+ appears, which causes injury to the parenchymatous tissues of the alveoli of the udder and leads
to the damage of barriers between blood and milk and inflammatory reactions in the alveolar tissue of
the udder [82]. In the present experiment, the level of citrate in milk decreased significantly during the
HS period, indicating that HS may seriously affect udder health. Furthermore, citrate is known to be
involved in the TCA, and in dairy cows, it is known as a biomarker of energy balance [83]. Moreover,
citrate is correlated with ketone bodies in milk and de novo fatty acids synthesis [84]. There is strong
evidence that citrate in milk comes from citrate produced within the mammary secretory cell rather
than from that in the blood plasma [85]. The previous study of Tian et al. [16] reported that the HS
decreased the milk citrate concentration due to changes in mammary gland function rather than a
disturbance in the blood citrate metabolism. Therefore, the lower level of citrate in heat-stressed
cow’s milk could reflect the decreased mammary activity rather than imbalanced energy metabolism.
In the current experiment, HS increased the SCC, similar to the findings of the recent study [86].
It has been reported that higher milk SCC due to HS indicates a mammary immune response to
simulated infection [87]; therefore, SCC results of the current study suggest that HS may seriously
affect udder health.

5. Conclusions

In this study, results explored that HS reduced the DMI and influenced the metabolites in the milk
and plasma of dairy cows. Results showed that a total of eight metabolites in milk and 12 metabolites
in plasma were altered due to HS. These metabolites were mainly involved in gluconeogenesis, protein
degradation and synthesis, and milk fat synthesis. These metabolites in the milk and plasma could be
potential biomarkers for HS. In addition, this work found several metabolites (especially in milk) that
have rarely been studied.

Supplementary Materials: The following supplementary material is available online at http://www.mdpi.com/
2076-2615/10/10/1741/s1. Figure S1: A representative 600 MHz 1H.NMR spectrum (δ0.5–5.0 and δ5.0–9.5) of milk
from the HS period and TN period, Figure S2: A representative 600 MHz 1H.NMR spectrum (δ0.5–5.5 and δ5.5–9.0)
of plasma from the HS period and TN period, Figure S3: least squares discrimination analysis (PLS-DA) scores
plots (a) derived from 1H.NMR spectra of the aqueous phase of milk extracts. A = heat stress group; B = thermal
neutral group, Figure S4: PLS-DA scores plots (a) derived from 1H.NMR spectra of serum obtained from different
groups, and cross-validation (b) by permutation test (n = 300). A = heat stress group; B = thermal neutral group.
Figure S5: Partial least squares discrimination analysis PLS-DA score plots (left panel) derived from 1H NMR
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spectra of serum obtained from different groups and cross validation (left panel) by permutation test (n = 300).
A = Heat Stress group; B = thermal neutral group.
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Simple Summary: Energy and nutrient demands of the early lactation period can result in the
development of metabolic disorders, such as ketosis and fatty liver, in dairy cows. Variability in
the incidence of these disorders suggests that some cows have an ability to adapt. The objective
of this study was to discover differences in liver gene expression that are associated with a cow’s
susceptibility (disposition to disorder during typical conditions) or resistance (disposition to disorder
onset and severity when presented a challenge) to metabolic disorders. Cows in a control treatment
and a ketosis induction protocol treatment were retrospectively grouped into susceptibility and
resistance groups, respectively, by a machine learning algorithm using lipid biomarker concentrations.
Whole-transcriptome RNA sequencing was performed on liver samples from these cows. More
susceptible cows had lower expression of glutathione metabolism genes, while less resistant cows
had greater expression of eicosanoid-metabolism-related genes. Additionally, differentially expressed
genes suggested a role for immune-response-related genes in conferring susceptibility and resistance
to metabolic disorders. The overall inferred metabolism suggests that responses to oxidative stress
may determine susceptibility and resistance to metabolic disorders, with novel implications for
immunometabolism.

Abstract: Lipid-related metabolic disorders (LRMD) are prevalent in early lactation dairy cows,
and have detrimental effects on productivity and health. Our objectives were to identify cows
resistant or susceptible to LRMD using a ketosis induction protocol (KIP) to discover differentially
expressed liver genes and metabolic pathways associated with disposition. Clustering cows based on
postpartum lipid metabolite concentrations within dietary treatments identified cows more or less
susceptible (MS vs. LS) to LRMD within the control treatment, and more or less resistant (MR vs. LR)
within the KIP treatment. Whole-transcriptome RNA sequencing was performed on liver samples
(−28, +1, and +14 days relative to calving) to assess differential gene and pathway expression
(LS vs. MS; MR vs. LR; n = 3 cows per cluster). Cows within the MS and LR clusters had evidence
of greater blood serum β-hydroxybutyrate concentration and liver triglyceride content than the LS
and MR clusters, respectively. The inferred metabolism of differentially expressed genes suggested a
role of immune response (i.e., interferon-inducible proteins and major histocompatibility complex
molecules). Additionally, unique roles for glutathione metabolism and eicosanoid metabolism
in modulating susceptibility and resistance, respectively, were implicated. Overall, this research
provides novel insight into the role of immunometabolism in LRMD pathology, and suggests the
potential for unique control points for LRMD progression and severity.

Keywords: dairy cow; transition period; ketosis; fatty liver; RNA-Seq; clustering; liver metabolism
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1. Introduction

The physiological adaptations necessary to make the transition from a gravid, non-
lactating state through parturition and into a lactating state represent several metabolic
challenges for periparturient dairy cows. The principal challenges include onset of neg-
ative net energy and nutrient balance spurred by a reduction in voluntary feed intake
and increasing lactation energy requirements, insulin resistance, immunosuppression,
and mineral imbalance [1–4]. Responses to these challenges, such as the degree of body
nutrient mobilization and hepatic nutrient metabolism, can vary [5–8]. Maladaptation to
these challenges can result in numerous pathologies, including the lipid-related metabolic
disorders (LRMD) hyperketonemia (HYK) and fatty liver syndrome (FLS). These comor-
bid disorders are prevalent in early lactation dairy cows, with an incidence of 43–53%
and 50% for HYK and FLS, respectively [9–12]. Hyperketonemia—defined as elevated
concentrations of blood β-hydroxybutyrate (BHB)—and bovine FLS—characterized by a
substantial accumulation of liver triglyceride (TG)—have been associated with unfavorable
performance outcomes, including greater risk of comorbidities, decreased reproductive
efficiency, productive losses, and premature culling [7,9,13–15]. The deterministic estimate
for total cost per case of hyperketonemia is USD 375 and USD 256 for primiparous and
multiparous cows, respectively [16]. The financial impact of fatty liver on dairy production
is difficult to determine, but was previously expected to cost the industry at least USD
60 million annually [14]. Therefore, these LRMD represent a concern not only for the health
and wellness of dairy cows, but also for the cost of dairy production.

Our understanding of the pathology of these disorders has historically focused on
understanding the liver metabolism of long-chain fatty acids (FA) mobilized from adipose
tissue TG [14,17]. An apparent excess of liver uptake of endogenous FA surpasses the
oxidative and secretory capacity of hepatocytes, promoting ketogenesis and storage of
re-esterified FA [14,17,18]. Thus, most research regarding the prevention and treatment of
HYK and FLS has focused on limiting FA substrates by managing dairy cows’ prepartum
obesity or excessive mobilization of FA during the postpartum period [19–21]. Alterna-
tive approaches have been focused on nutritional interventions to support oxidation via
TCA [22–24] or to improve liver TG secretion [25–27].

The advent of genome-wide gene expression profiling using microarray or RNA-Seq
techniques has expanded our capability to identify and understand the underpinning
regulatory mechanisms of physiological states. With respect to the liver transcriptome,
research concerning LRMD has focused on comparing prepartum dietary treatments
(lower vs. greater dietary energy) [28–31] or feed restriction models [32,33] to either in-
crease the risk of metabolic disorders or induce negative energy balance. In addition, the
liver transcriptome has been compared between cows overfed dietary energy achieving
subclinical HYK and those not progressing to HYK [34]. These papers have given insight
into the pathogenesis of LRMD, such as highlighting the role of key transcription factors
(i.e., peroxisome proliferator-activated receptor) and the contributions of steroid biosynthe-
sis [28–32]. However, the liver transcriptome of periparturient dairy cows experiencing
LRMD absent a challenge protocol has not been compared to apparently healthy controls.
Additionally, there has been no evaluation of whether the differential biology observed
during these experiments is representative of any differential biology in LRMD that occur
without a challenge protocol.

We hypothesize that periparturient cows have divergent physiological adaptations to
lactation that affect their susceptibility or resistance to LRMD. Furthermore, we hypothesize
that there are unique genes and metabolic pathways responsible for LRMD susceptibility
and resistance. Our presupposition is that dairy cows developing LRMD pathologies absent
of a challenge represent an LRMD-susceptible population of cows, while cows with delayed
onset or severity of LRMD when challenged represent a population of LRMD-resistant
cows. To evaluate our hypotheses, we clustered periparturient cows based on postpartum
lipid metabolite concentrations within a control treatment (CTL; no dietary challenge) and
a ketosis induction protocol (KIP; dietary challenge with oversupply of energy prepartum
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and postpartum feed restriction). Within the CTL treatment, we identified a cluster of
cows apparently less susceptible (LS) to LRMD and a cluster more susceptible (MS) to
LRMD; additionally, we determined a cluster apparently more resistant (MR) to LRMD and
a cluster less resistant (LR) to LRMD in the KIP treatment. Our objectives were to evaluate
the liver transcriptome of these clusters via RNA sequencing within the original treatment
for differentially expressed genes (DEGs) and enriched metabolic pathways (EMPs), as well
as to evaluate the common and unique liver transcriptome features of the susceptibility
and resistance models.

2. Materials and Methods

2.1. Animal Experimental Design

This research was part of a previously detailed experiment that enrolled multiparous
Holstein cows (n = 25) at the University of Wisconsin–Madison Dairy Cattle Instruction
and Research Center [35]. All animal use and handling protocols were approved by the
University of Wisconsin–Madison College of Agricultural and Life Sciences’ Animal Care
and Use Committee (protocol A005467-R01). Blocked by expected calving date, cows were
randomly assigned to a CTL (n =13) or a KIP (n = 12) treatment. The experimental period
began at −28 days relative to calving (DRTC) and ended at +56 DRTC. Control cows were
allowed ad libitum intake of diets formulated to meet the needs of dry or lactating cows,
respectively (Supplementary Table S1). The KIP cows were offered a daily top-dress of dry,
cracked corn (6 kg) in addition to ad libitum access to the dry cow ration [35]. Post-calving,
KIP cows were offered ad libitum access to the lactating cow ration until +14 DRTC, at
which time feed intake was restricted to 80% of ad libitum intake, based on the average
voluntary intake from the 3 days preceding restriction. Blood BHB was monitored daily
for all postpartum cows with a BHBCheck meter (PortaCheck, Moorestown, NJ); cows
that achieved a blood BHB ≥ 3.0 mmol/L were treated for clinical ketosis, re-alimented
to feed, and allowed ad libitum intake for the remainder of the experiment. All KIP
cows and 2 CTL cows achieved blood BHB ≥ 3.0 mmol/L [35]; treatment for clinical
ketosis included intravenous dextrose (250 mL; Phoenix Scientific Inc., St. Joseph, MO,
USA; 50% dextrose), orally administered Propylene Advantage (300 mL/d for 3 to 5 days;
TechMix LLC, Stewart, MN), and a B-vitamin complex injected intramuscularly (20 mL;
Sparhawk Laboratories, Inc., Lenexa, KS, USA). Additional cow illnesses monitored by
the herd veterinarian included displaced abomasum (n = 1 LR cow), clinical hypocalcemia
(n = 1 LR cow), mastitis (n = 1 LS cow at +53 DRTC), retained placenta (n = 0 cows), and
metritis (n = 0 cows).

Methods regarding sample collection and analysis are detailed in depth in the com-
panion manuscript [35]. Briefly, feed intake and milk yield data were recorded daily, and
composition analysis was performed on monthly composites of feed samples and on milk
samples collected weekly. Sampling occurred at −28, −14, +1, +14, +28, +42, and +56 DRTC
for body weight (BW), body condition score (BCS), blood samples, and blind percutaneous
liver biopsies (Supplementary Methods) [35]. Sample collection at +14 DRTC preceded
feed restriction for the KIP treatment. Additional body weights and BCSs were evaluated
at −7 and +7 DRTC, and additional blood samples were collected at −7, −5, −3, +3, +5,
and +7 DRTC. Blood fractions (serum or plasma) were quantified for BHB and glucose,
respectively, using Catachem VETSPEC reagents on the Catachem Well-T AutoAnalyzer
(Catachem, Oxford, CT, USA). Plasma FA concentration and liver TG concentration were
determined using colorimetric, enzymatic assays [22,35,36].

2.2. k-Means Clustering and Retrospective Selection

Cows assigned to the CTL treatment were absent of an additional dietary challenge,
and were leveraged to identify cows LS or MS to LRMD. Meanwhile, cows assigned to
the KIP treatment were dietarily challenged to induce LRMD and leveraged to identify
cows MR or LR to LRMD. To avoid subjectively choosing cows representing differential
LRMD susceptibility or resistance, a k-means clustering algorithm (R, version 3.5.2) was
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used to empirically group cows within their original dietary (CTL or KIP) treatment based
on metabolic characteristics. Variables supplied to the algorithm included concentrations of
plasma FA, serum BHB, and liver TG from +1, +14, and +28 DRTC, as well as the maximum
postpartum concentration of each lipid metabolite from any DRTC timepoint. This allowed
for a longitudinal assessment of LRMD status, and the maximum concentrations served as
a proxy for LRMD severity. All variables were tested for normality (p ≤ 0.05, Shapiro–Wilk
test) and transformed (log10 or reciprocal) to an empirically Gaussian distribution (p > 0.05,
Shapiro–Wilk test). For each original treatment, we evaluated algorithms allowing for
2–5 clusters, 1000 iterations, and 1000 random starts. Based on silhouette plot evaluation
(R package: cluster, version 2.1.0) [37] and the number of cows within the largest 2 clusters
(n ≥ 4), the optimal number of clusters was 2 and 4 for CTL and KIP cows, respectively.
Two of the clusters from within the KIP treatment had too few cows to be considered for
RNA-Seq (n ≤ 2) and were excluded. From the clusters within CTL and KIP treatments,
cows (n = 4 per cluster) were randomly selected to represent the cluster, and proceeded
to RNA isolation and library preparation for RNA-Seq. Poor RNA integrity, detailed
subsequently, resulted in the elimination of one cow per cluster; therefore, each cluster
was represented by 3 randomly selected cows (n = 6 per original treatment) with adequate
RNA integrity. Assignment of clusters as LS or MS in the CTL treatment and LR or MR in
the KIP treatment was based on the statistical evaluation of the metabolites supplied for
clustering (see Statistical Analysis). Greater concentrations of LRMD biomarkers suggest
progressed pathology and increased risk of negative performance outcomes [14,17,38,39];
therefore, the clusters with greater blood BHB, blood FA, or liver TG were designated MS
and LR within the CTL and KIP treatments, respectively, and clusters with lower lipid
metabolites were designated LS and MR within the CTL and KIP treatments, respectively.
Parity distribution across clusters was 8 second parity, 2 third parity (MS cluster), 1 fourth
parity (LR cluster), and 1 fifth parity (LS cluster).

2.3. RNA Isolation, Library Preparation, Sequencing, and Mapping

Liver tissue samples (~50 mg) were homogenized into fine powders in liquid nitrogen
using a mortar and pestle. Sample RNA was extracted following the miRNeasy protocol
with a QIAcube instrument (Qiagen, Foster City, CA, USA). The RNA integrity number
was determined via Bioanalyzer using the RNA 6000 nano kit (Agilent, Santa Clara, CA,
USA) for all samples (n = 48). To improve overall RNA integrity for the experiment, one
cow per cluster was dropped due to excessively low integrity for at least one DRTC. For
the remaining samples (n = 36), RNA integrity was 6.0 ± 1.2 (SD). Library preparation
for RNA sequencing was done using the Illumina TruSeq Ribo-Zero gold kit (Illumina,
San Diego, CA, USA) following the manufacturer’s instructions. For each sample, 1μg
of total RNA was used as the input. The fragment distribution of prepared libraries
was assessed via Bioanalyzer using the DNA 1000 kit (Agilent, Santa Clara, CA, USA).
Quantification of prepared libraries was performed using a Kapa quantification kit (Kapa
biosystems, Darmstadt, Germany) with a QuantStudio5 quantitative PCR instrument
(Thermo Fisher, Waltham, MA, USA). Libraries were further normalized to ensure equal
quantities before sequencing. Normalized, pooled samples were sequenced on an Illumina
NextSeq 500 instrument (Illumina, San Diego, CA, USA) to obtain paired-end, 2 × 75 bp
reads using a 150 high-output kit. Quality of reads was assessed via FastQC (https:
//www.bioinformatics.babraham.ac.uk/projects/fastqc/ accessed on 28 December 2019).
Before sequence alignment, raw reads were filtered to remove those shorter than 50 bp.
The mean number of paired-end reads per library was 34,137,191 ± 646,323 (SEM). The
ribosomal depletion of sample libraries coupled with the deep read count suggests that our
results will be comparable to poly-A-enriched preparation methods, despite the relatively
low library RIN values [40]. For alignment, the genome reference and annotation files for
Bos taurus (release 106, ARS-UCD 1.2) were downloaded from the NCBI (https://www.ncbi.
nlm.nih.gov/assembly/GCF_002263795.1 accessed on 14 March 2020) for use. Raw reads
from the whole transcriptome RNA-Seq libraries were aligned to the Bos taurus reference
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genome using STAR (2.5.2b). Read count quantification was done using cufflinks [41] with
a sorted bam file generated by STAR as the input file. The expression levels of mRNAs in
each sample were normalized to fragments per kilobase of transcript per million mapped
reads (FPKM) by cufflinks [41].

2.4. Statistical Analysis

Due to the dependence of the retrospective cluster assignments on the original dietary
treatment (CTL or KIP), the complete data (n = 12, selected cows) were divided into
datasets based on original dietary treatment; therefore, all statistical analyses compared
either LS vs. MS or LR vs. MR.

Analysis of biometric (i.e., BCS), productive (i.e., milk energy yield), and metabo-
lite data (i.e., serum BHB) was performed using the SAS (version 9.4; SAS Institute Inc.,
Cary, NC) procedures UNIVARIATE and GLIMMIX. Several response variables had non-
Gaussian distributions based on the Shapiro–Wilk test (p < 0.05). For those responses, data
transformations were systematically evaluated, and transformations providing Gaussian
distributions were selected either empirically, by Shapiro–Wilk test (p > 0.05), or subjec-
tively, by histogram visualization (when empirical solutions were not found). The bimodal
nature of calculated net energy balance necessitated downstream analysis to be performed
on prepartum and postpartum timepoints separately. Linear mixed models were used to
evaluate responses for evidence of differences between clusters (LS vs. MS or LR vs. MR,
n = 3 cows/cluster), using the systematic model-building procedure [35]. The typical fixed
effects included cluster, time, and cluster × time; the random effects included cow, cow
nested within week of lactation (models with subsampling), and repeated measures of cow
across time (when applicable). All models were assessed for improvement by additional co-
variates (i.e., previous lactation, 305 d mature equivalent milk yield, parity, and −28 DRTC
measurement), controlling for heterogeneous variance, and the use of alternative variance–
covariance structures (variance components were default) [35]. Preplanned contrasts were
performed to compare clusters (LS vs. MS and MR vs. LR) across postpartum timepoints
(+1 to +56 DRTC), and were reported when they provided new information with respect to
the LMM. Fixed effects with p ≤ 0.05 were considered to have significant evidence for dif-
ferences, while effects with 0.05 < p ≤ 0.10 were considered to have marginal evidence for
differences. Whenever a cluster × time effect had some evidence for a difference (p ≤ 0.10),
we made simple-effect comparisons of treatments within timepoints and corrected for
multiplicity using the Bonferroni method. Treatment means are expressed as least squares
means, and the 95% confidence intervals denoted as (lower limit, upper limit).

Differential gene expression analysis was done using the Cuffdiff function of Cuf-
flinks [41] within each DRTC for LS vs. MS and MR vs. LR. P-values were corrected for
multiplicity by false discovery rate [42], and are hereafter referred to as Q-values. The
Database for Annotation, Visualization, and Integrated Discovery (DAVID) web-based
software was used to evaluate gene ontologies and EMPs [43,44] for DEGs within a DRTC
comparison. Genes supplied to the test list (termed gene list by DAVID) had Q ≤ 0.10
within the respective DRTC timepoint comparison of clusters. Instead of comparing a
gene list to all genes in the Bos taurus genome, a customized background list was supplied
to DAVID for the respective DRTC timepoint comparison of clusters. These customized
background lists included all sequenced genes successfully tested within the respective
DRTC comparison. Fisher’s exact statistics were extracted and corrected for multiplicity by
false discovery rate [42]. Our evidence criteria for DEGs, gene ontologies, and EMPs were
Q ≤ 0.05 and 0.05 < Q ≤ 0.10 for significant and marginal evidence, respectively.

3. Results

3.1. Phenotypic Characterization of Clusters

Biometric indicators of obesity—BW and BCS—were not different between LS and MS
cows (p ≥ 0.85; Figure 1a,c). Milk energy output and dry matter intake (DMI) did not differ
between susceptibility clusters (p = 0.59 and p = 0.41, respectively; Supplementary Table S2).
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Thus, net energy balance did not differ between susceptibility clusters pre- (p = 0.89;
Supplementary Table S2) or postpartum (p = 0.28; Figure 1e). Plasma glucose (Figure 2a)
and FA concentration (Figure 2b) did not differ (p = 0.62 and p = 0.39, respectively) between
LS and MS cows either. Serum BHB concentration showed marginal evidence of being
greater (p = 0.08) for the MS cows than for the LS cows (Figure 2c); a single MS cow was
diagnosed with clinical ketosis (blood BHB ≥ 3.0 mmol/L). In addition, liver TG content
was greater (p = 0.02; Figure 3a) for the MS cows than for the LS cows.

 

Figure 1. Body weight (panels a and b), body condition score (BCS; panels c and d), and calculated
energy balance (panels e and f) for dairy cows clustered based on postpartum lipid metabolites within
the original dietary treatment. Left-hand panels compare cows less (LS) or (MS) susceptible to lipid-
related metabolic disorders, while right-hand panels compare cows more (MR) or less (LR) resistant
to lipid-related metabolic disorders (n = 3 cows per cluster). Data are presented as least squares
means (points) and their 95% confidence intervals (error bars); the exceptions are the arithmetic
mean and 95% confidence interval for the −28 DRTC timepoint covariates (panels a–d). Statistics
for the fixed effects of cluster, day relative to calving (DRTC), and their interaction (C × D) across
the experimental period (panels a–d) or the postpartum period (panels e and f) are displayed in the
top-right corner of each panel. Significant (*, p ≤ 0.05; Bonferroni adjusted) or marginal evidence
(†, p = 0.07; Bonferroni adjusted) for the effects of cluster within DRTC or contrast of cluster across
postpartum samples (bracketed) are indicated within their respective panels.
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Figure 2. Blood fraction concentrations of glucose (panel a), fatty acids (FA; panel b), and β-hydroxybutyrate (BHB; panel c)
for dairy cows less (LS) or more (MS) susceptible to lipid-related metabolic disorders (n = 3 cows per cluster). Data are
presented as least squares means (points) and their 95% confidence intervals (error bars). Statistics for the fixed effects of
cluster, day relative to calving (DRTC), and their interaction (C × D) are displayed in the top-right corner of each panel.
Contrasts of cluster across postpartum samples did not reveal additional evidence of differences (p > 0.10; panels a and b).
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Figure 3. Liver triglyceride (TG) content for dairy cows clustered based on postpartum lipid metabolites within the original
dietary treatment. Panel (a) depicts cows less (LS) or more (MS) susceptible to lipid-related metabolic disorders, while
panel (b) compares cows more (MR) or less (LR) resistant to lipid-related metabolic disorders (n = 3 cows per cluster).
Data are presented as least squares means (points) and their 95% confidence intervals (error bars). Statistics for the fixed
effects of cluster, day relative to calving (DRTC), and their interaction (C × D) are displayed in the top-right corner of each
panel. Significant evidence (*, p ≤ 0.02; Bonferroni adjusted) for simple effects of cluster within DRTC are indicated in their
respective panels.

For the resistance clusters within the KIP treatment, cows were individually feed-
restricted after the +14 DRTC sampling until blood BHB ≥ 3.0 mmol/L. The number of days
feed-restricted until achieving the threshold was 4, 8, and 13 d for the MR cows, and 0, 2,
and 8 d for the LR cluster cows. A single LR cow was diagnosed with displaced abomasum
and hypocalcemia by the herd veterinarian. Resistance clusters did not differ in BCS
(p = 0.91; Figure 1d), but the MR cows had greater BW from +7 to +56 DRTC (p ≤ 0.07 for
Bonferroni-adjusted simple effects; Figure 1b) compared to LR cows. Milk energy output
and milk lactose yield were similar (p > 0.99 and p = 0.52, respectively; Supplementary
Table S3) between resistance clusters. Marginal evidence of greater postpartum DMI
(p = 0.09, contrast) for MR cows compared to LR cows was observed, contributing to the
significantly (p = 0.01) attenuated negative energy balance observed for MR cows compared
to LR cows (Figure 1f). Plasma glucose concentrations showed marginal evidence of being
greater postpartum (p = 0.07, contrast) for MR cows than for LR cows (Figure 4a). Compared
to their LR contemporaries, MR cows showed marginal evidence of lower concentrations of
postpartum plasma FA (p = 0.06, contrast; Figure 4b) and serum BHB (p = 0.10; Figure 4c),
as well as significant evidence of lower liver TG (p = 0.03; Figure 3b).
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Figure 4. Blood fraction concentrations of glucose (panel a), fatty acids (FA; panel b), and β-hydroxybutyrate (BHB; panel c)
for dairy cows more resistant (MR) or less (LR) resistant to lipid-related metabolic disorders (n = 3 cows per cluster). Data
are presented as least squares means (points) and their 95% confidence intervals (error bars). Statistics for the fixed effects of
cluster, day relative to calving (DRTC), and their interaction (C × D) are displayed in the top-right corner of each panel.
Marginal evidence (†; p = 0.07, panel a; p = 0.06, panel b) for contrasts of cluster across postpartum samples (bracketed) are
indicated within their respective panels.

3.2. Differentially Expressed Genes and Enriched Metabolic Pathways

For the comparison of LS and MS clusters, the count of genes with FPKM > 0 was
13,151 genes at −28 DRTC, 13,011 genes at +1 DRTC, and 13,211 genes at +14 DRTC tested
for differential expression (Table 1). Genes with significant (marginal) evidence on −28,
+1, and +14 DRTC totaled 165 (58), 116 (31), and 199 (39), respectively (Supplementary
Microsoft Excel File). A selection of genes with significant or marginal evidence for
differential expression across all DRTC within the susceptibility cluster comparisons is
listed in Table 2. Metabolic pathways enriched within the DEGs with significant (marginal)
evidence numbered 0 (2), 4 (3), and 5 (2) for −28, +1, and +14 DRTC, respectively (Table 3).
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Table 1. The numbers of genes tested within days relative to calving (DRTC; diagonal) that were
shared within and across comparison of clusters 1.

Susceptibility Resistance

DRTC −28 +1 +14 −28 +1 +14

Susceptibility
−28 13,151 12,752 12,837 12,833 12,757 12,519
+1 21,009 13,011 12,784 12,670 12,744 12,512

+14 20,891 20,978 13,211 12,768 12,774 12,620

Resistance
−28 20,962 20,939 20,834 13,139 12,736 12,518
+1 20,874 21,001 20,828 20,865 13,150 12,525

+14 21,065 21,198 21,103 21,076 21,071 12,718
1 The number of tested genes shared (pairwise) across DRTC and across cluster comparisons (susceptibility or
resistance) are above the diagonal, while the number of untested genes shared are below the diagonal. There
were 34,411 genes that were potentially tested across the Bos taurus genome (release 106, ARS-UCD 1.2).

Table 2. Fold change 1 of genes with significant or marginal evidence of differential expression at all
days relative to calving in liver samples from cows less or more susceptible to lipid-related metabolic
disorders 2.

Gene Symbol −28 +1 +14

BOLA class I histocompatibility antigen, alpha
chain BL3-6 BOLA −1.3 −1.3 −1.4

Major histocompatibility complex, class II, DQ
beta BOLA-DQB −2.2 −3.0 −3.0

Coiled-coil domain-containing 80 CCDC80 −5.0 −1.4 −3.4
C-C motif chemokine 14 precursor CCL14 −1.7 −1.9 −1.6

B-cell receptor CD22 CD22 1.4 1.1 0.9
Acetylcholine receptor subunit epsilon CHRNE 2.3 1.3 † 1.5

C-type lectin domain family 4 member F CLEC4F −1.3 −1.3 † −1.5
GTPase IMAP family member 6 GIMAP6 −1.3 −1.7 −1.7
GTPase IMAP family member 8 GIMAP8 −2.2 −2.0 −2.4

ISG15 ubiquitin-like modifier ISG15 −1.6 −1.0 † 1.1
Methylenetetrahydrofolate dehydrogenase

1-like MTHFD1L −1.4 −1.3 † −1.6

Olfactory receptor 4 × 2 OR4S1 1.0 0.9 † 0.8
Prodynorphin PDYN −2.4 −2.9 −2.2

Secreted frizzled-related protein 2 SFRP2 5.6 4.4 2.0
Pulmonary surfactant-associated protein A

precursor SFTPA1 −3.7 −2.1 −1.6

Teneurin transmembrane protein 1 TENM1 −2.1 −1.3 † −0.9
1 Values represent the log2-transformed fold change within each timepoint. Positive values indicate greater
expression for more susceptible than for less susceptible cows, and vice versa for negative values. 2 Genes were
considered to have significant evidence of differential expression within days relative to calving (−28, +1, and
+14) when Q ≤ 0.05 (p-value corrected for multiplicity by false discovery rate); meanwhile, marginal evidence (†)
was declared at 0.05 < Q ≤ 0.10.
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Comparing the MR and LR cows, the count of genes with FPKM > 0 was 13,139 genes
at −28 DRTC, 13,150 genes at +1 DRTC, and 12,718 genes at +14 DRTC tested for differential
expression (Table 1). Significant (marginal) evidence for differential expression was found
for 127 (30), 142 (50), and 102 (31) genes at −28, +1, and +14 DRTC, respectively (Supple-
mentary Microsoft Excel File). A selection of genes with significant or marginal evidence
for differential expression across all DRTC within the resistance cluster comparisons is
listed in Table 4. Metabolic pathways enriched within the DEGs with significant (marginal)
evidence numbered 0 (5), 6 (2), and 0 (0) for −28, +1, and +14 DRTC, respectively (Table 5).

Table 4. Fold change 1 of genes with significant or marginal evidence of differential expression at all
days relative to calving in liver samples from cows more or less resistant to lipid-related metabolic
disorders 2.

Gene Symbol −28 +1 +14

Major histocompatibility complex, class II, DQ beta BOLA-DQB 1.9 2.1 2.6
GTPase IMAP family member 4 GIMAP4 −0.8 † −1.2 −1.2

17-Beta-hydroxysteroid dehydrogenase 13 HSD17B13 1.2 1.8 1.2
Interferon-induced protein 44 IFI44 1.3 1.8 1.3

Interferon alpha-inducible protein 6 IFI6 1.8 2.6 1.0
MHC Class I JSP.1 JSP.1 0.8 † 1.1 0.7 †

Myomesin 1 MYOM1 0.9 1.8 0.8
2′,5′-Oligoadenylate synthetase 1, 40/46kDa OAS1X 2.3 1.8 1.4
Proto-oncogene tyrosine-protein kinase ROS ROS1 −1.1 −1.4 −3.0

1 Values represent the log2-transformed fold change within each timepoint. Positive values indicate greater
expression for less resistant than for more resistant cows, and vice versa for negative values. 2 Genes were
considered to have significant evidence for differential expression within days relative to calving (−28, +1, and
+14) when Q ≤ 0.05 (p-value corrected for multiplicity by false discovery rate); meanwhile, marginal evidence (†)
was declared at 0.05 < Q ≤ 0.10.
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4. Discussion

The purpose of this work is to provide novel insight into the genes and metabolic
pathways integral to the pathology of LRMD. To that end, we retrospectively identified
groups of periparturient dairy cows within a relatively normal dietary scenario and within
a metabolically challenging dietary scenario, with apparently different metabolic statuses.
These differences in metabolic status were determined via k-means clustering of cows based
on postpartum liver and blood characterization as indicators of HYK and FLS [17,38,45]. It
is important to acknowledge that the sample size for the cluster comparisons was relatively
small (n = 3 cows/cluster), which can impede the detection of response differences or limit
generalizability. Nevertheless, evidence for differences in lipid biomarkers—particularly
liver TG and blood BHB—were found between clusters. Although nutrient partitioning is
a normal physiological adaptation that may support feed efficiency, metabolic health, and
productivity [46–49], dysregulation or imbalance can reflect metabolic disorders, which are
the focus herein. Sequencing of the liver transcriptomes at several peripartum timepoints
suggested numerous genes and metabolic pathways associated with LRMD at one or more
timepoints. Therefore, this discussion will only concern the phenotypic characterization
of the clusters within the original dietary treatment, along with a selection of genes, gene
families, and metabolic pathways.

4.1. Phenotypic Characterization of Clusters

Cows within the CTL treatment were subject to typical pre- and postpartum diets for
dairy cows, without additional imposed challenges [35]. Differential regulation of genes
and metabolic pathways may underlie facets of liver metabolism that may predispose an
individual cow to the progression of LRMD. The principal metabolic differences between
the LS and MS cows were the greater serum BHB (p = 0.08; Figure 2c) and liver TG (p = 0.02;
Figure 4a) concentrations observed for the MS cows. As mentioned, these metabolites
serve as the primary biomarkers for HYK and FLS, with greater concentrations suggesting
pathology [17,38,45]. Thus, the MS cluster appears to be in a less favorable metabolic con-
dition and prone to LRMD. Greater plasma FA concentration is also a biomarker of LRMD,
and would be expected in the MS cluster [39,50]. Although plasma FA were numerically
greater for MS cows postpartum (Figure 2b), they was not significantly different from the
LS cows. This lack of difference in FA is corroborated by the similar BW and BCS between
the susceptibility clusters peripartum (Figure 1), suggesting unappreciable differences in
the lipolysis of adipose TG between clusters. Additionally, these clusters did not differ
in DMI, milk energy output, energy balance (Figure 1e), or plasma glucose (Figure 2a).
Although these differences are in contrast to the present dogma of insufficient nutrient
supply and over-mobilization of body energy reserves leading to LRMD [17,18,45], it is
important to remember that the lack of differences here may be due to the small sample
size with regard to metabolite analysis. Conversely, these data may suggest that some cows
are susceptible to onset of LRMD despite the lack of energetic challenges that are classically
associated with the dogma, and may be susceptible due to independent risk factors.

The KIP treatment imposed on the cows in the resistance clusters (MR and LR) was
intended to predispose cows to LRMD. All cows in the KIP treatment progressed to a clini-
cal HYK blood BHB threshold (BHB ≥ 3.0 mmol/L). Thus, the aim of metabolic clustering
was to identify cows more resistant to the KIP treatment, with lower metabolite concentra-
tions (plasma FA, serum BHB, and liver TG) or a greater number of feed restriction days
until blood BHB ≥ 3.0 mmol/L. Consistent with this goal, dairy cows in the MR cluster
had lower concentrations of serum BHB (p = 0.10; Figure 4c) and liver TG postpartum
(p = 0.03; Figure 4b) compared to the LR cluster. Furthermore, MR cows required more
feed restriction days to achieve BHB ≥ 3.0 mmol/L. Together, these data suggest that cows
in the MR cluster were more resistant to LRMD than LR cows. Compared to LR cows,
MR cows had greater postpartum BW (Figure 1b) and less negative energy balance postpar-
tum (Figure 1f), suggesting that the MR cows did not mobilize as much of their endogenous
energy reserves to support lactation nutrient requirements as the LR cows. Greater plasma

34



Animals 2021, 11, 2558

FA concentration for the LR cows (Figure 4b) corroborates greater lipolysis of adipose tissue
TG. The greater plasma glucose concentration for the MR cows postpartum (Figure 4a),
with similar milk lactose output, may suggest that MR cows had greater hepatic gluconeo-
genesis or decreased peripheral glucose utilization compared to LR cows [1,8,51]. Overall,
the MR cows appeared to experience a more favorable adaptation to lactation when a
dietary challenge was imposed than the LR cows.

4.2. Inferred Differential Regulation of the Liver Transcriptome

Mobilization of adipose tissue TG as FA and their linear uptake by the liver results in
a tremendous supply of liver FA for metabolism in dairy cows [52,53]. Oxidation of these
FA in the hepatocyte mitochondria and peroxisomes to produce energy can also produce
reactive oxygen species (ROS). Accumulation of hepatic ROS in early postpartum dairy
cows can induce oxidative stress, characterized by excessive oxidation of proteins and lipids
and induction of apoptosis [54,55]. Glutathione is a protein that can serve as an antioxidant,
protecting cells from ROS-induced oxidative damage [26,55,56]. In the present experiment,
the KEGG pathway glutathione metabolism was enriched in the DEGs identified in the
comparison of susceptibility clusters on +1 DRTC (Table 3). The LS cows had greater
expression of genes in the glutathione-centered antioxidant defense system than MS cows:
GSTA4 (2.6-fold), GSTT1(2.0-fold), and GSTA1 (2.5-fold); these genes catalyze glutathione
conjugations with electrophilic compounds (i.e., drugs, xenobiotics, lipid hydroperoxides),
and some have glutathione peroxidase activity [57–59]. Thus, the LS cows appear to have
improved their antioxidation capacity compared to their MS contemporaries.

Eicosanoids, a subcategory of oxylipids, are signaling molecules made by the enzy-
matic or non-enzymatic oxidation of arachidonic acid or other polyunsaturated FA [54,60].
These molecules can have either pro- or anti-inflammatory properties, while influencing ox-
idative stress [54]. Eicosanoids can directly promote oxidative stress through the production
of ROS, or indirectly via the production of ROS during biosynthesis. Some eicosanoids—
such as 15-deoxy-delta 12 and 14-Prostaglandin J2—exert antioxidant effects by directly or
indirectly targeting and decreasing ROS production by other cellular metabolic processes
(i.e., mitochondrial oxidation) [54,60]. At +1 DRTC, the KEGG pathways linoleic acid
metabolism, alpha-linoleic acid metabolism, and arachidonic acid metabolism were en-
riched for the comparison of the LRMD resistance cluster (Table 5). All of the specific DEGs
were expressed more in the livers of LR cows: PLB1 (36.8-fold), PLA2 (infinity (∞)-fold),
PLA2G2A (∞-fold), CYP2B6 (2.6-fold), and CYP2J2 (4.3-fold). The inferred promotion of
eicosanoid synthesis may be a byproduct of the greater ROS production and pathology of
LRMD. However, the greater eicosanoid production may be an adaptation by the LR cows
to accelerate the termination of the liver’s inflammatory state.

The role of the immune system in the progression of metabolic syndromes is an emerg-
ing scientific field in dairy science [61,62]. In humans, there appears to be crosstalk between
metabolism and the immune response, which furthers the progress of non-alcoholic fatty
liver to steatohepatitis and cirrhosis [63]. In the present experiment, many of the most
consistent DEGs across the DRTC were the immunity-related genes involved in expressing
components of the major histocompatibility complex (MHC; classes I and II) and genes
in the interferon-inducible protein (IFI) family for LRMD susceptibility and resistance
comparisons.

The MHC molecules are responsible for the presentation of antigens on the cell surface,
and recruit other mechanisms of the innate immune response when antigens represent “non-
self” proteins [64]. Expression of MHC molecules—particularly MHC class II—has been
implicated in the pathology of liver metabolic and inflammatory disease in humans [63,64].
In our data, the expression of MHC elements was found in the cell adhesion molecules path-
way at −28 and +1 DRTC for the susceptibility clusters and −28 DRTC for the resistance
cluster comparison. Of note, bovine lymphocyte antigen-DQB (BOLA-DQB)—an MHC class
II protein—was one of the few DEGs observed at every DRTC for the LRMD susceptibility
and resistance cluster comparisons. Liver tissue is composed of several cell types, including
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hepatocytes, hepatic stellate cells, Kupffer cells, and sinusoidal cells [65]. Expression of
MHC class II molecules is typically restricted to professional antigen-presenting cell types
such as Kupffer cells, and not hepatocytes [66]; however, hepatocytes from humans with
clinical hepatitis do express MHC class II molecules [67], which may be capable of attract-
ing CD4+ T lymphocytes [64]. It is theorized that ROS-induced peroxidation of cellular
components, such as proteins and lipids, can induce MHC expression and presentation
of the oxidized component antigens to the cell surface [63]. The subsequent recruitment
of CD4+ T lymphocytes and cytokine expression promote the apoptosis and clearance of
ROS-damaged hepatocytes by the immune system [63,64]. Even though hepatocytes are
the predominant liver cell type, differential expression of these genes may be found within
Kupffer cells. Fatty acid binding to Kupffer Toll-like receptors has been demonstrated to
promote macrophage recruitment through the C-JNK and NF-κB pathways, promoting
liver lipid synthesis and mitochondrial dysfunction [68,69]. Interestingly, BOLA-DQB and
other MHC components generally had greater expression for the LS and LR cows than for
the MS and MR cows, respectively. Considering that the LS group was the metabolically
preferable group within the susceptibility cluster, we did not expect the relative direction-
ality of these DEGs to be similar to LR—the less preferable resistance cluster. It may be
the case that cows not experiencing additional dietary challenges benefit from sensitive
clearance of ROS-damaged hepatocytes, while cows challenged with additional prepartum
energy may suffer from an excessive quantity of ROS-damaged cells or oversensitive pre-
sentation of antigens, resulting in disproportional apoptosis and clearance, but this would
require further examination.

Interferons are cytokines that are best known for their secretion in response to viral
infections, but have been implicated in the pathology of non-alcoholic fatty liver disease in
humans [70,71]. The IFI and other interferon-stimulated genes are downstream effectors of
interferon [72]. Similar to the MHC genes, IFI genes—specifically IFI6, IFI27, IFI44, and
IFI44L—had greater relative expression (range of 2.0- to 5.6-fold) for LS and LR cows than
for MS and MR cows, respectively, across all DRTC. It is possible that the IFI genes serve as
the upstream regulators promoting the expression of the MHC molecules [72], and promote
the clearance of ROS-damaged hepatocytes, as previously discussed.

Serum amyloid A (SAA) is an acute phase response protein associated with the
inflammatory cascade that has been previously associated with HYK [73–75]. The isoforms
SAA1 and SAA2 are generally considered to be the predominant proinflammatory proteins
expressed in the liver, while SAA3 has generally been viewed as an adipokine [73,75].
Expression of SAA3 was significantly greater for LS than MS cows at −28 DRTC (6.1-fold),
but LS cows had significantly lower SAA3 expression (3.2-fold) at +1 DRTC than MS cows.
At +14 DRTC, the LS cluster had greater expression of SAA2 (6.1-fold), SAA4 (1.7-fold),
and LOC104968478 (21.1-fold) than the MS cluster. The LR cluster had consistently greater
expression of all SAA isoforms than the MR cluster, ranging from 4- to 9.8-fold. Comparison
of resistance clusters is consistent with previous works associating greater abundance
of SAA and states with LRMD [74,76]. However, the susceptibility cluster comparison
suggests a more nuanced regulation of SAA in the absence of additional dietary challenges.
It has been previously suggested that a priming of the inflammatory response may exert
protective effects in peripartum dairy cows [77], which the relative expression pattern of
SAA3 for the susceptibility clusters may support.

4.3. Insight into LRMD Pathology

There is considerable variation in the metabolic health of dairy cows peripartum;
this is evident in the variable prevalence of LRMD and their comorbidities [12,38,78]. In
addition, the variation in the occurrence and severity of LRMD is still evident when cows
are subjected to a dietary challenge [32,35]. Our retrospective clustering of dairy cows
based on lipid metabolites within the CTL and KIP dietary treatments empirically identified
groups of cows with divergent metabolic health, as previously discussed. The apparent
presence of these divergent groups within both dietary conditions indicated two potential
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control points for LRMD pathology: susceptibility to LRMD incidence, and resistance to
LRMD severity. Even though the gross pathology of LRMD pertaining to lipid metabolism
and gluconeogenesis has been investigated, there has been limited investigation into the
divergent metabolic regulation responsible for these LRMD susceptibility or resistance
control points. The evaluation of the liver transcriptome through RNA sequencing allowed
for a more holistic evaluation of what unique and shared metabolic pathways underpin
these control points [79].

The genes and metabolic pathways presented in this work appear to be centered
around hepatic adaptation to the lipotoxic effects of ROS through the innate immune
system and inflammatory response. As discussed, the intersection of nutrient metabolism,
immunity, and inflammation in the peripartum physiological adaptations and LRMD
pathology has been a growing cross-disciplinary topic in dairy science [62,76]. These
observations support further investigation into immunometabolism—specifically on the
contributions of glutathione metabolism, eicosanoid metabolism, and MHC molecules
in liver tissue. The observed regulation for these pathways is summarized in Figure 5.
Interestingly, the susceptibility and resistance comparisons each had a unique inferred
metabolic pathway at +1 DRTC. Glutathione metabolism was unique to the susceptibil-
ity comparison, while eicosanoid metabolism was a unique to the resistance comparison
(Table 3; Table 5). Of course, these differences could be due to differences in the expressed
genes available for testing between these +1 DRTC comparisons (Table 1). The relevance
of MHC molecules and the innate immune response is apparently shared across the sus-
ceptibility and resistance comparisons. However, the relative expression of the DEGs
and EMPs (i.e., BOLA–DQB) was greater for the metabolically preferable susceptibility
cluster (LS) and the metabolically less preferable resistance cluster (LR). This discordant
direction of expression across LRMD susceptibility and resistance comparisons suggests
that experimental conditions—especially induction protocols—require nuanced interpre-
tation. While some differentially regulated genes and pathways may be shared between
“natural” LRMD development and induction, the observed response directionality may
reflect adaptive mechanisms to mitigate the severity of LRMD rather than their progression
or risk. Additionally, there may be unique mechanisms to the natural pathology of LRMD,
as well as mechanisms that resist the progression of LRMD.
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Figure 5. A working model of differentially regulated metabolic pathways in the liver of dairy cows
that contribute to the pathology of lipid-related metabolic disorders. Fatty acids (FA) entering the
hepatocyte are oxidized in the mitochondria (MITO) and peroxisomes (POX), producing energy and
reactive oxygen species (ROS). Interferon (IFN) production is promoted by ROS, stimulating major
histocompatibility complex (MHC) expression. Antigens (ANT) are oxidized (ANT•) by ROS. The
ANT• are presented by the MHC promoting CD4+ T lymphocyte recruitment and cytokine (CK)
production. Eicosanoids (EC) are formed by FA oxidation by ROS, and may promote ROS production.
Glutathione (GSH) reduces ROS and other oxidized products. Arrows demonstrate the directionality
and specificity of metabolic pathways: pathways not differentially regulated are grey dashed lines
(—-), pathways upregulated in cows less resistant to LRMD are blue (——), pathways upregulated
in cows less susceptible to LRMD are red (——), and pathways generally upregulated in cows less
susceptible and less resistant are solid black (——).

5. Conclusions

There is substantial individual variation in the metabolic responses of dairy cows
to peripartum conditions, suggesting that the underpinning regulation of key metabolic
pathways may confer susceptibility or resistance to LRMD. We empirically grouped multi-
parous Holstein cows within normal and challenged peripartum dietary conditions based
on their blood lipid metabolite profiles and liver TG contents. This approach revealed two
metabolic health groups within each dietary condition, suggesting differential suscepti-
bility to LRMD incidence or resistance to LRMD induced by a dietary challenge. These
metabolic differences were realized in the liver transcriptomes of these cow groups, with
the inferred differential metabolism highlighting the role of the inflammatory response and
innate immunity in LRMD pathology. Novel insights included the differential regulation of
MHC molecules and IFI, which may aid the response to the ROS-induced cellular damage
that occurs in liver tissue peripartum. Furthermore, the contributions of liver glutathione
and eicosanoid metabolism to LRMD pathology immediately postpartum appear to be
of greater biological importance relative to dietary condition—normal and challenged,
respectively. Future work should build on the contributions of these specific mechanisms
in liver cell types and delineate their dependence on specific dietary conditions.
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Simple Summary: Fatty liver disease frequently occurs in dairy cows, a typical type of non-alcoholic
fatty liver disease (NAFLD), resulting in a high culling rate of dairy cows during the perinatal
period because of limitations of lactation and reproduction performance of cows with subsequent
complications. This has been developing into a worldwide crucial industrial problem. Studies
about NAFLD have shown that PPARγ (peroxisome proliferator-activated receptor γ) participates or
regulates the fat deposition in liver by affecting the biological processes of hepatic lipid metabolism,
insulin resistance, gluconeogenesis, oxidative stress, and inflammation, which all contribute to fatty
liver. This review mainly focuses on the understanding of molecular pathogenesis of fatty liver
disease in dairy cows by taking PPARγ as an example, so as to provide important information
for discovering critical therapeutic targets, such as PPARγ, for fatty liver disease, and contribute
to breeding improvement of fatty liver disease-resistant dairy cattle and eventually sustainable
development of dairy industry.

Abstract: Frequently occurring fatty liver disease in dairy cows during the perinatal period, a typical
type of non-alcoholic fatty liver disease (NAFLD), results in worldwide high culling rates of dairy
cows (averagely about 25%) after calving. This has been developing into a critical industrial problem
throughout the world, because the metabolic disease severely affects the welfare and economic value
of dairy cows. Findings about the molecular mechanisms how the fatty liver disease develops would
help scientists to discover novel therapeutic targets for NAFLD. Studies have shown that PPARγ
participates or regulates the fat deposition in liver by affecting the biological processes of hepatic lipid
metabolism, insulin resistance, gluconeogenesis, oxidative stress, endoplasmic reticulum stress and
inflammation, which all contribute to fatty liver. This review mainly focuses on crucial regulatory
mechanisms of PPARγ regulating lipid deposition in the liver via direct and/or indirect pathways,
suggesting that PPARγ might be a potential critical therapeutic target for fatty liver disease, however,
it would be of our significant interest to reveal the pathology and pathogenesis of NAFLD by using
dairy cows with fatty liver as an animal model. This review will provide a molecular mechanism
basis for understanding the pathogenesis of NAFLD.

Keywords: dairy cows; PPARγ; fatty liver; non-alcoholic fatty liver disease (NAFLD); genetic factor;
dairy industry
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1. Introduction

Fatty liver syndrome, a typical type of metabolic disorder, frequently occurs in populations of
dairy cows in commercial farms throughout the world, which is caused by negative nutrient balance
after calving. High-yielding dairy cows, especially for cows with 30 kg of daily milk yield and more,
are usually inclined to develop fatty liver syndrome in the early lactation period. There are more risk
factors available to developing fatty liver syndrome, such as cows with high body condition score
(BCS) and/or high body fat, feed intake decreases around calving, etc.

Our investigation in the last three years indicated that 48.85% of dairy cows (n = 346) within 2
weeks after parturition were diagnosed with light or severe fatty liver disease by randomly selecting 710
Holstein dairy cows from four commercial farms (Zhang et al., unpublished data) [1,2]. The suspected
fatty liver cows and/or normal cows were firstly distinguished by applying the previously reported
model [3] using the detected values of serum biochemical traits (glucose, Glu; non-esterified fatty
acid, NEFA; aspartate transaminase, AST), then representative cows with different suspected extents
were biopsied for liver tissue samples for fat deposition amount assessment by oil red staining. It is
estimated that 40%–60% of high-yielding dairy cows (daily milk yield > 35 kg) develop moderate
to severe fatty liver disease within 2 weeks after calving [4]. Moreover, it is not uncommon for the
two short weeks after parturition to account for 50% of morbidity on a dairy farm [5], which is in
accordance with our results.

The perinatal disorders including fatty liver disease remain as prevalent now as they were 20
years ago [5], causing high culling rate of dairy cows in their early lactation period, which is becoming
a critical concern in modern dairy industry. The average culling rate of dairy cows within 60 days
of lactation (during parturition period) in populations is about 24% in USA [6–8], and about 27%
in China [9,10]. In clinical practice, increasing blood calcium levels and using anti-inflammatory
drugs after delivery in dairy cows could reduce the incidence of this disease and/or decrease the
economic loss [11]. However, these strategies cannot either completely change the situation or alleviate
contradictions. The incidence of fatty liver disease at the early lactation not only decreases the milk
yield of the coming lactation period, but also attenuates the future milk production and reproduction
performance because of subsequent health problems of dairy herds [1,2,7,12], such as ketosis, displaced
abomasum, mastitis, etc. It is estimated that economic losses due to the treatment of and reduction in
milk production by one dairy cow with ketosis accounts for 151–312 US dollars [11].

2. Ethics Approval and Consent to Participate

All the investigation and biopsy processes were carried out in accordance with guidelines
issued by the Shandong Agricultural University Animal Care and Use Committee (approval number,
SDAUA-2017-044). We have obtained written informed consent from the animal owner to use these
animals in the study.

3. Progress of the Pathogenesis Mechanism of Fatty Liver Disease

The etiology of fatty liver in perinatal dairy cows primarily includes the negative nutrient balance
and the accumulation of high level of free fatty acids (FFA) in serum or triglycerides (TAG) deposited
in liver [1]. Liver, the central organ of organisms, regulates the metabolic balance of carbohydrate,
fat, and protein in mammals [13]. After calving, the food intake of dairy cows further decreases,
while lactation slowly increases. Thus, the body lactose consumption easily results in the cow to
be susceptible to experiencing an insufficient sugar supply, thus promoting fat mobilization in the
liver [14,15]. Additionally, energy and substance metabolism is centered in the liver. The increasing fat
mobilization promotes gluconeogenesis, increases the blood sugar concentration, and alleviates the
negative nutrient balance. At the same time, the enhanced fat mobilization promotes the dramatic
increase of non-esterified fatty acid (NEFA) in the liver [16], which is partly re-esterified to synthesize
the triglycerides (TAG), a type of very-low-density lipoprotein (VLDL), that is hardly transported out
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of the liver [17]. Especially for dairy cattle, TAG is excessively accumulated because of its lack for
esterase, resulting in susceptibility to fatty liver disease [14,18].

As for non-alcoholic fatty liver disease (NAFLD) occurring in human beings, metabolic disorder
syndromes and obesity are also usually the main causes, with increased plasma insulin and fatty acid
concentration, elevated fasting aminotransferase (AST/ALT) and/or triglycerides (TAG) level, and
also abnormal lipid accumulation in the liver [19–21]. In addition, another of the most important
risk factors is histological evidence of hepatic inflammation [22] caused by acute inflammation and
subacute inflammation [5]. Thus, dairy cows with fatty liver disease is a typical NAFLD animal model,
good for revealing the pathology and pathogenesis of NAFLD.

In recent years, scientists have proposed a “two-hit” theory to explain the pathogenesis mechanisms
of NAFLD [23,24]. (1) The “first hit” was caused by insulin resistance (IR). IR can not only strengthen
lipolysis of surrounding tissues, but also causes hyperinsulinemia. The lipolysis of adipose tissue
results in increased FFA and enhanced TAG synthesis in the liver. The FFA has hepatocellular toxicity,
increasing the permeability of cell membrane and disrupting the mitochondrial function by inhibiting
related enzymes. (2) The “second hit” was caused by the imbalance between the coexisting systems of
oxidation and anti-oxidation in the liver. The increase in lipid peroxidation results in persistent reactive
oxygen species (ROS) production. In addition to the pre-existing factors related to the enhanced oxygen
stress, other new or additional factors can increase lipid peroxidation for a second hit to the liver, such
as inflammatory cytokines, adipokines, endotoxins, and mitochondrial inactivation. The second hit
will eventually lead to NASH (non-alcoholic steatohepatitis) progression beyond hepatic steatosis
that promotes oxidative stress, inflammation, cell death, and fibrosis. Especially, the inflammation
is positively correlated with liver injury and negatively correlated with lipolysis by inhibiting lipase
activity, inhibiting the transport of lipoproteins and/or lipids and causing lipid deposition. Moreover, it
also induces lipid peroxidation, IR, and cell apoptosis [25,26], aggravating the pathogenesis of NAFLD.
(3) Actually, there is even a “third hit” [27], which is cell death and irreversible cell repair of hepatocytes.
(4) Additionally, endoplasmic reticulum (ER) stress is another important “hit” in the pathogenesis
of NAFLD. The metabolic disorders, such as obesity and diabetes, can cause ER stress, leading to
the accumulation of incorrectly folded proteins (unfolded protein response, UPR) and affecting the
normal physiological functions of liver cells. It is worth mentioning that ER stress can activate SREBP
(sterol-regulatory element binding protein), promoting the transcription of acetyl-CoA carboxylase
(ACC) and fatty acid synthase (FAS), resulting in increased synthesis of TAG and fatty acids in the
liver [28,29]. Moreover, the oxidative stress (ROS producing) in liver cells can induce ER stress leading
to incorrect protein fold and/or protein modification. Additionally, ER stress also can be the cause of
oxidative stress. The biological process of ER stress and oxidative stress interact each other through
different pathways, leading to IR and aggravating the NAFLD [30–32].

However, the pathogenesis of NAFLD is still unclear. It was proposed that the abnormality in
lipid and lipoprotein metabolism accompanied by chronic inflammation and oxidative stress is the
central pathway and/or the major risk factors involved in the pathogenesis of NAFLD [33,34]. It is
generally believed that the occurrence of fatty liver is not only closely related to insulin resistance
and disorder of fat metabolism, but also related to biological processes, such as glycometabolism
disorder, oxidative stress, and intracellular inflammatory response [23,35]. Moreover, these processes
are correlated and/or coordinated with each other and accelerate the progress of NAFLD [23,36].
There are numerous factors involved in the pathogenesis of NAFLD. For example, PPARα
(peroxisome proliferator-activated receptor α) and/or PPARγ, microsomal triglyceride transport
protein (MTP), apolipoprotein (apoB) play important roles in hepatic lipid metabolism, lipid transport,
and secretion [35,37]; adipocytokines (Tumor necrosis factor, leptin, and adiponectin), cytokines
(Interleukin-6, IL-6; glucagon-like peptide-1, GLP-1; fibroblast growth factor 19, FGF-19; fibroblast
growth factor 21, FGF-21; growth-hormone-releasing hormone, GHRH; etc.), and toll-like receptors
(TLRs) participate in insulin resistance (IR), oxidative stress, and inflammatory response, and mediate
cell apoptosis/necrosis to promote liver fibrosis [35,38–40]; microRNAs (such as mir-107 and miR-103)
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are reported to regulate insulin resistance. Recently, RG-125 (also named AZD4076), the antagonist
against microRNA-103/107, has entered the phase I clinical trial of NASH (non-alcoholic steatohepatitis)
treatment [39].

Accordingly, the pathogenesis of NAFLD is usually related to abnormal hepatic lipid metabolism,
gluconeogenesis, IR, oxidative stress, and inflammation [23,39–43]. The causal relationship and the
underlying molecular mechanisms of these biological processes still remains unclear. However, the
discovery of some important regulatory factors/genes that regulate all these biological processes would
be helpful to reveal the molecular pathogenesis of NAFLD.

Recent studies have shown that PPARγ (peroxisome proliferator-activated receptor γ) participates
or regulates lipid metabolism in the liver by affecting the biological processes of hepatic lipid metabolism,
insulin resistance, gluconeogenesis, oxidative stress, and inflammation. In the following content,
PPARγ will be taken as an example to elaborate the crucial regulatory role of certain critical genetic
factors in the hepatic liver metabolism and therefore lipid deposition, via direct and/or indirect
pathways. Rosiglitazone (RGZ) and other thiazolidinedione (TZD) synthetic ligands of PPARγ are
insulin sensitizers that have been used for the treatment of type II diabetes [44]. As for the PPARγ related
substances, apigenin, a food-derived compound, were reported significantly ameliorated NAFLD and
obesity-induced metabolic syndrome by acting as a PPARγ modulator through Nrf2 (nuclear factor
E2-related factor 2), inhibiting the lipid metabolism and oxidative stress abnormity [45,46].

4. Molecular Regulatory Effects of PPARγ on the Pathogenesis of Fatty Liver Disease

PPARs are nuclear hormone receptors that belong to the steroid hormone superfamily, playing
an important role in regulating various intracellular metabolic processes [47]. PPARs comprise of
three subtypes (PPARα, PPARβ, and PPARγ) that are encoded by multiple genes [48,49]. PPARα,
PPARβ, and PPARγ contain 468, 441, and 479 amino acid residues, respectively [50,51]. Although they
are highly homologous regions regarding their similar amino acid sequence and protein structure,
PPARα, PPARβ, and PPARγ exhibit different tissue expression specificity and selectivity for different
ligands [52]. PPARγ is mainly expressed in adipose and immune tissues, with low expression
in the liver, kidneys, and cartilage [53]. However, PPARγ is an important participant in lipid
metabolism and lipogenesis [54,55] and significantly affects hepatic glucose and lipid metabolism,
adipocyte differentiation, and inflammatory responses. Studies have shown that PPARγ is activated by
peroxisome proliferators as well as endogenous fatty acids and their derivatives. In addition, PPARγ
participates in lipid metabolism [48] via increasing the uptake and storage of lipids as TAG in adipose
tissues and highly expressing in brown fat and white fat, thereby proving its importance in adipocyte
differentiation [56].

The development of fatty liver disease correlates with lipid mobilization, hepatic metabolism of
free fatty acids, IR, oxidative stress, and gluconeogenesis. Studies have shown that PPARγ directly
participates in lipid metabolism, thereby affecting lipid synthesis, oxidation, and transport in the liver.
Moreover, PPARγ regulates the metabolic processes, such as insulin resistance (IR), inflammation, and
gluconeogenesis, indirectly affecting lipid metabolism in the liver (Appendix A, Table A1). As shown
in Figure 1, PPARγ regulates different pathways through different factors, impacting on hepatic
glucose and lipid metabolism. The following contents describe the molecular mechanisms and/or
signaling pathways that are regulated by PPARγ, so as to reveal the dysregulation of lipid metabolism
in hepatocytes and therefore contribution to fatty liver disease. It will be beneficial for understanding
the pathogenesis of fatty liver disease in dairy cows and provide a molecular basis for the treatment
and prediction of the disease.
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Figure 1. Peroxisome proliferator-activated receptor γ (PPARγ) participates in regulation of liver
associated biological processes through different signaling factors and/or cytokines. Arrows indicate
positive regulation and blunt arrows indicate negative regulation.

5. PPARγ Directly Regulates Lipid Metabolism in the Liver

PPARγ regulates target gene expression in adipocytes, participating in adipocyte
differentiation [52,57] and regulating lipid metabolism [57–59], and primarily regulates signal
transduction in pancreatic islet cells, greatly contributing to the occurrence and development of
NAFLD. In addition to its significance in adipocyte differentiation, PPARγ is crucial in mediating lipid
oxidation and lipogenesis [60,61]. Leptin-deficient obese (ob/ob) mice with inhibited liver specific
PPARγ exhibit significant alleviation of fat deposition in liver, but along with aggravated hyperglycemia
and IR [62,63]. Deletion of PPARγ in hepatocytes and macrophages prevent mice from developing
hepatic steatosis [64,65]. The expression of PPARγ and lipogenesis-related genes, such as the fatty acid
transporter CD36, are significantly elevated in the liver during hepatic steatosis, along with increased
TAG level in the liver [66] (Figure 1). The above findings suggest that PPARγ activation promotes lipid
deposition in the liver [67].

The downstream target of PPARγ, CD36, is a scavenger receptor class B that is primarily involved
in the membrane transport of medium and long chain fatty acids. In macrophages, PPARγ and RXR
(retinoid X receptor) form a heterodimer that binds to the specific PPARγ response element located in
the promoter region of CD36 gene and therefore increases CD36 mRNA (messanger ribonuclei acid)
level [68]. Compared to the mice fed with a normal diet, mice fed with high-fat diet after 4 weeks of
administration showed significant upregulation of PPARγ2 and increased TAG content in hepatocytes.
In contrast, silencing PPARγ2 using an adenoviral siRNA vector inhibits the expression of CD36 and
subsequently reduces TAG content in liver [69]. In experimental models without adipose tissues, liver
PPARγ participates in lipid and glucose metabolism. However, in the presence of adipose tissues, liver
PPARγ has a minimal effect on glucose metabolism in the liver [70], suggesting that PPARγ mainly
regulates lipid metabolism in the liver.

The observations above indicate that PPARγ regulates the expression of the downstream target
(CD36), thereby enabling TAG deposition and affecting lipid metabolism in the liver and plays a vital
role in the occurrence of fatty liver disease (Wang et al., unpublished data; Figure 1). Our results also
indicated that the downstream target genes of PPARγ were regulated by scaffold protein menin and
NAD+ (nicotinamide adenine dinucleotide)-dependent class III histone deacetylase sirtuin 1 (SIRT1) at
the transcription level, affecting lipid deposition in hepatocytes (Li et al., unpublished data).
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6. PPARγ Indirectly Participates in Lipid Metabolism via Lipid Oxidation

Activated PPARγ regulates the expression of oxidative stress-related factors. After PPARγ ligand
activation, PPAR/RXR undergoes conformational changes and associates with coactivators binding
to PPARγ response elements locates in target genes, thereby regulating the transcription of these
target genes [45,71,72]. Cytokines such as TNFα (tumor necrosis factor α), IFN-γ (interferon-γ), IL-1
(interleukin-1), IL-2 (interleukin-2), and IL-6 (interleukin-6) inhibit lipogenesis in adipose tissues.
However, activated PPARγ can decreases cytokine levels, thereby promoting lipogenesis and causing
inflammation reaction [73,74] (Figure 1). Activated PPARγ expression in macrophages is confirmed
to play anti-inflammatory roles in humans and rodents [74,75]. Moreover, PPARγ ligands stimulate
macrophage apoptosis [74,76,77]. Lipopolysaccharides are an important etiological factor for the
systemic inflammatory response disease. PPARγ activation inhibits the activity of lipopolysaccharide
and IL-1 by reducing DNA (deoxyribonucleic acid) binding and transcription by nuclear factor-κB
(NFκB), activator protein-1, and signal transducer and activator of transcription 1, thereby directly
inhibiting the expression of pro-inflammatory genes and indirectly promoting liver lipogenesis resulting
in excessive lipid accumulation in the liver [78–80]. PPARγ decreases the expression of inflammatory
cytokines TNFα and IL-1, and therefore suppressing the inflammation-inducing effects and oxidative
stress. In contrast, these inflammation factors may inhibit lipogenesis. Reducing the level of these
inflammatory factors indirectly promotes lipogenesis and stimulates lipid deposition, causing the
incidence of fatty liver disease.

7. PPARγ Indirectly Participates in Lipid Metabolism via Insulin Resistance

Insulin resistance (IR) refers to impaired normal physiological function of insulin, therefore the
target organs have reduced sensitivity to insulin. Studies have shown that IR is the main cause of
NAFLD [81,82]. As a result of IR, serum fatty acid levels are increased and produce damaging reactive
oxygen species (ROS). Oxidative stress may be exacerbated further by ultrastructural mitochondrial
lesions, which impair respiratory chain function. Insulin inhibits β-oxidation in the mitochondria
through modifying the protein acetylation [83–85], resulting in the accumulation of lipids in hepatocytes.

A study found that individuals with PPARγ deletions suffer from early-onset type II diabetes
accompanied with severe IR [50]. Adipocytokines, such as inflammatory factors (TNF-α and IL-6),
released during obesity by adipose tissues affect host tissues and target organs (liver) and cause IR in the
liver (Figure 1). Hence, PPARγ is an important candidate for IR suppression. Upon PPARγ activation
by its ligand, insulin sensitivity of cells increases, promoting the expression of sterol regulatory
element-binding protein-1, fatty acid-binding protein-4, and lipases in adipocytes, and increasing free
fatty acid uptake and de novo synthesis of TAG in liver tissues [61,86,87].

Adiponectin (ADPN) is an endogenous bioactive protein that is secreted by adipocytes. ADPN is
an insulin-sensitizing hormone that alleviates IR. PPARγ activation increases ADPN mRNA stability
and promotes ADPN synthesis, stability, and release [88]. PPARγ also upregulates the expression of
insulin-dependent glucose transporter 4 (GLUT4) and phosphoinositide 3-kinase (PI3K) in adipose
and muscle tissues, induces the expression of casitas B-lineage lymphoma (CBLB) that participates in
insulin signaling, and inhibits the expression of suppressor of cytokine signaling 3 that participates in
IR to maintain insulin sensitivity in adipose tissues and skeletal muscles [65,88–90]. PPARγ regulates
insulin signal transduction and the expression of ADPN and inflammatory proteins to modulate the
degree of hepatic IR (Figure 1), playing an important regulatory role in the accumulation of TAG in
the liver.

8. PPARγ Indirectly Participates in Lipid Metabolism via Gluconeogenesis

Gluconeogenesis is the process in which non-carbohydrate precursors are converted to glucose or
glycogen. Diabetes and fatty liver disease involve gluconeogenesis and dysregulated glycogenolysis
resulting in increased hepatic glucose output [91,92].
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PPARγ is an important target for treating disorders involving lipid metabolism, IR, and
gluconeogenesis [82,86]. A reduction in PPARγ expression in the liver increases the expression of
hexokinase and reduces that of gluconeogenesis enzymes, such as phosphoenolpyruvate carboxykinase
(PEPCK) and glucose-6-phosphatase (G6P), thereby inhibiting hepatic gluconeogenesis and deposition
of TAG in the liver [93]. Activated PPARγ enhances the expression of the phosphoinositide 3-kinase
subunit p85 and promotes hepatic gluconeogenesis (Figure 1) [94]. Activated PPARγ also increases
the synthesis of glucagon, influx of amino acids into hepatocytes, and conversion to glucose via
gluconeogenesis. Accordingly, PPARγ directly and indirectly regulates the expression of enzymes
and proteins involved in hepatic gluconeogenesis. Thus, PPARγ is an important upstream regulator
increasing the incidence of diabetes and fatty liver disease [95].

In summary, PPARγ is a transcription factor that regulates adipocyte differentiation, lipid
accumulation, fatty acid oxidation and synthesis, oxidative stress, IR, and expression of the
gluconeogenesis-related genes, therefore modulating the biological processes involved in hepatic lipid
metabolism (Figure 1). Accordingly, PPARγ is an important protein that regulates the pathogenesis of
NAFLD. Investigations on the agonists and antagonists of PPARγ might provide novel ideas for the
development of drugs against NLFLD.

9. Conclusions and Outlook

NAFLD is a clinico-pathologically defined process associated with metabolic syndrome [23]
and fundamentally pin-pointed to the pathogenesis of lipid metabolism, causing, for example, type
II diabetes, obesity, either development of cardiovascular diseases or cirrhosis, and hepatocellular
carcinoma (HCC), threatening the health of humans and animals. The disease is characterized
histologically steatosis and other parenchymal changes, ranging from inflammation to hepatocyte
apoptosis/necrosis to fibrosis. NAFLD has become a globally occurring chronic disease that threatens
the health of both humans and animals [20,21,96]. However, there is no efficacious drug available that
can directly be used to treat NAFLD. Cellular stress and immune reactions, as well as lipid metabolism,
had been implicated in the pathogenesis of in animal NAFLD models [23]. There was ample evidence of
the positive effects of dietary antioxidant polyphenols, carotenoids, and glucosinolates on the reversion
of NAFLD [34,97], although the mechanism of their action was not yet fully elucidated. Discovery and
revealing the mechanisms of the important regulatory factors/genes, such as PPARγ, that regulate the
pathogenesis of this disease is pertinent and imperative for preventing and treating fatty liver disease
in humans and animals. Understanding the molecular mechanisms of the pathogenesis of fatty liver
disease will further enhance our understanding of NAFLD, developing safer and effective therapeutics
to prevent and/or treat fatty liver disease in humans and animals.

Fatty liver syndrome is a typical type of NAFLD frequently occurring in dairy cows in the perinatal
period, caused by negative nutrient balance after calving. The fatty liver disease that occurs in dairy
cows is a good animal model to reveal the pathology and pathogenesis of NAFLD. More recent study
suggests that impaired hepatic mitochondrial function (such as protein lysine acetylation) is closely
associated with fatty liver disease during early lactation in dairy cows [43,84]. Determining the crucial
genetic factors, such as PPARγ, will also provide essential clues in breeding improvement of fatty liver
disease-resistant dairy cattle, eventually contributing to sustainable development of dairy industry.
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Appendix A

Table A1. Biological processes associated with NAFLD are regulated by PPARγ through different
signaling factors/proteins.

Biological Processes
Proteins or Signaling Factors That Interact with PPARγ

Protein Name Protein Description or Abbreviation References

Lipid Metabolism
NRF2 Nuclear factor E2-related factor 2 [45]

CD36 Fatty acid translocase [66]

RXR Retinoid X receptor [68]

Oxidative Stress

NRF2 Nuclear factor E2-related factor 2 [45,46]

IFN-γ Interferon-γ [74]

IL-1 Interleukin-1 [74]

IL-2 Interleukin-2 [74]

IL-6 Interleukin-6 [74]

LPS Lipopolysaccharide [78]

NF-κB Nuclear factor kappa B [79]

AP-1 Activator protein-1 [78]

STAT-1 Signal transducers and activators of
transcription 1 [78]

TNF-α Tumor necrosis factor α [86]

Insulin Resistance

SREBP-1 Sterol-regulatory element binding
protein-1 [86]

TNF-α Tumor necrosis factor α [86]

ADPN Adiponectin [88]

CBLB Casitas B-lineage lymphoma [88]

SOCS3 Suppressor of cytokine signaling 3 [88]

AKT Protein kinase B [89]

GLUT4 Glucose transport protein 4 [89]

PI3K Phosphoinositide 3-kinase [89]

Endoplasmic Reticulum
Stress

ATF6 Activating Transcription Factor 6 [29]

GRP78 Glucose regulated protein 78 [30]

IRE1α Inositol-requiring enzyme-1α [31]

NRF2 Nuclear factor E2-related factor 2 [45]

TNF-α Tumor necrosis factor α [86]

Gluconeogenesis

HK Histinine kinase [93]

PEPCK Phosphoenolpyruvate carboxykinase [93]

G6P Glucose-6-phosphate [93]

PI3K Phosphoinositide 3-kinase [94]

NAFLD, non-alcoholic fatty liver disease; PPARγ, peroxisome proliferator-activated receptor γ.
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Simple Summary: Sirtuin 1 (SIRT1), a NAD-dependent histone deacetylase, is involved in oxidative
stress and lipid metabolism regulation. Limited studies exist regarding the role of SIRT1 in lipid
metabolism disorder in periparturient dairy cows. This study explores the effect of hepatic steatosis
on the expression of the SIRT1 gene and protein and the proteins encoded by the genes downstream to
it, all of which are involved in lipid metabolism in the liver. Control cows (n = 6, parity 3.0 ± 2.0, milk
production 28 ± 47 kg/d) and mild fatty liver cows (n = 6, parity 2.3 ± 1.5, milk production 20 ± 6 kg/d)
were retrospectively selected based on liver triglycerides (TG) content (% wet liver). The present study
indicates that low SIRT1 expression caused by hepatic steatosis promotes hepatic fatty acid synthesis
and inhibits fatty acid β-oxidation. We believe that our study makes a significant contribution to the
literature because it demonstrates that hepatic steatosis is associated with increased hepatic fatty acid
synthesis, inhibited fatty acid β-oxidation and reduced lipid transport.

Abstract: Dairy cows usually experience negative energy balance coupled with an increased incidence
of fatty liver during the periparturient period. The purpose of this study was to investigate the
effect of hepatic steatosis on the expression of the sirtuin 1 (SIRT1), along with the target mRNA
and protein expressions and activities related to lipid metabolism in liver tissue. Control cows
(n = 6, parity 3.0 ± 2.0, milk production 28 ± 7 kg/d) and mild fatty liver cows (n = 6, parity 2.3 ± 1.5,
milk production 20 ± 6 kg/d) were retrospectively selected based on liver triglycerides (TG) content
(% wet liver). Compared with the control group, fatty liver cows had greater concentrations of
cholesterol and TG along with the typically vacuolated appearance and greater lipid droplets in
the liver. Furthermore, fatty liver cows had greater mRNA and protein abundance related to
hepatic lipid synthesis proteins sterol regulatory element binding proteins (SREBP-1c), long-chain
acyl-CoA synthetase (ACSL), acyl-CoA carbrolase (ACC) and fatty acid synthase (FAS) and lipid
transport proteins Liver fatty acid binding protein (L-FABP), apolipoprotein E (ApoE), low density
lipoprotein receptor (LDLR) and microsomal TG transfer protein (MTTP) (p < 0.05). However, they
had lower mRNA and protein abundance associated with fatty acid β-oxidation proteins SIRT1,
peroxisome proliferator-activated receptor co-activator-1 (PGC-1α), peroxisome proliferator–activated
receptor-α (PPARα), retinoid X receptor (RXRα), acyl-CoA 1 (ACO), carnitine palmitoyltransferase 1
(CPT1), carnitine palmitoyltransferase 2 (CPT2) and long- and medium-chain 3-hydroxyacyl-CoA
dehydrogenases (LCAD) (p < 0.05). Additionally, mRNA abundance and enzyme activity of enzymes
copper/zinc superoxide dismutase (Cu/Zn SOD), catalase (CAT), glutathione peroxidase (GSH-Px)
and manganese superoxide dismutase (Mn SOD) decreased and mRNA and protein abundance of p45
nuclear factor-erythroid 2 (p45 NF-E2)-related factor 1 (Nrf1), mitochondrial transcription factor A
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(TFAM) decreased (p < 0.05). Lower enzyme activities of SIRT1, PGC-1α, Cu/Zn SOD, CAT, GSH-Px,
SREBP-1c and Mn SOD (p < 0.05) and concentration of reactive oxygen species (ROS) were observed
in dairy cows with fatty liver. These results demonstrate that decreased SIRT1 associated with hepatic
steatosis promotes hepatic fatty acid synthesis and inhibits fatty acid β-oxidation. Hence, SIRT1 may
represent a novel therapeutic target for the treatment of the fatty liver disease in dairy cows.

Keywords: dairy cow; fatty liver; lipid metabolism; oxidative stress; SIRT1

1. Introduction

Dairy cows undergo negative energy balance (NEB) when they transition from late gestation to
early lactation, during which ketosis, fatty liver and metritis are likely to occur [1,2]. The occurrence of
fatty liver in dairy cows increases treatment costs and culling and decreased milk production [3]. In
addition, fatty liver disease develops when increased infectious and metabolic diseases are likely to
occur [4,5]. For these reasons, fatty liver has become a major international health burden in dairy cows.

The protein sirtuin 1 (SIRT1), an NAD+-dependent deacetylase, and deacetylates histones including
transcription factors lead to the regulation of metabolism, oxidative stress and cellular survival [6].
SIRT1 is highly sensitive to intracellular redox status and provides cells with the ability to tolerate
oxidative stress. SIRT1 protects cells from oxidative stress by increasing the activity of catalase [7–9].
Oxidative stress was increased by SIRT1 inhibitor (Ex 527) treatment and decreases in SIRT1 expression
were observed in neurons [10]. Ex 527 attenuated the activity of histone deacetylase (HDAC) and
increased the degree of myocardial injury during oxidative stress [11]. Accumulating evidence suggests
that SIRT1 plays a protective role in the process of oxidative stress and that oxidative stress was induced
by excessive fat mobilization in perinatal cows. We observed in our studies that oxidative stress was
induced by high non-esterified fatty acid (NEFA) concentrations in dairy cows [12,13]. To date, the
effect of SIRT1 on the oxidative stress in dairy cows remains unclear.

It was reported that SIRT1 plays a critical role in lipid metabolism by modulating the activity
of transcription factors [14]. In mice and obese patients fed with a high-fat diet, the activity and
expression of SIRT1 were significantly decreased, which attenuated the mobilization of fatty acids and
promoted the occurrence of metabolic disorders [15–17]. In addition, mounting evidence indicates
that a long-term, high-calorie-diet induced liver steatosis is promoted by increasing the expression
of SIRT1 in animals [18,19]. Here, we report that the knocked down expression or overexpression
of SIRT1 results in changes in the lipid/cholesterol (Chol) levels in the serum and liver, and causes
accumulation of lipids in the liver, a process leading to hepatic steatosis [20,21]. Evidence is emerging
that SIRT1 plays a vital role in lipid metabolism in the liver. However, the underlying molecular
mechanisms, the effect of hepatic steatosis on the expression of SIRT1 genes and proteins and the
expressions and activities of downstream lipid-metabolism-related proteins and key enzymes, have
not yet been fully clarified.

Therefore, we aimed to investigate the change of expression levels of SIRT1 and downstream
lipid-metabolism-related proteins in the pathogenesis of fatty liver disease in dairy cows, thereby
providing a theoretical and experimental basis for revealing the pathogenesis of fatty liver in dairy
cows and searching for therapeutic targets.

2. Materials and Methods

2.1. Ethics Statement

This study was conducted following the recommendations in the Guide for Care and Use of
Laboratory Animals of the National Institutes of Health. All experimental procedures were approved
by the Institutional Animal Care and Use Committee of Anhui Agricultural University (permit number:
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20170624). All surgeries were performed under anesthesia and all efforts were made to minimize
suffering. Briefly, cows were anesthetized with thiamylal sodium along the midline skin of the
abdomen. Then the abdominal cavity was opened, the liver was obtained and placed on a sterile bench
treated with sterile 0.9% sodium chloride solution for removing bloodstains on the surface.

2.2. Animals

Lactating Holstein multiparous cows with the same breed, age and having similar milk production
characteristics and body condition scores were selected from a commercial dairy farm located in Hefei
city, Anhui province, China. The rectal temperature, respiratory rate and pulse rate for each cow
was performed by a skilled veterinarian to ensure the cows had no other co-morbidities. Clinical
observations and other disease conditions were recorded (Table 1). The cows were fed ad libitum with
a total mixed ration (TMR) forage that met the animals’ nutrient requirements (Table 2) and had free
access to get water. A total of 34 dairy cows were screened by liver biopsy using a liver puncture
needle based on the hepatic TG content (% wet liver, <1% was considered to be healthy cows, 1–10%
was considered to be mild fatty liver cows), which is the standard for fatty liver diagnosis [22,23].
Equal numbers of control (n = 6) and fatty liver cows and were retrospectively selected based on liver
triglycerides (TG) content. Finally, 12 dairy cows were slaughtered for collecting liver tissue samples
and processed as part of the normal work of a commercial abattoir (Hefei, China).

Table 1. Clinical observations of control and mild fatty liver cows.

Groups
Milk

Ketones
Feed

Intake
Milk

Production
Health
Status

Reproductive
Performance

Other Disease
Conditions

Control 0 0 0 0 0 0
Mild fatty liver + − − − − 0

The symbols + and −mean positive and negative association, respectively. The 0 means no association.

Table 2. The basic diet formulation, %.

Item
Content

Prenatal Postpartum

Silage 31.4 40.0
Guinea grass 23.4

Corn 19.6 35.0
Wheat bran 10.0 8.0

Soybean meal 2.0 5.0
Sunflower 11.5 8.0

NaCl 0.8 1.0
Premix1 1.3 1.8

NaHCO3 1.2
Total 100.00 100.00

Energy (%) 1

NEL(MJ/Kg) 2 5.7 6.7
Crude protein 11.3 15.2

Neutral detergent fiber 50.2 33.45
Acid detergent fiber 28.5 17.2

Ca 0.3 0.7
P 0.3 0.5

NFC Non fiber carbohydrate 28.0 40.4
RDP Neutral detergent fiber 7.0 7.4

NFC/RDP Nonfiber carbohydrate/ Neutral detergent fiber 4.0 5.5
1 The premix provided the following per kg of diets: VA 200,000 IU, VD 70,000 IU, VE 1000 IU, Fe 2000 mg, Cu
600 rng, Zn 2400 mg, Mn 1300 mg, I 6 mg, Se 17 mg, CO 7 mg; 2 NEL was a calculated value and others were
measured values.
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2.3. Average Milk Production Collection and Milk Components Analysis

As described in the previous study, the daily dry matter intake (DMI) for individual cows was
calculated by subtracting the orts from the feed offered [24]. Cows were milked at 06:00, 14:00 and 20:00
and milk production was recorded at each milking. At d 70 in milk, the liver was collected. The milk
aliquots were stored at 4 ◦C until analysis. Milk components include fat, protein, lactose, total solids
and milk urea nitrogen (MUN) concentrations were determined by mid-infrared spectrophotometry
method on a MilkoTMScan (MilkoScan Type FT120, Foss Electric, Hillerød, Denmark). Somatic cell
counts (SCC) were conducted on a Fossomatics 5000 (Foss Analytical A/S; Foss Electric, Hillerød,
Denmark). Both 4% fat corrected milk (FCM) and energy corrected milk (ECM) were calculated and
the equations were as follows: 4% FCM = 0.4 ×milk (kg) + 15 × fat (kg) and ECM = 0.327 ×milk (kg) +
12.95 × fat (kg) + 7.20 × protein (kg). Feed efficiency was calculated as the daily milk yield/kg of feed
DMI on an individual cow basis.

2.4. Liver chemistry measurement

The liver Chol and TG measurements were performed as previously described [25]. In brief,
frozen liver tissue (50 mg) was homogenized with 1 mL lysis buffer. The Chol contents were measured
with Chol assay kit, while TG contents were determined using TG kits (IDEXX Vet Tests, Westbrook,
ME, USA). Total protein concentration was measured using bicinchoninic acid (BCA) method.

2.5. ELISA Assay for the Contents of SIRT1 and Downstream Lipid- metabolism-related Proteins and Key
Enzymes

Liver samples were homogenized in ice-cold lysis buffer (0.05 M-phosphosaline, pH 7.4, containing
0.025 M EDTA, 0.08% sodium azide and 0.05% Triton X-100) supplemented with protease inhibitor
cocktail (P1860, Sigma-Aldrich Co., St. Louis, MO, USA). Homogenates were incubated for 10 min at 4
◦C and centrifuged at 14,000× g at 4 ◦C for 15 min. The supernatants were separated into two aliquots
(500 μL each). One was immediately used for analysis, while the other was stored at−80 ◦C until further
analysis. SIRT1, SREBP-1c, PGC-1α and the concentrations of CAT, Cu/Zn-SOD, Mn-SOD, GSH-Px,
GSH, GSSG and ROS (oxidation and antioxidation key indexes) levels in liver supernatants were
determined by ELISA provided by Shanghai Bluegene Biotech Co., Ltd. according to the manufacture’s
protocol. Total protein concentration was measured using the bicinchoninic acid (BCA) method.

2.6. Liver Histology

Tissue samples obtained from biopsy or necropsy were fixed in 10% formalin and embedded in
paraffin. Sections were prepared with a thickness of 2–3 μm, stained with hematoxylin/eosin (H&E),
and examined. Accumulation of triglyceride (TG) content in the liver was visualized by Oil Red O
(Sigma-Aldrich) staining. Slides were viewed and images were taken using an Olympus BX41TF
System Microscope (Olympus Corporation, Tokyo, Japan).

2.7. Total RNA Isolation and qRT-PCR

The liver was homogenized in TRIzol reagent (Invitrogen Life Technologies, Grand Island, NY)
and total RNA was isolated according to the manufacturer’s instructions. The RNA concentration
and quality were measured by K5500 Micro-Spectrophotometer (Kaiao, Beijing, China). RNA was
reverse-transcribed into cDNA according to the Reverse Transcription Systems instructions (TaKaRa,
Dalian, China). According to the GenBank sequence, the primer sequences of the target genes were
designed using the software Primer Premier 5.0 and β-actin was used as a reference gene (Table 3).
The amplification products were analyzed by 1.5% agarose gel electrophoresis and a gel imaging
and analysis system (UVItec, Cambridge, UK). The mRNA expression levels were determined by
quantitative reverse-transcription polymerase chain reaction (qPCR) via an ABI prism 7500 Real-Time
PCR system (Applied Biosystems). The mRNA relative abundance was calculated according to the
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method of Pfaffl and was normalized to the mean expression of β-actin and results (fold changes) were
expressed as 2−ΔΔCt [26].

Table 3. Primers sequences qRT-PCR used in this experiment.

Genes 1 Primer Sequences (5′-3′) Gene Bank
Accession no.

Amplicon
(bp)

Annealing
Temperature (◦C)

SIRT1
Forward: TATGGAGTGACATAGAGTGTGCT

XM_015461011.1 143 57Reverse: GTCGCTACACCACTTCAATCC

SREBP-1c
Forward:CGACACCACCAGCATCAACCACG

NM_001113302.1 119 62Reverse: GCAGCCCATTCATCAGCCAGACC

ACCα
Forward: TGCTGAATATCCTCACGGAGCT

NM_174224.2 212 60Reverse: CGACGTTTCGGACAAGATGAGT

FAS
Forward: ACAGCCTCTTCCTGTTTGACG

NM_174662.2 226 59Reverse: CTCTGCACGATCAGCTCGAC

ACSL
Forward: TCGGAACTGAAGCCATCACC

NM_001076085.1 173 63Reverse: GCCTCGTTCCAGCAGATCAC

CPT-1
Forward: ACGCCGTGAAGTATAACCCT

NM_001304989.1 119 60Reverse: CCAAAAATCGCTTGTCCCTT

CPT-2
Forward: TGAACATCCTCTCCATCTGG

NM_001045889.2 188 58Reverse: GGTCAACAGCAACTACTACG

ACO
Forward: TACGGAGGGATGAGGAGTGT

NM_001205495.1 143 64Reverse: TCTCAGGAAGCGAGTTTGG

LCAD
Forward: GGTCCACAGCACAGACTTGGT

NM_001076936.1 151 56Reverse: GGAATTGGCTAGGCTTGTGATC

L-FABP
Forward: AAGTACCAAGTCCAGACCCAG

NM_175817.3 111 61Reverse: CACGATTTCCGACACCC

LDLR
Forward: GCTGTTCTGCCTTTCTCCTT

NM_001166530.1 228 65Reverse: ACTTTCTCCCCTGACCCTTG

Apo-100 Reverse: GATACTCAGAACGGAGCAAT
XM_019969506.1 222 58Forward: GCACCAATCAGATAACAGGA

ApoE Reverse: TCCTGAATGACCTGGGTGTTG
XM_005219148.3 219 62Forward: TCTGTGGGTTGCCGTGGTG

MTTP
Reverse: CAGTTTGCAGCCTTGGTTCTG

NM_001101834.1 201 56Forward: TTCAAAAGCACCGAGAGCGTT

PGC-1α
Reverse: GACCACAAATGATGACCCTC

NM_177945.3 123 60Forward: GGTTTGGCTTGTAGATGTT

Nrf1
Reverse: TTTTAGTAACCCTGATGGC

NM_001098002.2 198 57Forward: GCTTGCGTTGTCTGGATG

TFAM
Reverse: TGGCACATCACAGGTAAA

NM_001034016.2 137 63Forward: GTTCCTCCCAAGATTTCA

MnSOD
Reverse: TTCAATAAGGAGCAGGGAC

NM_201527.2 234 64Forward: CAGTGTAAGGCTGACGGTTT
Cu/Zn
SOD

Reverse: GAAGAGAGGCATGTTGGAGA
NM_174615.2 221 60Forward: CCAATTACACCACGAGCCAA

CAT
Reverse: AGATACTCCAAGGCGAAGGTG

NM_001035386.2 120 61Forward: AAAGCCACGAGGGTCACGAAC

GSH-Px
Reverse: GCGGGAGCAGGACTTCTACGA

NM_001101113.2 137 65Forward: CCCGATAGTGCTGGTCTGTGAA

PPARα
Reverse: GGGTTTTCTTAGGCTTTT

NM_001034036 176 60Forward: AGTCCATCCCTGGGTTTG

RXRα
Reverse: GGCAGATGTTGGTGACGGG

NM_001304343 163 62Forward: GGCGAGAGCGAGGTGGAGT

β-actin Reverse: GCCCTGAGGCTCTCTTCCA
NM_173979.3 101 59Forward:GCGGATGTCGACGTCACA

1 SIRT1 = sirtuin 1; SREBP-1c = sterol regulatory element binding transcription factor 1; ACCα = acetyl-CoA
carboxylase alpha; FAS = fatty acid synthetase; ACSL = acyl-CoA synthetase long chain family member; CPT1 =
carnitine palmitoyltransferase 1; CPT2 = carnitine palmitoyltransferase 2; ACO = acyl coenzyme A oxidase; LCAD
= long chain acyl-CoA dehydrogenase; L-FABP = liver fatty acid binding proteins; LDLR = low density lipoprotein
receptor; ApoB100 = apolipoprotein B 100; ApoE = apolipoprotein E; MTTP = microsomal triglyceride transfer
protein; PGC-1α = peroxisome proliferator-activated receptor γ coactivator-1 alpha; Nrf1 = nuclear respiratory
factor 1; TFAM = transcription factor A, mitochondrial; MnSOD = superoxide dismutase 2, mitochondrial; Cu/Zn
SOD = superoxide dismutase 1; CAT = catalase; GSH-Px = glutathione peroxidase 7; PPARα = peroxisome
proliferator-activated receptor alpha; RXRα = retinoid X receptor alpha.

2.8. Western Blot Analysis

Liver tissue homogenates were solubilized in SDS sample buffer. As previously described, liver
total protein was extracted by a commercial kit (Sangon Biotech, China) [12]. Protein concentrations
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were measured by BCA method. A total of 50 μg protein for each sample was separated by SDS-PAGE.
The required gels were cut and transferred into a PVDF membrane (Shanghai Jinsheng Biological
Engineering Co, Shanghai, China) with electrophoresis buffer. By using appropriate antibodies (Abs),
immunoreactive bands were visualized by a gel imaging system (Bio-Rad, Hercules, CA, USA).
Primary antibodies against ACO (YN0401), FAS (YM1224), ACCα (YT0074), p-ACCα (YP0620), ACSL1
(YN0827), LDLR (YN2236), RXRα (YN0018), Nrf1 (YT3188) and TFAM (YT2916) were purchased
from ImmunoWay Biotechnology Company (Newark, DE, USA). Primary antibodies against CPT1
(15184-1-AP) and CPT2 (26555-1-AP) were purchased from Proteintech Group (Chicago, IL, USA).
Primary antibodies against PPARα (SC-1985), SREBP-1c (SC-365513) and ApoE (SC-31822) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Primary antibody against SIRT1
(D1D7) was purchased from Cell Signaling Technology (Danvers, MA, USA). Antibodies against PGC-1α
(ab54481) was purchased from Abcam (Cambridge, MA, USA). Horseradish peroxidase-conjugated
secondary antibodies were purchased from Wuhan Boster Biological Engineering Co. (Wuhan, China).
The results were analyzed using Quantity One software (Bio-Rad, Hercules, CA, USA). The protein
levels were normalized by blots against β-actin.

2.9. Statistical Analysis

Data are presented as mean ± SEM. Differences between the mean values of the normally
distributed and homogeneity of variance data were analyzed using a two-tailed Student’s t-test. The
results are exploratory and the differences were considered significant at p < 0.05 or p < 0.01 in all
the studies.

3. Results

3.1. Milk Production, Milk Component and SCC

As shown in Table 4, the DMI and milk yield in the fatty liver group were significantly lower than
those in the control group (p < 0.01). The milk protein and MUN were significantly reduced (p < 0.01)
and SCCs were significantly increased (p < 0.01) in the fatty liver group.

Table 4. Milk production and milk component of control and fatty liver dairy cows.

Parameter Control Fatty Liver p-Value

DMI, kg/d 23.17 ± 3.24 18.45 ± 2.84 <0.01
Milk production, kg/d 28 ± 7 20 ± 6 <0.01

Milk component
Fat, % 3.48 ± 0.35 3.33 ± 0.32 0.39

Protein, % 3.25 ± 0.21 2.91 ± 0.34 <0.01
Lactose, % 4.96 ± 0.11 4.88 ± 0.13 0.91

MUN 1 (mg/100 mL) 13.76 ± 1.91 11.52 ± 1.43 0.01
SCC (×103/mL) 112.35 ± 20.23 365.61 ± 43.25 <0.01

1 MUN, milk urea nitrogen; SCC, somatic cell count.

3.2. Chol and TG Concentrations in the Control and Fatty Liver Dairy Cows

Compared with the control group, the concentrations of Chol (Figure 1A) and TG (Figure 1B)
were increased in the fatty liver group.
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Figure 1. Cows with fatty livers exhibit over the induction of hepatic lipid synthesis (A,B). Dairy cows
were classified according to the hepatic triglyceride (TG) content into a control group (n = 6) and a fatty
liver group (n = 6) dairy cows (B); The data presented are the mean ± SEM. * p < 0.05; ** p < 0.01.

3.3. Histological Analysis of Liver

Isolated cow livers were subjected to H&E staining to evaluate their hepatic steatosis status. It was
characterized by a typically vacuolated appearance of the lipid-laden hepatocytes in the H&E-stained
sections of the liver (Figure 2A,B) and confirmed by the demonstration of more intrahepatic lipid on
oil red O staining of the frozen sections (Figure 2C,D). Steatosis was primarily centrilobular and either
microvesicular or mixed microvesicular/macrovesicular. In fatty liver cows, the oil red O stained lipid
droplets occupied an area larger and more than that which was in the control group cows. These
results suggest that cows with fatty liver have a hepatic injury.

Figure 2. Assessment of hepatic histology in the liver of the control group and fatty liver group. (A,B)
Hematoxylin and Eosin staining of liver sections from the control group and fatty liver group. Original
magnification: 20× (C,D) Liver sections were stained with Oil Red O and Hematoxylin stain for nuclei.
Original magnification: 20×.
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3.4. Effects of Hepatic Steatosis on Enzyme Activities of SIRT1, SREBP-1c, PGC-1α and Redox Index

The effects of hepatic steatosis on hepatic SIRT1, sterol regulatory element binding transcription
factor 1 (SREBP-1c), peroxisome proliferator-activated receptor γ coactivator-1 alpha (PGC-1α),
oxidation and antioxidation activities in the liver are shown in Figure 3. The SIRT1, catalase (CAT) and
glutathione peroxidase (GSH-Px) activities of the fatty liver group were significantly reduced (p < 0.05).
The enzyme activities of Cu/Zn superoxide dismutase (SOD), Mn SOD and the content of glutathione
(GSH) in the fatty liver group were significantly lower than those in the control group (p < 0.01). The
GSSG (Figure 3I) contents in the fatty liver were higher than those in the control group liver (p < 0.01).
The cow livers in the fatty liver group generated more reactive oxygen species (ROS) compared to the
cow livers in the control group (p < 0.01, Figure 3J). Besides, mRNA abundance of CAT, GSH-Px and
Mn SOD have a greater decrease (p < 0.01, Table 5) compared with the fatty liver group.

Table 5. Genes mRNA abundance for antioxidation activity of control and fatty liver cows (means ±
SEM).

Genes Control (n = 6) Fatty Liver (n = 6)

Cu/Zn SOD 1.00 ± 0.12 0.31 ± 0.09
CAT 1.00 ± 0.06 0.21 ± 0.15 **

GSH-Px 1.00 ± 0.20 0.09 ± 0.06 **
Mn SOD 1.00 ± 0.13 0.06 ± 0.03 **

Note: ** represent p < 0.01.
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Figure 3. Effect of hepatic steatosis on the activities of hepatic sirtuin 1 (SIRT1), sterol regulatory element
binding proteins (SREBP-1c), peroxisome proliferator-activated receptor γ coactivator-1 alpha (PGC-1α),
catalase (CAT), copper-and zinc-containing superoxide dismutase (Cu/Zn SOD), manganese superoxide
dismutase (Mn-SOD), glutathione peroxidase (GSH-Px) and the concentrations of glutathione (GSH),
reduce glutathione disulfide (GSSG) and reactive oxygen species (ROS). Effect of lipid deposition on
SIRT1, SREBP-1c and PGC-1α concentrations in control (n = 6) and fatty liver (n = 6) group dairy cows
(A–C); Effect of lipid deposition on antioxidant index concentrations in control (n = 6) and fatty liver
(n = 6) group dairy cows (D–H); Effect of lipid deposition on oxidative indexes concentrations in dairy
cows (H–J). The data presented are the mean ± SEM. * p < 0.05; ** p < 0.01.
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3.5. Effect of Hepatic Steatosis on the Protein and mRNA Abundance of Fatty Acid Oxidation Proteins

To explore the effect of hepatic steatosis on hepatic lipid metabolism, we measured the protein
and mRNA abundance of different enzymes involved in lipid acid oxidation process. As shown in
Figure 4A–C, compared with the control group, a greater downregulation of SIRT1 took place in liver
tissues of the fatty liver group (p < 0.01). Additionally, hepatic steatosis (fatty liver group) led to a lower
protein abundance of SIRT1 related transcription factors PGC-1α and peroxisome proliferator-activated
receptor alpha (PPARα) (p < 0.05 or p < 0.01). Subsequently, the transcription factors target genes
retinoid X receptor alpha (RXRα), acyl coenzyme A oxidase (ACO), carnitine palmitoyltransferase 1
(CPT1), carnitine palmitoyltransferase 2 (CPT2), nuclear respiratory factor 1 (Nrf1) and transcription
factor A (TFAM) decreased in the fatty liver group (p < 0.05 or p < 0.01).

Figure 4. Lipid deposition hinders the fatty acid oxidation pathway in cow liver. (A–C) Levels of the
protein levels of SIRT1, PGC-1α, peroxisome proliferator-activated receptor alpha (PPARα), retinoid
X receptor alpha (RXRα), acyl coenzyme A oxidase (ACO), carnitine palmitoyltransferase 1 (CPT1),
carnitine palmitoyltransferase 2 (CPT2), nuclear respiratory factor 1 (Nrf1) and transcription factor A
(TFAM) in control (n = 6) and fatty liver (n = 6) group dairy cows were determined by western blotting.
(D,E) Total RNA was extracted from liver samples and the expressions of genes involved in the fatty
acid oxidation pathway in control (n = 6) and fatty liver (n = 6) group dairy cows were determined by
real-time RT-PCR. The data presented are the mean ± SEM. * p < 0.05; ** p < 0.01.

Meanwhile, mRNA abundance of fatty acid oxidation proteins, including SIRT1, PGC-1α, PPARα,
RXRα, ACO, CPT1, CPT2, long chain acyl-CoA dehydrogenase (LCAD), Nrf1 and TFAM were
observed. As shown in Figure 4D, mRNA abundance of SIRT1 and its downstream transcription
factors PGC-1αand PPARα decreased in the liver tissue of the fatty liver group compared with the
control group (p < 0.05 or p < 0.01). Furthermore, compared with the control group, hepatic steatosis
(fatty liver group) led to decreased mRNA abundance of RXRα, ACO, CPT1, CPT2, LCAD, Nrf1 and
TFAM (p < 0.05 or p < 0.01).

3.6. Hepatic Steatosis Enhances Protein and mRNA Abundance of Hepatic Lipogenesis

As shown in Figure 5A,B, compared with the control group, hepatic steatosis (fatty liver group)
increased protein abundance of SIRT1 related transcription factor SREBP-1c (p < 0.01). Moreover, the
transcription factors target genes including acyl-CoA synthetase long chain family member 1 (ACSL1)
and fatty acid synthetase (FAS) increased in liver tissue of fatty liver group (p < 0.01). It is noteworthy
that, protein abundance of acetyl-CoA carboxylase alpha (ACCα) being greater increase compared
with the control group, hepatic steatosis (fatty liver group) led to lower p-ACCα and p-ACCα/ACCα.
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Figure 5. Lipid deposition enhances the hepatic lipogenesis pathway in the cow liver. (A,B) Protein
levels of SREBP-1c, acyl-CoA synthetase long chain family member 1 (ACSL1), acetyl-CoA carboxylase
alpha (ACCα), p-ACCα and fatty acid synthetase (FAS) in control (n = 6) and fatty liver (n = 6) group
dairy cows were determined by western blotting. (C) Total RNA was extracted from liver samples and
the expressions of the genes involved in free fatty acid (FFA) and triglycerides (TG) biosynthesis in
control (n = 6) and fatty liver (n = 6) group dairy cows were determined by real-time RT-PCR. The data
presented are the mean ± SEM. * p < 0.05; ** p < 0.01.

Compared with the control group, mRNA abundance of SREBP-1c and its target genes ACSL and
FAS had a greater increase in liver tissue of the fatty liver group (p < 0.01, Figure 5C). Hepatic steatosis
(fatty liver group) also led to increased mRNA abundance of ACCα compared with control.

3.7. Effect of Hepatic Steatosis on Hepatic Lipid Transport Related Proteins

We also found that the protein abundance of hepatic lipid transport including apolipoprotein E
(ApoE) and low density lipoprotein receptor (LDLR) in the fatty liver group were increased, compared
with the control group (p < 0.05 or p < 0.01, Figure 6A,B). Liver tissue in the fatty liver group had
greater mRNA abundance of liver fatty acid binding proteins (L-FABP), apolipoprotein E (ApoE), low
density lipoprotein receptor (LDLR) and microsomal triglyceride transfer protein (MTTP) compared
with the control group (p < 0.01, Figure 6C). However, mRNA abundance of apolipoprotein B 100
(ApoB100) decreased in the liver tissue of the fatty liver group.
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Figure 6. Lipid deposition promotes the lipid transport pathway in the cow liver. (A,B) Levels of
the proteins apolipoprotein E (ApoE) and low density lipoprotein receptor (LDLR) in control (n = 6)
and fatty liver (n = 6) group dairy cows were determined by western blotting. (C) Total RNA was
extracted from liver samples and the expressions of the genes involved in the lipid transport pathway
in control (n = 6) and fatty liver (n = 6) group dairy cows were determined by real-time RT-PCR. The
data presented are the mean ± SEM. * p < 0.05; ** p < 0.01.

4. Discussion

The present study provides the basis for further animal and clinical studies to validate the
mechanism, namely SIRT1, as a nicotinamide adenine dinucleotide (NAD+, NADH)-dependent
class III protein deacetylase, which is a key regulator of energy homeostasis in response to nutrient
availability. Negative energy balance is a normal incidence in dairy cows during the transition from late
gestation to early lactation [27]. It occurs because the energy demands for early milk production cannot
be completely met by feed intake [3], during which most infectious and metabolic diseases are likely to
occur, such as hepatic steatosis [1,4]. Our study showed that fatty liver significantly decreased DMI,
milk yield, the milk protein and MUN, and significantly increased SCC, which indicates that fatty liver
decreased the milk production and negatively affect milk quality. Furthermore, the protein, as well as
the levels of Chol and TG were higher in the livers of fatty liver dairy cows. The liver is of immediate
importance in maintaining health and plays a key role in the development of impaired metabolic
regulation [28]. Previous studies have highlighted the importance of SIRT1 in cell metabolism, but
mainly focused on the upstream regulation of SIRT1, and did not explore the mechanisms regarding
SIRT1, lipid metabolism and oxidative stress [29–31]. In the present study, our results showed that
hepatic steatosis decreased SIRT1 activity that facilitated hepatic fatty acid synthesis and inhibited
fatty acid oxidation and lipid transport.

While SIRT1 is mainly localized in the nucleus, it is also present in the cytosol [30]. It deacetylates
a variety of protein targets [32]. Hepatic SIRT1 deficiency in mice impairs lipid metabolism and
results in hepatic steatosis [31,33]. Treatment with resveratrol, a SIRT1 activator, ameliorates fatty
liver with a reduction in the expression of lipogenic enzymes in mice exhibiting obesity and insulin
resistance [34–36]. Numerous studies have demonstrated that SIRT1 can act as a signaling molecule
that promotes lipid metabolism by affecting the expressions of the genes controlling fatty acid synthesis,
fatty acid oxidation and lipid transport [37]. It was reported that fatty livers facilitate the development
of hepatic steatosis by upregulating primarily the lipogenic pathway genes via the SREBP-1c signaling
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pathway and down-regulating the lipid oxidizing genes predominantly via the SIRT1 and PGC-1α
signaling pathways, which is in agreement with our results. Concomitant with the occurrence of
hepatic steatosis, oxidative stress is an established risk factor for the development of lipid metabolism
disorders at least partly through the SIRT1-SREBP-1c/ PGC-1α signaling pathway.

Previous studies suggest that excess lipid accumulation is associated with fatty liver through
oxidative stress [38,39]. Also, it is found that oxidative stress participates in liver disease both in
humans and animal models [40,41]. Oxidative stress is caused by an imbalance between the generation
of ROS and the defense capabilities of antioxidants [42]. Previous studies on dairy cows have also
demonstrated that elevated NEFA during the periparturient period largely activates oxidative stress [43].
Further results from in vivo study indicate that the primary approaches to prevent the occurrence of
fatty liver disease in cows are counteracted oxidative damage [44]. However, most studies focus on the
blood oxidative and antioxidative levels to assess the oxidative stress status of dairy cows. Fortunately,
the oxidative status of ketotic dairy cows had been evaluated by liver biopsies [12]. As shown in the
present study, the activities of hepatic CAT and GSH-Px and the GSH content had a greater reduction in
dairy cows with fatty livers. However, the hepatic GSSG and ROS contents were significantly increased
in dairy cows with fatty livers compared with the control group. Herein, our results indicated that
dairy cows with fatty livers showed redox imbalance, which was in agreement with a previous report.

Fatty liver disease mainly occurs when fat accumulation is caused by impairing fatty acid oxidation
along with increased lipid synthesis [44]. PPARαregulates the lipid oxidation genes expression involved
in lipid oxidation, including ACO, CTP1 and CPT2 [45,46]. ACO has been considered as the rate-limiting
enzyme for fatty acid oxidation [47]. CTP1 and CPT2 are thought to be the key enzymes in the process
of transferring fatty acids into the mitochondria for β-oxidation [45]. In bovine hepatocytes treated
0.15, 0.30 and 0.45 mM non-esterified fatty acids (NEFA) induced the increased PPARα, ACO, CPT1
and CPT2 relative mRNA expression [48]. However, in another vivo study, high-fat diet induced the
decreased expression of ACO and CPT2, but had a slight decrease in the CPT2 expression in mice [49].
In the present study, we demonstrated that fatty liver led to a greater reduction of PPARα, ACO,
CPT1 and CPT2 protein and mRNA abundance. Our data indicate that hepatic steatosis impaired
fatty acid oxidation. PGC-1α plays a crucial role in energy metabolism regulation and stimulates
mitochondrial biogenesis via regulating NRF1 and TFAM [50,51]. RXRα was recognized as the receptor
of PGC-1α [52]. LCAD, a mitochondrial enzyme, is involved in the branched chain and unsaturated
fatty acids oxidation. In this study, the protein and mRNA abundance of hepatic PGC-1α, NRF1, TFAM
and RXRα was decreased in fatty liver dairy cows compared with the control group. However, it was
reported that the protein levels of PGC-1α decreased in mice with fatty liver followed by reduction of
NRF1 and TFAM, the mRNA abundance of PGC-1α increased [53]. The discrepancies between the
previous study and our results attribute to different animal species. The mRNA abundance of LCAD
had a greater reduction in the dairy cows with fatty livers. These results show that it is highly likely
that PGC-1α, NRF1, TFAM and LCAD are associated with fatty liver disease in dairy cows.

SREBP-1c is considered as an important activator of lipid synthesis by regulating lipogenic
genes ACSL, ACCα and FAS [54]. ACSL is a key enzyme and involved in the first step of fatty acid
metabolism [55]. ACCα is thought to synthesis long chain fatty acids [56]. FAS, a key lipogenic
enzyme, catalyzes the long chain fatty acid synthesis [57]. Moreover, the protein and mRNA abundance
of SREBP-1c and its downstream gene ACSL, ACCα and FAS were significantly increased, but the
phosphorylation of ACCα decreased. In the present study, the mRNA abundance of L-FABP, a lipid
transport protein, markedly increased in the dairy cows with fatty liver. ApoE, ApoB100 and MTT are
used to the lipid synthesis and VLDL assembly [58]. Otherwise, ApoE and ApoB100 play a key role in
cholesterol transport by binding to LDLR [59]. In this study, the protein and mRNA abundance of ApoE
and LDLR and the mRNA abundance of MTP and ApoB100 significantly increased in the dairy cows
with fatty liver. Our results demonstrated lipid transport was affected after hepatic steatosis happened
to dairy cows. It reports that dysregulation of lipid metabolic pathways results in the development of
hepatic steatosis and contributes to the development of chronic hepatic inflammation, insulin resistance
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and liver damage [60]. The aforementioned studies showing that hepatic steatosis decreased SIRT1
activity suggest that the SIRT1-SREBP-1c/PGC-1α signaling pathway could influence oxidative stress.
Nevertheless, whether lipid deposition affects the oxidative stress through the SIRT1-SREBP-1c/PGC-1α
signaling pathway remains to be investigated in the future study.

Based on these results it can be concluded that SIRT1/PGC-1α/SREBP-1c and redox are involved in
fatty liver dairy cows by promoting hepatic fatty acid synthesis, impairing fatty acid β-oxidation and
reducing lipid transport. Limitations of the present study is the relatively small sample size. However,
this study provides a foundation for future investigations of lipid metabolism disorder disease during
the transition period.

5. Conclusions

These results demonstrate that decreased SIRT1 associated with hepatic steatosis promotes hepatic
fatty acid synthesis, inhibits fatty acid β-oxidation and reduces lipid transport. Hence, SIRT1 may
represent a novel therapeutic target for the treatment of fatty liver disease in dairy cows.
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Simple Summary: Several studies have been published on n-3 fatty acids enrichment of food of
animal origin by the use of specific supplements in animal feeding. Flaxseed (Linum usitatissimum) is
known as an excellent source of unsaturated fatty acids, particularly of alpha-linolenic acid. Moreover,
most of the plant lignans contained in flaxseeds are converted by the animal in mammalian lignans,
such as enterodiol and enterolactone. Thus, milk with elevated enterolactone may be an efficient
strategy to optimize the effects of lignans on human health. This study aimed to investigate the effect
of flacked flaxseed supplementation on dairy cow during the pre-partum period. The increase of
n-3 on milk obtained from cow fed the flaxseed diet was detected only in the first days of lactation.
In addition, an increase of enterolactone on milk from flaxseed fed cows was observed only at 15th day
after calving; a higher amount of enetrolactone was detected in plasma and milk from the 15th day
after calving, independently from the treatment group. This study suggests that the duration of n-3
carry-over into the milk is dependent on the n-3 feeding source concentration. Finally, more studies
are needed to investigate enterolactone metabolism in ruminants.

Abstract: Various supplementations in animal feeding have been investigate in order to enrich food
of animal origin with n-3 fatty acids. Although the effects of flaxseeds inclusion in diets for lactating
dairy have already been assessed, few studies have focused on this n-3 source supplementation
during the transition period. The aim of this work was to evaluate the effects of flacked flaxseed
(200 g/head/day; 2.13% DM) dietary treatment during the dry period on milk yield and quality in the
30 days after calving. In addition, the enterolactone content in plasma (before and after calving) and
in milk of cows fed diets supplemented or not with flaxseed was considered. The study demonstrated
that the carry-over effect on the milk profile of C18:2, C18:3 n-3, and C20:5 n-3 was significantly higher
in flaxseed diet than in the control one at 4th day of lactation. A significant increase of enterolactone
on milk from flaxseed fed cows was observed only at 15 sampling day. The quick modification in
fatty acid (FA) profile of the milk in the first few days of lactation suggests that the carry over effect
from pre-calving flaxseed feeding at this concentration was very short lasting.

Keywords: flaxseed; dairy cows; dry period; enterolactone; milk fatty acids

1. Introduction

In human nutrition, the beneficial effects of n-3 fatty acids (FA; i.e., a decreased risk of cardiovascular
diseases, hypertension, and arthritis) are well known from years and dietary inclusion of these nutrients
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is recommended [1,2]. As a consequence, a large number of studies have been published on n-3 FA
enrichment of food of animal origin (milk, meat, eggs, and fish) by the use of specific supplements in
animal feeding [3–6]. Flaxseed (Linum usitatissimum) is known as an excellent source of unsaturated
fatty acids (FA), particularly of alpha-linolenic acid (ALA, C18:3n-3), a member of n-3 FA [2]. A large
number of studies have reported the results of flaxseeds inclusion in diets for lactating dairy cows
finalized to enrich milk [7–9] and derivate [10] in n-3 FA. In addition, several studies have shown that
the incorporation of dietary n-3 into ovarian structures and bull sperm influence the reproductive
features in terms of follicular and embryo development, and bull semen quality [11]. It was also
demonstrated that the supplementation of n-3 FA during the early postpartum period modifies the
endocannabinoid system in the bovine endometrium [12]. Feeding source of n-3 FA can modulate
the chemical composition and the functional proprieties of the immune cells, which could affect the
immune response in several ways [11].

To our knowledge, most of the studies have analyzed how flaxseed supplementation during only
the dry period could impact on subsequent reproductive performance, bloody metabolites, and milk
yield and quality during the subsequent lactation [13–15]. However, few studies have focused on
the effects of flaxseed supplementation during the transition period on milk composition and FA
metabolism [16–18].

Several studies demonstrated the beneficial effects of lignans on human health [7]. Plant lignans
contained in flaxseed (about 370 mg/100 dry matter; DM) have a lower bioavailability in the human
intestine compared with the mammalian lignans synthetized in the rumen [19]. The secoisolariciresinol
diglucoside (SDG), which represents over 95% of the total lignans in flaxseed, could be converted by
the rumen microorganisms [20] in enterodiol and enterolactone (EL). Recent studies demonstrated that
flaxseed dietary treatment could increment the amount of milk EL [7], which in this way, could be
considered as a valid source of mammalian lignans.

Following this rationale, the objectives of the present experiment were i) to evaluate the effects on
milk yield and quality in early lactation and commercial milk due to the supplementation of dairy
cows with flacked flaxseed during the dry period and ii) to evaluate the EL content in plasma and milk
of cows fed diets supplemented or not with flaxseed during the dry period.

2. Materials and Methods

2.1. Ethic Statement

All experimental procedures were carried out according to Italian law on animal care
(Legislative Decree No. 26 of 14 March 2014) and approved by the ethical committee at the University
of Padova (approval number 70/2019).

2.2. Animals and Feeeding

The study was conducted in a commercial dairy farm located in Crespano del Grappa in the
province of Treviso, northeast of Italy. Italian Friesian cows with a close date of drying off were
divided in two homogeneous groups for parity (2.25 ± 1.72), days open (117 ± 66), and milk production
level in the current lactation (9.858 ± 1.598 kg of mature equivalent milk). Couples of cows at the
beginning of the dry off period were randomly assigned to receive a control (CTR) or an experimental
flaxseed (FLAX) supplement diet by assigning them to different pens to allow the proper feeding
supplementation. At the end of the trial, cows used in the experiment were 38 in the CTR and 35 in
the FLAX group. During the dry period, the cows of the FLAX group were fed a diet supplemented
with 200 g/head/day (i.e., 2.13% of DM) of flacked flaxseed (Cortal Extrasoy, Cittadella, Padova, Italy)
and the CTR group received a mix of soybean and corn meals in order to obtain isoenergetic and
isoproteic rations. The steaming-up treatment was managed in both groups following the customary
farm procedures. After calving, lactating cows of both groups were fed ad libitum the same total
mixed ration (TMR). Diets of dry and lactating cows were formulated in order to satisfy the nutritional
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requirements reported by the National Research Council—NRC [21]. During the trial, cows had free
access to water and were fed once daily.

2.3. Data and Sample Collection

Samples of the single ingredients belonging to each diet (except the flaked flaxseed) were collected
every 2 months, immediately transferred to the laboratory and, if fresh, subjected to pre-drying, before
the analyses (overall 4 samplings were carried out during the experiment). The chemical composition
of CTR and FLAX diets during the dry period and lactation diet after calving was calculated on the
basis of the results of the chemical analyses of feed and the changes of the diet formulation over time.
Diets were prepared and distributed as total mixed rations (TMR) using a mixed wagon (Table 1).

Table 1. Chemical composition (mean ad standard deviation, SD) of control (CTR) and flaxseed
supplemented (FLAX) diets used during the trial expressed as % on DM basis.

Chemical Composition

Dry Period
Lactation Period

CTR 1 FLAX 2

Mean SD Mean SD Mean SD

DM, % 49.0 8.47 49.4 8.49 54.3 4.70
Crude protein 12.2 0.76 12.4 0.73 16.7 0.30
Ether extract 2.64 0.64 3.10 0.68 4.80 0.60

Ash 6.82 1.08 6.75 1.06 5.86 0.71
NDF 49.1 6.56 48.5 6.47 34.0 4.10
ADF 28.1 4.30 27.7 4.22 18.9 2.91

Starch 12.2 2.85 12.0 2.79 24.2 2.30
MFU 3 no./kg DM 0.78 0.04 0.78 0.04 097 0.02

1 CTR: control diet, 2 FLAX: experimental flaxseed supplemented diet, 3 MFU: milk forage unit; calculated using
published value of feed ingredients (INRA. 1984).

Flacked flaxseed was collected at each change of the batch (for a total of 7 samples) to be analyzed
for chemical composition and FA profile (Table 2).

Table 2. Descriptive statistics (mean ad standard deviation, SD) for chemical composition (% on DM
basis) and fatty acid profile (% of total FA) of the flacked flaxseed used in the study (n = 7 samples).

Chemical Composition Mean SD

DM, % 93.2 1.69
Crude protein 22.3 1.37
Ether extract 44.1 2.05

Ash 3.25 0.47
NDF 13.4 0.75
ADF 7.13 0.23

MFU 1 no./kg DM 0.98 -

Fatty acid profile
SFA 10.9 0.75

MUFA 16.8 2.80
PUFA 67.9 3.46

n-3 53.9 3.65
C18:3 n3 53.8 3.63

n-6 15.9 0.46
n-6/n-3 0.31 0.03

1 MFU: milk forage unit; calculated using published value of feed ingredients (INRA. 1984).

Daily milk yield was recorded in the first 30 days after calving using an automatic milking system
for a herringbone parlor coupled with an automatic recording software (ALPROTM by DeLaval©,
Tumba, Sweden). Individual milk samples (500 mL/each) from the morning milking were collected
from each cow at about 4, 15, and 30 days after calving to be analyzed for composition, FA profile,
and the enterolactone content.

77



Animals 2020, 10, 2394

Individual milk samples (500 mL/each) from the morning milking were collected from each cow
at 4.1 ± 1.5, 15.5 ± 1.6, and 30.9 ± 1.6 days after calving. Blood samples were collected from each
animal at about 54.9 ± 6.7, 32.2 ± 10.6, 9.2 ± 2.5, and 3.1 ± 1.5 days before the expected calving and at
4.1 ± 1.5, 15.5 ± 1.6, and 30.9 ± 1.6 days after calving. The samples were obtained from the jugular vein
in vacuum tubes containing K3-EDTA anticoagulant and without anticoagulant. Plasma and serum
were obtained by centrifugation (1.500× g for 15 min at 4 ◦C) and an aliquot of each sample was frozen
and stored at −20 ◦C for enterolactone content analysis.

2.4. Sample Analysis

Samples of feeds were analyzed for dry matter (DM: # 934.01; [22]), N (# 976.05; [22]),
EE (# 920.29; [22]), and ash (# 942.05; [22]). Neutral detergent fiber (NDF), inclusive of residual
ash, was determined with α-amylase using the Ankom220 Fiber Analyzer (Ankom Technology,
Macedon, NY, USA). Acid detergent fiber (ADF), inclusive of residual ash, was determined sequentially
after NDF determination [23]. Starch content was determined after hydrolysis to glucose [22] by liquid
chromatography [24]. The flacked flaxseed fat was extracted by accelerated solvent extraction (ASE 200,
Dionex Corp., Sunnyvale, CA, USA) using petroleum ether. The fatty acid profile of the flaxseed
samples was analyzed by GC with flame-ionization detector (7890A GC system, Agilent Technologies,
Milan, Italy) using two columns in series and equipped with a modulator (Agilent G3486 A CFT),
an automatic sampler (Agilent 7693), and a specific machine software (Agilent Chem Station).
This instrument was chosen because the double column allows separating and identifying each
FA on a 2-dimensional basis [25]. The first column was a 75 m × 180 μm (internal diameter) × 0.14 μm
film thickness column (23348U, Supelco, Bellefonte, PA, USA), the second was a 3.8 m × 250 μm
(internal diameter) × 0.25 μm film thickness column (J&W 19091-L431, Agilent Technologies, Santa
Clara, USA). Both columns used H2 as carrier gas at a flow rate of 0.22 mL/min.

The early and commercial milk samples were analyzed for fat, protein, casein, and lactose
contents using the FIL-IDF procedure [26] with MilkoScan™ FT1 apparatus (Foss Electric, DK-3400,
Hillerød, Denmark). Milk urea nitrogen was measured automatically by the conduct metric-enzymatic
method (CL 10 micro analyzer, Eurochem, Roma, Italy). Somatic cell count was carried out through
a FossomaticTM 5000 (Foss Electric, DK-3400, Hillerød, Denmark) according to the standard
FIL-IDF148a [27], and transformed in logarithmic terms using the following equation: SCS = 3
+ log2 (SCC/100.000).

Milk fat was extracted by accelerated solvent extraction (ASE 200, Dionex Corp., Sunnyvale, CA, USA)
using petroleum ether:isopropanol (3:2 vol/vol), and the extracted fat was analyzed for FA composition
using a two-dimensional gas-chromatography instrument (Agilent 7890A, Agilent Technologies,
Milan, Italy) as described above.

Enterolactone concentration in plasma and milk samples was measured following hydrolysis
and solvent extraction. Briefly, 200 μL of plasma and 500 μL milk were hydrolyzed respectively in
200 or 500 μL of acetate buffer (0.1 M. pH 5.0) containing 0.2 U/mL of β-glucuronidase and 2 U/mL of
arylsulfatase (Sigma-Aldrich, S. Louis, MO, USA) as described by Stumpf et al., 2000 [28]. Samples were
incubated overnight for plasma and 1.5 h for milk at 37 ◦C. Only the milk samples were washed with
3 mL of hexane to remove lipids as described by [29]. Then, enterolactone was extracted twice with
2 mL of diethyl ether in both plasma and milk. The dry extracts were dissolved in 200 and 500 μL
of assay buffer respectively (TR-FIA Enterolactone kit, Labmaster, Finland) and assayed in duplicate
by a commercial DELFIA method (TR-FIA Enterolactone kit, Labmaster, Finland). For the final assay,
extracts corresponding to 20 μL of plasma/milk were used. Fluorescence was read in a multilabel
reader (Victor X4 2030, Perkin-Elmer Instruments, Norwalk, CT, USA).
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2.5. Statistical Analysis

Daily milk production, milk quality data, and fatty acid profile of milk were analyzed using a
hierarchical linear model for repeated measures implemented through the PROC MIXED of SAS [30],
according to the following linear model:

yijklm = μ + Di + Pj + DPij + Ck:ij + Sl + DSil + PSjl + eijklm, (1)

where μ is the overall mean; Di is the fixed effect of diet (i = 2 levels: CTR and FLAX); Pj is the fixed
effect of parity (j = 3 levels: 2nd lactation, 3rd lactation, and more than 3rd lactations); DPij is the fixed
effect of the interaction between diet i and parity j; Ck:ij is the random effect of the cow within DP
~N(0, σ2

c) used as error term for D, P, and DP; Sl is the fixed effect of sampling days (l = 1–30 levels
for milk yield; l = 3 levels i.e., 4, 15, and 30 days after calving for milk quality and fatty acids); DSil is
the fixed effect of interaction between diet i and sampling days l; PSjl is the fixed effect of interaction
between parity j and sampling days l; eijklm is the random residual term ~N(0, σ2

e).
Data on enterolactone concentration was analyzed using the same hierarchical linear model as

above, but considering also individual SCS as linear covariate.
In all statistical analyses, p < 0.05 indicates significance and p < 0.10 and ≥ 0.05 indicate a tendency

toward significance
When multiple comparison tests were carried out for selected variables, the Bonferroni correction

method was applied [30].

3. Results

The results are reported considering the milk yield during the first month of lactation, the quality
and the fatty acids profile of milk, and the content of enterolactone in plasma and milk.

3.1. Milk Yield

The production of early and commercial milk during the first month of lactation was similar for
the cows fed with or without flaxseed during the dry period (Figure 1). The overall milk yield of cows
of the control group (CTR) and the cows receiving flaxseed (FLAX) was respectively 989 ± 41 kg and
998 ± 43 kg (p ≥ 0.05).

 

Figure 1. Least square means for control (CTR; solid line) and flaxseed supplemented (FLAX; dotted
line) diets on the early and commercial milk production of Holstein cows during the first 30 d of the
subsequent lactation.
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There were no differences in overall milk yield produced during the first 30 days after calving
between the cows of 2nd, 3rd, or more than 3rd lactation (p ≥ 0.05). The effect of interaction between
diet and parity was not significant.

3.2. Quality of Early and Commercial Milk

The effect of the diet, sampling day, and parity on the quality of early and commercial milk is
shown in Table 3.

There were no significant differences in all parameters of milk quality between the CTR and FLAX
diet (Table 3).

On the contrary, the sampling day affected significantly (p < 0.001) all quality parameters of
early and commercial milk (Table 3). The fat, protein, and casein content decreased passing from
4 (early milk) to 15 and 30 days in milk (p < 0.001). The lactose content increased from 4 to 15 and
30 days of lactation (p < 0.05). The somatic cell score (SCS) of early and commercial milk produced
after 4 DIM was higher than those of milk sampled subsequently (p < 0.001). Lastly, the milk urea
nitrogen (MUN) increased passing from 4 to 15 and 30 day of sampling (p < 0.001).

The differences in early and commercial milk quality parameters were not significant (p ≥ 0.05)
among early and commercial milk of cows different in parity (Table 3).

All effects of the first order interactions were not significant.

3.3. Fatty Acid Profile of Early and Commercial Milk

The Effect of the Diet, Sampling Day and Parity on the Fatty Acid Profile of Early and Commercial
Milk Is Shown in Table 4

No differences (p ≥ 0.05) were observed in saturated fatty acids (SFA) and in monounsaturated
fatty acids (MUFA) contents between CTR and FLAX experimental groups, except for C17:1 n-10.
Considering the polyunsaturated fatty acids (PUFA), the levels of C18:2 (linoleic acid), C18:3 n3
(alpha linolenic acid, ALA), and C20:5 n3 (eicosapentaenoic acid, EPA) were higher (p < 0.05) in
early and commercial milk obtained by cows receiving flaxseed during dry period (FLAX) than that
produced by cows of the control (CTR) group. Otherwise, C20:3 n6 was significantly lower in FLAX
than in CTR. Consequently, the total amount of n3 fatty acid was higher in FLAX than in CTR group
(p = 0.02) and the ratio between n6 and n3 fatty acids resulted more favorable (p < 0.01) in the early
and commercial milk obtained from cows receiving flax during the dry period.

The sampling day affected significantly (p < 0.001) most of the fatty acids reported in Table 4.
The content of the total saturated FA was lower at 30 days in milk than at the beginning of lactation (day 4),
while the pattern of monounsaturated FA was opposite (p < 0.001). The content of polyunsaturated
FA was lower in early milk (4 day sampling) compared with the subsequent samplings (p < 0.001).
ALA and total n3 fatty acid content resulted higher in the intermediate sampling (15 d) than in the first
and last samplings (p < 0.001). The n6:n3 ratio resulted more favorable in the intermediate sampling
(15 d) than at 4 or 30 d of sampling (p < 0.001).

The effect of parity was not significant (p ≥ 0.05) for the most of fatty acids showed in Table 4,
excluding C18:0 (stearic acid), C12:1, C18:1 trans n-7, and C18:1 cis n-2 (p< 0.05). The conjugated linoleic
acid isomer (CLA) named C18:2 cis-9, trans-11 resulted higher (p < 0.05) in early milk (first sampling)
than in the two other samplings (15 and 30 d).

No interactions between dietary treatment and sampling period were observed in the fatty acids
analyzed, except for ALA, the sum of n3 fatty acids, and the n6:n3 ratio, which were higher (p < 0.001)
in the early milk (4 day of sampling) of the FLAX group than of the CTR one (Figure 2A–C).

The fatty acids profile was unaffected by the interaction between diet and parity. The effect of the
interaction between sampling day and parity was significant for some polyunsaturated fatty acids
(data not shown).
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Figure 2 reports the interaction between diets and sampling day effects, highlighting the significant
differences between treatments within sampling days.

 
(a) 

 
(b) 

 
(c) 

Figure 2. Least square means for control (CTR; dark red bars) and flaxseed supplemented diets (FLAX;
blue bars): (a) alpha linolenic acid (ALA); (b) total n-3 fatty acids contents (expressed as % on the total
fatty acids); and (c) n-6: n-3 ratio in the early and commercial milk. Differences between treatments
within sampling day have been reported when significant (p < 0.05 or less).
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3.4. Enterolactone in Plasma and Early and Commercial Milk

The enterolactone concentration (EL, nmol/L) was detected in plasma and in early and commercial
milk (Figure 3). No significant differences were observed between diets for the concentration of
enterolactone in plasma, although the effect of sampling day was significant (p < 0.001; data not shown).
The EL concentration in plasma samples collected before calving (4 sampling days) was lower than
those of samples collected during the first month of lactation (3 sampling days; p < 0.001; data not
presented). The parity of cows had no effect of EL. All interactions of first order were not significant.
Therefore, the supplementation of FLAX did not affect the EL concentration during the dry period and
the subsequent lactation. The only exception was for the interaction between diet and sampling day.
Indeed, EL concentration in plasma was greater in FLAX fed than in CTR cows at d 15 after calving
(p < 0.001; Figure 3a).

There were no significant effects (p ≥ 0.05) on EL in milk for the two experimental groups (CTR and
FLAX). On the contrary, the EL concentration increased significantly (p < 0.001) in early and commercial
milk from 4 to 15 days of lactation, remaining high at 30 day after calving. No differences were
observed among the cows of different parity. All interactions of first order were not significant.

 
(a) 

 
(b) 

Figure 3. Concentration (nmol/L) of enterolactone in Holstein cows fed either with flacked flaxseed
or a control diet during the dry period: (a) concentration in plasma (before and 30 d after calving);
(b) concentration in milk during 30 d after calving. Differences between treatments within sampling
day have been reported when significant (p < 0.05).

4. Discussion

Supplementation with n-3 FA of cattle feeding is an effective approach for improving the nutritional
value of animal products such as meat and milk [3,15,31,32]. Many studies [9,10,17,32] demonstrated
that flaxseed supplementation in cows during lactation or transition periods significantly increase
the amount of n-3 FA in milk, which is otherwise relatively poor in these FA [33]. Nevertheless,
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very few studies have been conducted on the effects of pre-partum n-3 supplementation on milk
composition [13,15].

During early lactation, dairy cows experience a negative energy balance associated with
mobilization of body reserves. In this period, dairy cows are in negative energy balance,
causing extensive body-fat mobilization and their incorporation into milk fat. Thus, milk FA synthesized
de novo by the mammary gland is lower, compared to mid or late lactation [15,34] and depends on
FA composition of adipose tissue [35]. n-3 FA cannot be synthesized de novo by mammals and is
referred to as essential fatty acids, which must be acquired with the diet [36]. Our study demonstrated
that the carry-over effect on the milk profile of C18:2, C18:3 n-3, and C20:5 n-3 (EPA) was significantly
higher in FLAX diet than in the CTR one on the first sampling at 4th day of lactation. Present results
are in agreement with early studies reporting that extruded or crushed linseeds (2.5% or 3.3% DM)
supplemented on transition period increased 18:3 n-3, and total n-3 concentrations in early milk,
but did not exert any effect after 7 weeks of lactation [32,37]. In contrast with our results, a study [15]
demonstrated that the carry-over effects persisted for 7 weeks of lactation (10 weeks after the withdrawal
of extruded flaxseed supplementation, 2.9% DM). However, the greater amount of n-3 was observed
during the first week with respect to the other lactation phases. In contrast, another study has shown
that restricted diet with canola, linola, or flax rolled seeds supplementation (8% DM) in the 4 last weeks
of gestation had no effects on fatty acids milk compositions and metabolic peri-partum responses [13].

These different results could be related to the different flaxseed treatments and concentration used
in these studies [38]. Lipids in extruded flaxseed are considered to be at least partially rumen-protected
and thus can overtake the microbial bio-hydrogenation [39,40], while unprocessed oilseeds have a less
influence on supplying n-3 on meat or milk [35,41]. Although various studies have been performed
on the effect of different processing treatment (grounding vs. term-flaking) on cows performance and
feed utilization [42,43], the lipid and FA metabolism of enriched n-3 sources subjected to different
physical treatments has not yet been deepened. Regarding the amount of oilseed supplementation,
in our FLAX diet, flaked flaxseeds was added at 2.13% of DM, thus in a lower concentration than the
previous studies. This difference and the length of supplementation, which only covered the dry period,
may have determined the differences due to flaxseed supplementation compared to the other studies.

The quick variation in FA profile of the milk in the first few days of lactation observed in our study
suggests that the carry-over effect from pre-calving flaxseed feeding at this concentration was very short
lasting. In addition, an interesting result of our study is the significant increase of EPA, resulting from
ALA elongation, on early milk of cows fed the FLAX diet [44]. Previous findings have shown that
conversion of linoleic acid (LA) and alpha-linolenic acid (ALA) to their higher chain homologues
(DHA and EPA) in humans depends on the ratio of ingested n-6 and n-3 fatty acids [44]. Twenty-carbon
PUFAs are precursors of eicosanoids that regulate the inflammatory and immune responses through
pro- and anti-inflammatory activities [36]. In this sense, n-3 supplementation on pre-partum diet could
be considered as a valid approach to improve the nutritional value of early milk and consequently calf
health. Indeed, as recently demonstrated by [45], pre-partum fat feeding modified the FA profile of
early milk to a greater degree than plasma of newborns, suggesting that the metabolism and transfer
of essential FA from the mammary gland to the early milk has a less tight regulation than those from
the placenta to the fetus. Thus, providing early milk with selected FA through pre-calving dietary
supplementation could be an efficient strategy to improve calf health status immediately after birth.

Our results demonstrated that, independently from treatment group, plasma and milk EL
significantly increase 15 days after calving and it remains high for the consecutive 15 days postpartum.
According to [19] study, plant and mammalian lignans have different bioavailability in humans:
while the first must be converted to EL by the colon bacteria, the others can be passively absorbed
along the human intestine. Therefore, milk with an elevated amount of EL may be an efficient strategy
to optimize the effects of lignans on human health [46]. According to our results, a significant increase
of EL on milk from FLAX-fed cows was observed only at 15 sampling day. Four dose-response studies
using flax hulls (FH), flax meal (FM), and whole flaxseed (WF) have been conducted to date [7,46–48].
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In these studies, higher concentration of milk EL was observed with FH or FM diet supplementation
compared with WF feeding. In addition, a significant increase of milk EL concentration when cows
were fed the greatest amount of flaxseed supplementation (15% FM or 20% FH on DM basis) [8].
However, these higher amounts of flaxseed products compared with that used in our study may
have multiple adverse effects associated with the excess intake of crude protein or crude fat. Indeed,
the excess of N due to environmental and milk production concerns associated with excess intake
of crude protein or crude fat, depending on the flax source used [8]. A recent study demonstrated
that calves fed EL-enriched milk (481 nmol/L) showed a faster and higher EL increase on plasma,
compared with those fed milk enriched with a lower amount of EL (123 nmol/L). Further research is
needed to better understand the physiological EL concentration on milk and plasma and its metabolism
before and after calving, in order to find the balanced intake of oilseed supplements on dairy cow
dietary treatment.

5. Conclusions

Fatty acid profiles of early milk samples were influenced by flaked flaxseed supplementation
provided to dry cows. However, the effect obtained from the concentration used in this study (2.13% DM)
was very short lasting. These results suggest that different concentrations and the various treatments,
to which flaxseed are subjected, significantly affect the n-3 carry over into the milk. Differences of EL
plasma concentration before and after calving should be better investigated, in order to understand EL
metabolism in ruminants and how it could be efficiently manipulated by dietary treatments.
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Simple Summary: The aim of the study was to analyse the ability of Simmental (SIM) and Holstein-
Friesian (HF) cows to correct a negative energy balance (NEB). NEB dynamics were assessed based
on the content of NEFA in the blood; a reduction in body condition score; and levels of C16:0, C18:0
and C18:1 in the milk. The efficiency of liver metabolism was evaluated based on the content of
BHBA in the blood and urea in the milk. The rate of changes was analysed during lactation, with
assessments of daily yield, production at peak lactation and its duration, and changes in selected
milk components. The results indicated that the most significant changes took place up to the peak
of lactation. During this time, the values for parameters characterizing NEB were similar in both
breeds. After the peak of lactation, the body condition score of SIM cows was restored more quickly.
HF cows, on the other hand, achieved greater milk production and reached peak lactation earlier, but
they were less capable of correcting the NEB, as indicated by the higher content of non-esterified
fatty acid and β-hydroxybutyrate as well as C16:0, C18:0, and C18:1 in most cases. Their milk also
contained more urea. The dynamics of NEB were found to be linked to the level of leptin, which has
an anorectic effect. The results of the study indicate the great potential of Simmental cows and may
facilitate the search for solutions for the more efficient exploitation of their potential.

Abstract: A significant factor in improving the performance of dairy cows is their physiological ability
to correct a negative energy balance (NEB). This study, using Simmental (SIM) and Holstein-Friesian
(HF) cows, aimed to assess changes in NEB (non-esterified fatty acid; body condition score; and
C16:0, C18:0, and C18:1) and its effect on the metabolic efficiency of the liver (β-hydroxybutyrate and
urea). The effects of NEB on daily yield, production at peak lactation and its duration, and changes
in selected milk components were assessed during complete lactation. Up to peak lactation, the loss
of the body condition score was similar in both breeds. Subsequently, SIM cows more efficiently
restored their BCS. HF cows reached peak lactation faster and with a higher milk yield, but they were
less able to correct NEB. During lactation, their non-esterified fatty acid, β-hydroxybutyrate, C16:0,
C18:0, C18:1, and urea levels were persistently higher, which may indicate less efficient liver function
during NEB. The dynamics of NEB were linked to levels of leptin, which has anorectic effects. Its
content was usually higher in HF cows and during intensive lactogenesis. An effective response to
NEB may be exploited to improve the production and nutritional properties of milk. In the long term,
it may extend dairy cows’ productive life and increase lifetime yield.

Keywords: cattle; body condition score; fatty acids; urea; β-hydroxybutyrate; metabolism; urea
in milk

1. Introduction

During the post-partum period, dramatically increasing milk yield leads to the destabi-
lization of the energy balance [1]. This process involves the liver, in which a sharp increase
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in metabolism, including of lipids and glycogen, takes place [2,3], as does the detoxification
of ammonia. One of the consequences of the disturbance in homeostasis, on average up
to the peak of lactation, is a temporary decrease in feed intake. This initiates changes
associated with a negative energy balance (NEB) [4–6]. Lipolysis mainly leads to the release
of palmitic (C16:0), stearic (C18:0), and oleic (C18:1) acid [7,8]. These increase the pool of
non-esterified fatty acid supplied to the liver [9], in which they are oxidized and distributed
in the form of low-density lipoproteins [2]. By inducing spontaneous lipolysis, NEB can
adversely affect the metabolic efficiency of the liver, causing the excessive generation of
β-hydroxybutyrate (BHBA) and the retention of triglycerides in the hepatocytes [10,11].
This affects the functions of the liver [12], in which the pathways of lipid metabolism, the
detoxification of ammonia, and glucogenesis cross. The interactions of these pathways can
impair the metabolism of these compounds [13], which may increase losses of nitrogen
with the milk. This is not without significance for the ammonia detoxification pathway in
the liver. An increase in ammonia levels in the blood may induce excessive lipid retention
in the liver [14]. During NEB, this may result in the excessive catabolism of amino acids
in the liver and increased losses of nitrogen into the environment. Studies by Knob et al.
(2021) [6] and Lopreiato et al. (2019) [15] showed that the metabolic changes associated
with NEB can also be influenced by the breed of cows. Therefore, the production potential
of popular dairy cattle breeds remains an important area of research—especially regarding
the effect of their physiological responses on production parameters and the duration
of their productive life. The aim of the study was to analyse the ability of Simmental
and Holstein-Friesian cows to correct a negative energy balance. We hypothesized that
a less dynamic NEB at the start of lactation makes it possible to obtain more favourable
production effects over a complete lactation.

2. Materials and Methods

The study was carried out on two breed groups (BGs) of dairy cows: 25 Holstein-
Friesian (HF) cows at farm A, and 25 Simmental (SIM) cows at farm B. During the lactation
period, the data were collected from the same cows. All cows in the experiment were
subjected to the same number of periodic observations. The average yield (LSM ± SE) of
the cows was 8390 kg ± 48 for HF and 7956 kg ± 38 for SIM, and the average lactation
number (LSM ± SE) was 2.5 ± 0.23 for HF and 2.9 ± 0.43 for SIM. The cows were from
two farms and constituted separate experimental groups. They were evaluated on average
from the 6th day postpartum. The length of lactation (number of days) was defined as the
period from calving to the day milking was discontinued, when average production had
fallen to 10 kg of milk. The experiment was lasted until the completion of lactation.

2.1. Feeding and Housing of Cows

In both breed groups, the test cows were kept tethered. The cows had direct access to
feed and water (open drinkers), and their living conditions met the requirements of good
production practice.

Nutrient requirements were established based on information about feed quality—
chemical analyses [16], the approximate body weight of the breed groups, and forecast milk
production for the analysed stages of lactation: days 6–100 (SL I), 101–200 (SL II), and >200
(SL III). The nutritional value of the feed was determined by chemical analyses performed
a few days prior to each stage of lactation. The percentages of particle sizes in the feed
were determined at the same time. The body condition score (BCS) of each cow was also
assessed before each stage of lactation using a 5-point scale (LSM ± SE): HF = 2.72 ± 0.42
and SIM = 2.78 ± 0.54. A loss of body condition was expressed as a percentage (LBCS%)
in relation to the body condition score determined 5 days before calving. The average
from three independent scores was calculated. The BCS was used as a subjective indicator
of NEB. Nutrient requirements and the balancing of the diet were determined according
to feeding standards for ruminants [17] and the INRAtion software, version 2.xx. HF
cows were fed in a total mixed ration (TMR) system, with the ingredients mixed in a feed
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wagon. The SIM groups were fed in a partial mixed ration (PMR) system, in which the feed
components were placed directly on the feed platform and mixed. The cows were fed three
times a day (on average every 8 h) using feed pushing. The basal portion of the feed ration
was calculated for cows with a body weight of 650 kg and expected milk production of
25 L. The production mix was introduced in cows exceeding this production value. The
composition of the diet was similar in both herds. Table 1 shows the average content of
nutrients in the daily ration of the experimental dairy cows in each stage of lactation. The
ingredients of the daily cow diet are presented in Table 2.

Table 1. Chemical components and balancing of the diet in each stage of lactation and breed group (day/cows).

Nutrient Components

Stage of Lactation (SL)/Breed Group (BG)

I II III

HF SIM HF SIM HF SIM

Crude protein (%) 16.37 15.86 16.93 16.05 14.94 12.52
Dry matter (%) 42.39 41.85 44.09 42.33 38.73 35.85
Crude fibre (%) 19.17 18.52 18.46 18.41 20.60 20.42
Crude fat (%) 2.51 2.31 2.46 2.19 2.69 2.31
Crude ash (%) 8.01 7.84 8.01 7.89 8.08 7.95

Starch (%) 22.71 21.50 22.64 21.99 21.39 21.52
Acid detergent fibre—ADF (%) 22.77 21.24 22.20 21.56 24.10 22.98

Neutral detergent fibre—NDF (%) 39.49 38.74 38.57 37.44 41.54 39.42
Physically effective NDF—peNDF(%) 30.58 29.77 28.34 28.11 36.09 35.72

UFL 21.53 20.52 23.51 22.41 17.68 15.85
PDIN (g) 2459 2341 2766 2527 1854 1698
PDIE (g) 2201 2148 2459 2374 1684 1577

Energy (MJ NEL):
Requirement 151.8 148.5 166.8 159.8 124.9 115.9

Intake 150.3 147.2 167.4 160.9 125.9 116.9
Balance −1.5 −1.3 +0.6 +1.1 +0.2 +0.9

Dry matter intake—DMI (kg/day) 21.49 23.75 23.89 25.07 19.54 20.09

Stage of lactation: days 6–100 (SL I), 101–200 (SL II), and >200 (SL III); HF—Holstein-Friesian; SIM—Simmental; PDIN—protein digested in
the small intestine, calculated from feed nitrogen (N) available in the rumen, PDIE—protein digested in the small intestine, calculated from
feed energy (E) available in the rumen.

Table 2. Ingredients of the dairy cow diet in each stage of lactation and breed group (herd).

Nutrient Components

Stage of Lactation (SL)/Breed Group (BG)

I II III

HF SIM HF SIM HF SIM

Maize silage (kg) 22.5 22.5 22.5 22.5 22.5 22.5
Haylage (kg) 12.4 12.4 12.4 12.4 12.4 12.4

Ground rapeseeds (kg) 1.45 1.5 1.03 0.9 - -
Straw (kg) - - 0.2 0.2 0.5. 0.5
Hay (kg) 0.5 0.5 0.8 0.8 1.6 1.6

Production mix * (kg) 6.0 5.4 6.0 5.4 3.5 3.5
Stage of lactation: days 6–100 (SL I), 101–200 (SL II), and >200 (SL III); HF—Holstein-Friesian; SIM—Simmental;
* Composition of the production mix (%): crushed maize kernels—15.5; barley—10.0; triticale—10.0; oats—16.0;
Krowimix 18–2.5; ground rapeseeds—18.0; NaCl—0.3; CaCO3—2.3; mineral compound supplement—0.7.

The average amount of uneaten feed in each group was calculated based on weighing
twice a month on average in each study period. On this basis, the average dry matter
intake (DMI) was calculated. All diet components were included in the DMI calculation.
The average percentages of particle sizes in the diet (PSPS sieves) were as follows: >19 mm
(7%), 8–19 mm (52%), 4–8 mm (19%), and ≤4 mm (22%). About two weeks before calving,
the cows received a preparatory diet. To rule out the effect of the farm, a cluster analysis
that took the actual energy intake and DMI (considered to be the main factors inducing
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NEB) into account was performed. The analysis showed high similarity between the farms
for these parameters during the stages of lactation: 0.782–0.921 in the case of housing and
0.789–0.829 for the diets used on the farms.

2.2. Sample Collection and Analyses

Milk samples of about 250 mL were collected using a calibrated milk meter (DeLaval)
that simultaneously measured the amount of milk. Milk from morning and evening
milking was combined into one sample. The samples were stored in refrigerated conditions
(4 ◦C ± 0.5). Milk was collected, on average, from the 6th day postpartum until the end
of lactation: in SL I, at approximately 30, 60, and 90 days of lactation (3 times); in SL II, at
approximately 130 and 170 days; and in SL III, at about 230 and 270 days, for a total of
350 milk samples. The contents of protein, fat, lactose, dry matter, and urea in the milk were
determined using the Bentley Combi 150 (Bentley Instruments, Inc., Chaska, MN, USA).
The analysis was performed in a laboratory accredited by the Polish Accreditation Centre.

The fatty acid (FA) profile of the milk fat was determined by gas chromatography
(Agilent 6890 N). Fat was extracted by the Röse-Gottlieb method [18]. The transmethyla-
tion of FA to methyl esters (FAME) was carried out at 70 ◦C ± 0.5 (Thermo heat block).
The GLC modules were an autosampler, a split/splitless injector (split 1:5), and a flame
ionization detector (FID). Separation was carried out on a 100 m, 0.250 mm column (HP-88;
SN:UST458414H, Agilent Technologies Inc., Santa Clara, CA, USA). The temperature pro-
gramme; injector and FID had the following run: 250 ◦C; furnace—95 ◦C (5 min); 120 ◦C
(15 ◦C/min—15 min); 210 ◦C (25 ◦C/min—30 min); and 250 ◦C (20 ◦C/min—5 min).
Carrier gas flow (He) was set at 5.0 mL/min. The identification of FA and determination of
their percentages were based on retention times (reference Supelco 37.No:47885-U; Sigma
Aldrich, St. Louis, MO, USA) in the Agilent Tech GC Chemstation A09.03 software. The
following FA groups were distinguished: SCFAs—short-chain fatty acids; LCFAs—long-
chain fatty acids; SFAs—saturated fatty acids; MUFAs—monounsaturated fatty acids;
PUFAs—polyunsaturated fatty acids; and UFAs—unsaturated fatty acids. In addition, the
contents of the (C18:0), oleic (C18:1), and palmitic (C16:0) acids in the structure of milk fat
were examined. Among others, these FAs were aNEB markers.

Blood for analysis was drawn before morning feeding from the jugular vein. Due to
the potential effect of stress on milk yield, blood was taken 24 h after milk was collected for
analysis. Blood was collected at 30, 60, and 90 days of lactation (SL I), at 130 and 170 days
(SL II), and at 230 and 270 days (SL III) for a total of 350 samples: 3 (SL) × 2 (BG) × 2
(samples) × 25 (animals). Test tubes with sodium fluoride and sodium heparin (Medlab-
Products Ltd., Raszyn, Poland ) were refrigerated. Blood for glucose determination was
placed in ice. Glucose content in the blood was measured using original Randox kits
(Randox Laboratories Ltd., Crumlin, UK) and a UV–Vis spectrophotometer (Varian Inc.,
Palo Alto, CA, USA). Samples for the determination of BHBA (β-hydroxybutyrate) were
centrifuged at 1500× g at 4 ◦C for 20 min. The supernatant was collected and stored at
−75 ◦C ± 1.0 until BHBA analysis using original Randox kits (Randox Laboratories Ltd.,
Crumlin, UK) and a UV–Vis spectrophotometer (Varian Inc., Palo Alto, CA, USA). The
plasma samples were analysed for leptin levels using a bovine-specific ELISA kit (EIAab,
Wuhan, China). The share of NEFA was determined as the sum of C16:0, C18:0, and cis-9
C18:1. All samples were measured in triplicate.

2.3. Statistical Analysis

The statistical analysis of the results was performed with the Statistica 12.0 software.
Analysis of variance was carried out in a general linear model (GLM) with repeated
measures. For each BG, HF and SIM, the model included the effect of the three periods of
lactation (SL): days 6–100 (SL I), 101–200 (SL II), and >200 (SL III); the interaction between
the BG and SL; and the random effect of the cow. The effect of feeding technique (TMR
or PMR) was verified by cluster analysis using the k-means method. The model took the
actual energy intake, DMI, and effect of farm into account. The results are presented as
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means (LSM) and standard error (SEM). The significance of differences between means
was estimated by Duncan’s test at p ≤ 0.05. Correlations (r) between selected parameters
were estimated using the Pearson correlation model (p ≤ 0.05).

3. Results

HF cows usually had a higher daily milk production (DMP) than SIM cows (Table 3).
In the stage with the highest milk production (SL I), the loss of body condition was similar
in cows from both breed groups. During this period, the average LBCS was −11.80%
(p ≤ 0.05). SIM cows, however, were able to restore their BCS faster, as from SL II, their
LBCS was on average −2.1 percentage point (p.p.) smaller (p ≤ 0.05). Up to SL II, the
DMP level remained similar. After this period, a significant decrease in DMP was noted
(SL III). The average difference was 7.9 kg (p ≤ 0.05). As lactation progressed, a slight
increase in the BCS was observed (p ≤ 0.05). In the first two stages of lactation, however,
the restoration of body condition was slower. This was indicated by the differences in the
LBCS between analysed stages of lactation: 1.2 between SL I and SL II and 7.7 p.p. between
SL II and SL III (p ≤ 0.05).

Table 3. Production parameters and body condition of cows depending on the breed group and stage of lactation.

Parameters

Breed Group (BG)/Stage of Lactation (SL)

SEM pHF SIM

I II III I II III

Number of cows (n) 25 25 25 25 25 25 SL

Day of lactation (day) 40 c 165 b 285 a 45 c 162 b 282 a 6.4 *

DMP (kg) 30.9 a 29.8 a 21.5 c 27.6 b 27.3 b 20.5 c 0.4 *

BCS (points) 2.40 d 2.41 d 2.63 b 2.45 d 2.52 c 2.71 a 0.3 *

LBCS (%) −11.8 a −11.4 a −3.3 c −11.9 a −9.3 b −2.5 c 0.2 *

Significance of the differences in the results within the breed group (BG): abcd p ≤ 0.05 and stages of lactation (SL): * p ≤ 0.05; stage of
lactation: days 6–100 (SL I), 101–200 (SL II), and >200 (SL III); HF—Holstein-Friesian; SIM—Simmental; DMP—daily milk production;
BCS—body condition score; LBCS—loss of BCS relative to BCS at 5 days before calving.

The data in Table 4 show that over the course of lactation, there was a downward
trend in the contents of NEFA and BHBA (p ≤ 0.05), whose levels were usually higher
in HF cows. Differences between breed groups were usually greater in the first two
stages of lactation than in SL III—on average, 19.65 μmol ·L−1 in the case of NEFA and
0.121 mmol·L−1 for BHBA (p ≤ 0.05). The changes in glucose content were also greater
during these stages. Glucose content decreased up to SL II and then increased (p ≤ 0.05).
In the SIM group, however, it decreased less (0.052 mmol·L−1; p ≤ 0.05) while the content
of leptin, which exerts an anorectic effect, decreased more (0.19 ng·ml−1; p ≤ 0.05). Leptin
content was also influenced by the SL. The differences between the stages of lactation
indicated the greatest decrease in leptin content up to SL II, on average 0.14 ng·mL−1

(p ≤ 0.05), after which it remained at a similar level until the end of lactation. A higher urea
nitrogen in milk (MUN) content, on average by 7.9 mmol·L−1 (p ≤ 0.05), was noted in the
HF cows in SL I (Table 4). Generally, in subsequent stages of lactation, its level decreased
(p ≤ 0.05), and in SL III it, was similar in both groups. Compared to that of HF cows,
the milk of SIM cows had a higher DM content. However, in both BGs, there were no
significant differences that indicated the influence of SL.

The milk of the SIM cows contained more SCFA (Table 5). The differences relative to
HF ranged from 0.23 to 0.74 p.p. (p ≤ 0.05) and were smaller up to SL II. Changes in the
content of SCFA during lactation showed a downward trend (p ≤ 0.05). The reverse trend
was noted for LCFA, whose content was higher in the milk of HF cows, on average from
0.86 p.p (SL I) to 3.39 p.p (SL III). Higher contents of C16:0, C18:0, and C18:1 (treated as
markers of NEB) were noted in the milk of HF cows. The greatest changes were observed
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in SL I and II. The differences between breed groups ranged from 0.12 p.p. in the case
of C18:0 in SL III to 1.51 p.p for C16:0 in SL I (p ≤ 0.05). Differences between stages of
lactation indicated that as lactation progressed, the share of C16:0 and C18:0 gradually
declined (p ≤ 0.05). The levels of MUFA and PUFA, including C18:2, in the milk of the
breed groups were only slightly higher in SIM cows and after the peak of lactation. In
the case of these fractions, however, no clear patterns were confirmed (Table 5). The same
was true for UFA. In the case of SFA, C18:1, and C18:2, gradual decreases in their contents
in milk were observed over the course of lactation. The differences between stages were
confirmed at p ≤ 0.05 for SFA and p ≤ 0.05 for C18:1 and C18:2. A different trend was
noted in the case of the effect of lactation on PUFA and UFA. Their contents increased over
the course of lactation, which was confirmed at p ≤ 0.05 in both cases.

Table 4. Parameters of energy metabolism and contents of milk components depending on the breed group and stage
of lactation.

Parameters

Breed Group (BG)/Stage of Lactation (SL)

SEM pHF SIM

I II III I II III

Blood samples (n) 75 50 50 75 50 50 SL
NEFA (μmol L−1) 248.4 a 211.5 c 178.9 e 229.5 b 191.1 d 182.8 e 2.8 *
BHBA (mmol L−1) 1.021 a 0.978 b 0.743 c 0.955 b 0.776 c 0.647 d 0.02 *

Glucose (mmol L−1) 2.429 c 2.360 d 2.638 a 2.559 b 2.507 c 2.632 a 0.01 *
Leptin (ng ml−1) 2.74 a 2.65 b 2.50 c 2.59 b 2.40 c 2.43 c 0.02 *
Milk samples (n) 75 75 75 75 75 75

MUN (mmol L−1) 181.3 a 167.5 c 164.3 c 173.4 b 164.7 c 162.7 c 0.71 *
Fat/Protein—F/P (%) 1.23 1.21 1.21 1.22 1.23 1.21 0.54 ns

Lactose (%) 5.01 4.78 5.19 4.97 4.85 5.12 0.32 *
Dry matter—DM (%) 12.35 b 12.23 b 12.52 b 12.70 a 12.97 a 12.86 a 0.08 ns

Significance of the differences in the results within the breed group (BG): abcde p ≤ 0.05 and stages of lactation (SL): * p ≤ 0.05, ns—not
significant; stage of lactation (SL): days 6–100 (SL I), 101–200 (SL II), and >200 (SL III); HF—Holstein-Friesian; SIM—Simmental; BCS—body
condition score; BHBA—β-hydroxybutyrate; NEFA—non-esterified fatty acid (FA); MUN—urea nitrogen in milk.

Table 5. Contents of the main fatty acid fractions in milk depending on the breed group and stage of lactation.

Parameters

Breed Group (BG)/Stage of Lactation (SL)

SEM pHF SIM

I II III I II III

Number of samples (n) 75 75 75 75 75 75 SL
SCFA (%) 9.52 b 8.67 c 7.75 e 9.73 a 8.86 c 8.49 d 0.05 *
LCFA (%) 59.79 b 60.53 a 60.77 a 58.93 c 58.99 c 57.38 d 0.16 ns

Palmitic acid C16:0 (%) 25.81 a 24.90 b 22.09 c 24.30 b 24.23 b 21.86 c 0.15 *
Stearic acid C18:0 (%) 11.98 a 11.59 b 11.38 c 11.67 b 11.26 d 11.23 d 0.44 *

SFA (%) 68.93 b 69.23 a 68.24 b 68.29 b 67.57 c 65.64 d 0.17 *
MUFA (%) 27.93 26.74 28.19 28.59 28.97 28.95 0.51 ns

Oleic acid C18:1 (%) 2.83 a 2.37 b 2.20 bc 2.67 a 2.16 c 2.02 c 0.04 *
PUFA (%) 1.57 c 1.68 c 1.94 a 1.63 c 1.79 b 1.96 a 0.01 *

Linoleic acid C18:2 (%) 1.68 a 1.71 a 1.42 c 1.74 a 1.57 b 1.53 b 0.02 *
UFA (%) 29.50 a 28.42 b 30.13 a 30.23 a 30.76 a 30.93 a 0.12 *

Significance of the differences in the results within the breed group (BG): abcde p ≤ 0.05 and stages of lactation (SL): * p ≤ 0.05, ns—
not significant; stage of lactation (SL): days 6–100 (SL I), 101–200 (SL II), and >200 (SL III); HF—Holstein-Friesian; SIM—Simmental;
LCFA—long-chain fatty acid; SCFA—short-chain FA; SFA—saturated FA; MUFA—monounsaturated FA; PUFA—polyunsaturated FA;
UFA—unsaturated FA.

The results presented in Table 6 indicate that the day of peak lactation and milk
production on that day (DMP-PY) were negatively associated with the content of leptin in
the blood and BSC. This was indicated by the correlation coefficients, which ranged from
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−0.318 to −0.452 (p ≤ 0.05). These parameters, however, were positively correlated with
the contents of NEFA, C16:0, C18:0, and C18:1, whose release from the adipocytes was
increased during NEB. These values ranged from 0.286 to 0.543 (p ≤ 0.05). These markers
were positively correlated with BHBA (0.797–0.295; p ≤ 0.05) and MUN (0.711 and 0.449;
p ≤ 0.05). The content of leptin, which exerts an anorectic effect, was positively correlated
with the LBCS (0.399) and markers of NEB (0.547–0.629; p ≤ 0.05). A negative correlation
was noted between leptin and MUN (−0.455; p ≤ 0.05).

Table 6. Selected parameters of production and energy metabolism, as well as correlations between them.

Parameter LSM ± SD
Value of Correlation Coefficient, Significant at p ≤ 0.05

DMP BCS Leptin NEFA C16:0 C18:1 C18:0

Lactation (days) 307 ± 9.2 −0.464 0.462 −0.260 −0.418 −0.462 −0.333 −0.426

Peak yield (days) 65.3 ± 8.1 0.426 −0.452 −0.358 0.543 0.385 0.429 0.337

DMP-PY (kg) 33.4 ± 4.2 0.482 −0.437 −0.318 0.342 0.428 0.382 0.286

LBCS (%) −8.4 ± 3.4 0.758 - 0.399 0.637 0.745 0.567 0.385

NEFA (μmol L−1) 207.1 ± 18.3 0.805 −0.471 0.586 - 0.789 0.718 0.399

BHBA (mmol L−1) 0.853 ± 0.217 0.810 −0.513 0.524 0.797 0.794 0.751 0.295

Glucose (mmol L−1) 2.519 ± 0.251 −0.831 0.238 −0.566 −0.698 −0.793 −0.696 −0.250

MUN (mmol L−1) 168.9 ± 18.5 0.676 −0.530 −0.455 0.711 0.685 0.643 0.449

C16:0 (%) 23.86 ± 3.34 0.975 −0.577 0.629 0.789 - 0.816 0.353

C18:1 (%) 2.37 ± 0.16 0.831 −0.438 0.547 0.717 0.816 - 0.274

DMP—daily milk production; DMP-PY—daily milk production at peak yield; MUN—urea nitrogen in milk LBCS—loss of BCS relative to
BCS at 5 days before calving; BCS—body condition score; BHBA—β-hydroxybutyrate; NEFA—non-esterified fatty acid (FA); MUN—urea
nitrogen in milk.

4. Discussion

The correction of disturbances of energy homeostasis induced by intensive lactogene-
sis is a major challenge for the physiology of dairy cows. A lower feed intake at this time
intensifies NEB and increases lipolysis [4,19]. Though a considerable portion of NEFA in
cows is derived from the diet, Gross et al. (2013) [4] indicated that the intensity of daily
production also has a major impact. In their opinion, the rate of change in the NEB and
triglycerides, including NEFA, released from the adipocytes increases up to the peak of
lactation, thus increasing the NEFA level. The consequence of this is of the inability of
liver to completely use acetyl CoA from the beta oxidation of NEFA for gluconeogenesis
because other intermediates of the Krebs cycle are limited for the excessive load of acetyl
CoA. Finally, this situation may be conducive to the generation of excess BHBA in the liver
and affects the further course of lactation [13,20]. In a study by Knob et al. (2021) [6], the
BCS of Simmental cows was, on average, 1 point higher than that of Holstein cows during
lactation. As in the present study, Knob et al. (2021) [6] observed the greatest loss of the
BCS up to the peak of production. However, in Simmental and Simmental crossbreds, body
condition relative to the BCS before calving was reduced by 12–18%, while in Holsteins, it
fell by 20–24%. The stronger body condition of Simmental cows was explained by research
of Yan et al. (2006) [21] and Ledinek et al. (2018) [22], in which nutrients were more
evenly distributed between the lactogenesis and restoration of the BCS in cows with lower
production potential. In the present study, we observed a similar relationship between
NEB markers and daily yield in both breeds. The observed trends were confirmed by their
significant correlations with DMP and the length of lactation. Knob et al. (2021) [6] found
that the genetic group influenced yield at the peak of lactation and the time when the peak
was attained. In comparison with Holstein cows, the production potential of the Simmental
breed was much lower, as these authors noted a reduction in daily yield by about the fourth
week of lactation. In our study, the reduction in DMP occurred much later. This difference
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could be explained by the much lower milk yield of the breeds analysed in our research
and the study by Knob et al. (2021) [6]. Our study also showed a greater production
potential in HF cows. SIM cows, on the other hand, had a greater capacity to correct the
NEB, and after the peak of lactation, their BCS was more quickly restored. In this respect,
the results of our study were consistent with those reported by Knob et al. (2021) [6].
Furthermore, Knob et al. (2021) [6] showed that the interaction of breed and the stage of
lactation only affects NEB markers (NEFA and BHBA) to a certain extent. In contrast with
our results, Knob et al. [6] found that these differences began to vanish from the fourth
week of lactation. A study by Ingvartsen and Andersen (2000) [23] showed that due to
genetic determinants, feed consumption in early lactation has a minor influence on milk
production. Yan et al. (2006) [21], however, found that diet quality remains a significant
factor by maintaining body condition during lactation and allowing cows to meet their
genetic potential. According to Friggens et al. (2007) [24], changes in milk production
during lactation are mainly determined by hormone metabolism, which determines the
distribution of energy resources released from fat stores. In a study by Ledinek et al.
(2018) [22], differences in the yield between breeds began to vanish in late lactation. Like
Friggens et al. (2007) [24], they observed a decrease in hormones involved in milk secretion.
Ledinek et al. (2018) [22] and Friggens et al. (2007) [24] observed a decrease in NEFA and an
increase in glucose content as lactation progressed. In light of research by Ledinek et al. [22],
Yan et al. (2006) [21], and Friggens et al. (2007) [24], the effects of breed and lactation on
the content of the anorectic hormone leptin noted in our study are not without significance.
Ledinek et al. (2018) [22] noted a higher BCS and a faster restoration of body condition to
the state immediately after calving in cows of the Fleckvieh breed in comparison to HF. The
differences in leptin content noted between breeds in our study and its positive correlation
with the LBCS indicated that its anorectic function may delay the restoration of the BCS.
According to Ledinek et al. (2018) [22] and Yan et al. (2006) [21], genetic potential is not
without influence on changes in the BCS. In a study by Stengarde et al. (2008) [25], the
trends in glucose content were similar to those noted in our study, and its level depended,
in part, on the intensity of lactogenesis. Our study also showed that lower glucose content
is accompanied by a greater loss of the BCS and a higher NEFA content. These results were
in contrast to those reported by Knob et al. [6]. Though they found the highest glucose
content in Simmental cows, there was no significant difference in comparison with the
Holstein breed. The function of the NEB and dry matter intake were also affected by the
level of glucose present in the body. Glucose content is generally lower during periods
of limited feed intake and at high concentrations of NEFA [20]. Šamanc et al. (2015) [26]
showed that glucose concentration was usually lower in cows with a greater loss of the
BCS. In their research, the glucose content in these cows was 0.16–0.72 mmol L−l lower
and NEFA content was 0.12–0.20 mmol L−1 higher. This could be explained by the reduced
glucogenic efficiency of liver cells, especially in cows with a greater reduction in the BCS
and with a higher rate of BHBA production [27]. This is in agreement with research by
Loor et al. (2007) [28], in which induced ketosis led to a marked decrease in glucose content
and a sudden increase in NEFA. Drackley et al. (2001) [3], however, did not find glucose
concentration to be dependent on NEB. In that study, the glucose levels in groups of cows
differing in NEFA (as an indicator of NEB) content were similar, and no relationship was
shown between the contents of glucose and insulin. The correlation coefficients obtained
in our study indicated that the glucose level in the blood was negatively correlated with
leptin. It was also strongly positively correlated with the BCS and strongly negatively
correlated with DMP and markers of NEB. Cows with a greater NEB—especially in terms
of BCS loss and increased levels of C16:0, C18:0, and C18:1—had lower glucose levels. The
higher levels of these FAs may be explained by research by Stoop et al. (2009) [29], in which
cows with NEB had increased contents of C16:0 and C18:0. According to the authors, this
may indicate an increased mobilization of body fat reserves to provide substrates for the de
novo synthesis of FA. Our study also showed that NEB can cause changes in the content of
certain FA fractions, and the magnitude of these changes may be associated with both the
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lactation stage and breed. Research by Weber et al. (2013) [20] and Bastin et al. (2011) [30]
also showed an increase in the proportion of LCFA, mainly up to the peak of lactation.
After this time, they observed a stronger increase in the content of SFAs, including C18:0.
In our study, we noted a slight decrease in this fraction as lactation progressed. However,
we found that the stage of lactation affected the share of UFAs and that it was higher in the
milk of Simmental cows than in the milk of HF. Roche et al. (2009) [31] and Ducháček et al.
(2020) [19] demonstrated that the milk of cows with a mild NEB and a less severe loss of the
BCS had a lower content of SFA. This may explain the results of our study, in which SFA
content was lower following the period of intensive milk production and the reduction in
the NEB. The differences we noted between breeds may, to some extent, be explained by
research by Bastin et al. (2011) [30] that showed that changes in the structure of milk fat may
be influenced by individual traits and genetic potential. The effect of the rate of production,
resulting from the genetic potential of the breed, on the FA profile was also confirmed by
Samková et al. (2014) [32] and Młynek et al. (2021) [33]. On the other hand, studies by Kay
et al. (2005) [27] found that selection for milk yield was not the main factor determining the
FA profile of milk. Petit and Côrtes (2010) [34] reported a positive correlation between SFA
and an increase in the level of BHBA produced in the liver, but they noted these changes
in cows fed ground flax seeds. This diet caused an increase in the share of MUFAs and
PUFAs in the milk. In our study, in which both breeds received a similar diet, Simmental
cows produced milk with a more favourable FA profile and also had lower BHBA and NEB
markers. Furthermore, the milk of Simmental cows usually contained less urea (MUN),
another product of metabolic changes in the liver [35]. However, this situation may have
been influenced by the greater intake of biodegradable nitrogen, as the HF cows, due
to their greater production, may have ingested more concentrate feed to compensate for
their greater milk yield. MUN content is determined by numerous factors [36,37]. Studies
by Kohn et al. (2002) [38] and Spek (2013) [39] indicated that a large portion of it arises
from protein supplied with the diet. Following the detoxification of ammonia in the liver,
it can then be eliminated, in part with the milk [40]. Of course, maintaining a balance
between the intake of protein and energy in the diet plays a major role [41]. Our study,
however, indicated that NEB also has a significant effect, as we observed higher MUN
values in cows with faster BCS losses and higher contents of NEB markers, which were
metabolized, in part, in the liver. The NEB’s function is also associated with the level of
glucose present in the body. Glucose content is generally lower during periods of limited
feed intake and at high concentrations of NEFA [20]. Šamanc et al. (2015) [26] showed
that the glucose concentration was usually lower in cows with a greater loss of the BCS.
In these cows, glucose content was 0.16–0.72 mmol L lower and the NEFA content was
0.12–0.20 mmol L higher. This can be explained by the reduced glucogenic efficiency of
liver cells, especially in cows with a greater reduction in the BCS and a higher rate of BHBA
production [40]. This is in agreement with research by Loor et al. (2007) [28], in which
induced ketosis led to a marked decrease in glucose content and a sudden increase in NEFA.
Drackley et al. (2001) [3], however, did not find glucose concentration to be dependent
on NEB. In that study, the glucose level in groups of cows differing in NEFA content was
similar, and no relationship was shown between the contents of glucose and insulin. In
contrast with our study, Blum et al. (1983) [42] showed no differences in blood glucose
levels between genetic groups, including HF and Simental. In their opinion, variation
in glucose content is mainly influenced by the stage of lactation. However, a study by
Djokovic et al. (2011) [43] indicated that it also depends on daily milk production. This
may explain the differences obtained in our study between the HF and Simmental breeds,
which had different intensities of lactogenesis in the first stage of lactation. In our study,
higher glucose levels were usually noted in cows with smaller losses of the BCS and lower
levels of NEFA and BHBA. At the same time, leptin content was lower in these cows, which
may indicate a link with stronger appetite [5].
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5. Conclusions

Breed influenced daily milk production up to about 100 days of lactation. After this
time and until the end of lactation, the differences between NEB markers were much
smaller. Cows of the SIM and HF breeds had similar dynamics of body condition loss up
to the peak of lactation. In the SIM breed, however, the BCS was more quickly restored
to the level noted immediately before calving. The lower urea content in the milk of SIM
cows may be explained by their slightly lower production, as well as by their NEB markers.
This may indicate differences arising from the potential of these breeds in terms of the
physiological capacity to cope with NEB. The results indicated that the anorectic effect of
leptin may play an important role in determining parameters characterizing NEB because
higher leptin levels were noted during periods of intensive lactogenesis and in HF cows.
The results provide a source of information that can be useful in finding solutions that
could lead to the more efficient exploitation of the production potential of popular breeds
of dairy cows.
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5. Młynek, K.; Głowińska, B.; Salamończyk, E. The relationship of body condition indicators with the level of plasma cocaine and
amphetamine regulated transcript and energy metabolism indicators in dairy cows. Acta Vet. Brno 2019, 88, 11–18. [CrossRef]

6. Knob, D.; Neto, A.T.; Schweizer, H.; Weigand, A.; Kappes, R.; Scholz, A. Energy Balance Indicators during the Transition Period
and Early Lactation of Purebred Holstein and Simmental Cows and Their Crosses. Animals 2021, 11, 309. [CrossRef]

7. Rukkwamsuk, T.; Geelen, M.; Kruip, T.; Wensing, T. Interrelation of Fatty Acid Composition in Adipose Tissue, Serum, and Liver
of Dairy Cows During the Development of Fatty Liver Postpartum. J. Dairy Sci. 2000, 83, 52–59. [CrossRef]

8. Loften, J.R.; Linn, J.G.; Drackley, J.K.; Jenkins, T.C.; Soderholm, C.G.; Kertz, A.F. Invited review: Palmitic and stearic acid
metabolism in lactating dairy cows. J. Dairy Sci. 2014, 97, 1–14. [CrossRef]
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Simple Summary: This study aimed to evaluate the 5-month pattern (averaged days in milk; DIM1
to 5) of milk beta-hydroxybutyrate (BHB) concentration and fat to protein content (F:P) ratio patterns
from Holstein cows presenting postpartum diseases which have been treated. Cows presenting
left displaced abomasum (LDA) and concomitant diseases within the first three months had higher
concentrations of BHB than the control group (cows without diseases) in the first, but not in the
second month postpartum. The F:P ratio had a similar evolution pattern also for DIM2. Animals with
LDA were four to six times more likely to have a F:P ratio ≥1.29 than the control group during DIM1
and DIM2, respectively. Moderate and high correlations were also observed between the F:P ratio
and BHB in DIM1 and DIM2, respectively. We concluded that animals suffering from LDA within
the first three months postpartum have a significantly higher concentration of BHB and F:P ratio in
milk than cows without postpartum diseases during the first two months. The treated cows with
LDA quickly recovered normal levels, up to DIM3. The F:P ratio is a viable and economic indicator,
mainly between the first two months postpartum, to estimate BHB concentration and energy balance
in cows presenting LDA and in recovery.

Abstract: The main objective of the present study was to evaluate the beta-hydroxybutyrate (BHB)
and fat to protein content (F:P) ratio patterns in the milk of Holstein cows with postpartum diseases
throughout the first five months of lactation. This prospective study was performed at Vestjyske
Dyrlaeger ApS (Nørre Nebel, Denmark). The milk fat, protein, and BHB were evaluated in the
Danish Eurofins laboratory according to the monthly averaged days in milk (DIM1 to 5). According
to clinical records, five groups were formed: A (control group; cows without diseases; n = 32), B (cows
with left displaced abomasum -LDA- and concomitant diseases; n = 25); C (cows with other diseases
up to DIM3; n = 13); D (cows with foot disorders up to DIM3; n = 26); and E (cows with disease mani-
festations in DIM4 and DIM5; n = 26). All the sick cows were treated after diagnosis, and laparoscopy
was performed on cows with LDA. In group B, a higher concentration of BHB (0.18 ± 0.02 mmol/L;
p < 0.001) was observed than in the control group (0.07 ± 0.02 mmol/L; p < 0.001) in DIM1, present-
ing an odds ratio (OR) = 8.9. In all groups, BHB decreased to 0.03–0.05 mmol/L (p < 0.05) since DIM3.
The F:P ratio was higher in group B (1.77 ± 0.07) than in group A (1.32 ± 0.06; p < 0.05) in DIM1. A
similar profile is observed in DIM2. It was observed that animals in group B were four to six times
more likely to have a F:P ratio ≥1.29 during DIM1 (OR = 4.0; 95% CI:1.3–14.4; p = 0.01) and DIM2
(OR = 5.9; 95% CI %:1.9–21.9; p < 0.01), than cows in group A. There were also moderate and high
correlations between the F:P ratio and the BHB for DIM1 (r = 0.57; r2 = 0.33; RSD = 0.09; p < 0.001)
and DIM2 (r = 0.78; r2 = 0.60; RSD = 0.07; p < 0.001), respectively. We concluded that animals affected
by LDA in the postpartum period have a higher concentration of BHB in milk in DIM1 and all treated
animals quickly recover BHB levels up to DIM3. The F:P ratio is a viable and economic indicator,
mainly in DIM1 and DIM2, to estimate BHB concentration and energy balance in cows with LDA
and other postpartum diseases.
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1. Introduction

The presence of high concentrations of ketone bodies in the blood—namely beta-
hydroxybutyrate (BHB), acetoacetate, and acetone—is called hyperketonemia or ketosis
and is one of the most harmful and damaging metabolic diseases in dairy cows, resulting
from negative energy balance (NEB), especially during early lactation [1]. In Europe, a
prevalence of subclinical ketosis has been reported (serum BHB ≥ 1.2 mmol/L) between
11.2 and 36.6% from 2nd to 15th days in milk (DIM) [2], similar to that observed in other
continents, and where the prevalence of cows developing serum BHB ≥ 3.0 mmol/L, and
related to clinical ketosis, was 3.4% on average [3].

Clinical ketosis, displacement of the abomasum (DA), metritis, and lameness are
more likely to occur in dairy cows with hyperketonemia levels [2]. It is reasonable to
expect that metabolic (oxidative) stress NEB at the beginning of lactation associated with
hyperketonemia, will have a depressive effect on the immune system of the affected
animals, increasing their susceptibility to the occurrence of pathologies such as metritis
and laminitis, in this initial phase [2,4]. Moreover, Holstein cows, as other breeds such
as Jerseys, Brown Swiss, Guernseys, Ayrshires, and Simmental-Red Holsteins commonly
present DA [5]. Left side DA (LDA), with heritability estimated at 0.30 on Holstein cows [5],
is more frequent than right side DA with implications for animal health and welfare,
representing significant financial losses for dairy farmers.

LDA is common in high-producing dairy cows, mainly during the first month of
lactation [6]. A surgical approach is usually required to treat this condition. A one-step
laparoscopy-guided abomasopexy (Christiansen modified technique) treatment of LDA is
a minimally invasive technique that allows the confirmation of the LDA and the evaluation
of eventual adhesions between the abomasum and the left abdominal wall or rumen. More
importantly, it can be performed completely in a standing cow, without the need to put
it in recumbency, and is easier and faster than two-step laparoscopy [7–9]. According to
Wapenaar and Roberts (2017), the survival rate ranges from 73 to 88% in six months [10].

The determination, by spectrophotometry, of the BHB concentration has been consid-
ered the gold standard method [1]. However, in recent years, due to the high correlation
between the concentration of BHB in blood and milk (about 10 times less concentration),
this latter fluid has served as a viable sample to determine this metabolite [11,12], being
of common use in dairy farms. Another indirect method of assessing the energy balance
is the fat to protein content (F:P) ratio [13]. An increase in the F:P ratio coincides with
periods of NEB associated with increased mobilization of lipid reserves, which stimulates
hyperketonemia and the fat content of milk [14]. According to Heuer et al. F:P ratio
threshold between 1.35 and 1.50 can predict cows in energy deficit [13], but these values are
not consensual [15]. Moreover, the F:P ratio of milk reflects the health status of the cow if
the cow has already suffered or is suffering from the effects of a disease, so it can potentially
serve as an indicator of energy deficit, including estimating hyperketonemia [16] and
for monitoring energy balance during the first few months after delivery. Furthermore,
van Knegsel et al. [17] and Denis-Robichaud et al. [18] suggested a F:P ratio threshold of
≥1.5 and ≥1.3 [18], respectively, to predict cows with hyperketonemia. The serum BHB
concentration was used in these last studies.

Although numerous studies on the association between hyperketonemia and post-
partum diseases, such as some of the above, have been carried out, we have not found
relevant studies investigating the metabolic pattern of BHB measured by milk, or that of
the F:P ratio preceding and following its treatment. The present study’s main objective
is to determine the profiles of BHB in milk and the F:P ratio, during the first five months
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of lactation, in laparoscopic-treated LDA Holstein dairy cows. Other general postpartum
diseases were also assessed.

2. Materials and Methods

2.1. Animals and Study Design

One hundred and twenty-two Holstein cows, at first (n = 43), second (n = 33), and third
(n = 46) lactation, belonging to 20 dairy farms assisted by the veterinary clinic Vestjyske
Dyrlaeger ApS (Denmark) were considered in the present prospective study. All animals
calved between June 2019 and March 2020. All farms were managed for balanced diets.

Initially, we selected cows that presented LDA up to the first three months of lactation
and that were treated by one-step laparoscopy-guided abomasopexy technique [7–9].

To create the control group, for each of the previously selected animals, between 1 and
4 animals from the same farm were selected to ensure equal environmental, nutritional,
and management effects. In each holding, each pair or group pre-filled, cumulatively, the
following requirements:

1. The same number of lactations;
2. Approximately the same date of delivery (±10 days) or the same DIM (±10 days).

Cows were moved to the maternity unit 7 to 10 days before giving birth; so cows
from each pair, who at some point during this period shared this park, were under
the same effect of environmental and management factors;

3. Be under the same nutritional and management plan;
4. Present similar body condition.

In some cases of 2nd or 3rd lactation, the animals—for which at least one pair was not
found with the same number of lactations—were paired with animals of 3rd or 2nd lacta-
tion, respectively, which met the remaining selection and matching criteria cumulatively.

In farms, a composite milk sample of each animal was collected from the respective
milking machine or robot in a 30 mL container, without preservatives, which was previously
prepared and identified by barcodes. The samples were immediately refrigerated and sent
to the laboratory by CKR transporter (Aarhus, Denmark; see https://www.ryk-fonden.
dk/). All lactating cows were sampled monthly with an interval as close to 30–31 days as
possible, for the first five months throughout the study period, and according to the farms’
milk control management. The averaged DIM was calculated for each month according
to the sequential milk samples collection and classified as DIM1 to DIM5. The milk BHB,
protein, and fat were measured using Fourier-transform infrared spectroscopy (FTIR)
methods at Eurofins Steins Laboratorium (Vejen, Denmark; see https://www.eurofins.
dk/). Finally, data of milk production, percentages of fat and protein in milk, and BHB
concentration in milk, as well somatic cells count, were assessed from test-day records
using the DMS Dyreregistrering platform. All complete records (n = 610) were considered.

With the animals gathered for this study, and recording the clinical evolution during
the five months postpartum, five different groups were formed:

• Group A: control group, i.e., cows without any apparent pathology during the
5 months of study (n = 32).

• Group B: cows with LDA (n = 25). The proportion of cows with LDA observed in DIM1
(40%) was similar to DIM2 (56%; p > 0.05) and greater than in DIM3 (4%; p < 0.001). In
these animals, other pathologies (i.e., comorbidities) were observed, namely lameness
(n = 22), clinical ketosis (n = 11; 6 and 5 in DIM1 and DIM2, respectively; p > 0.05),
mastitis (n = 6), inflammation of unknown origin (n = 3), metritis (n = 6), digestive
or respiratory disease (n = 3), hypocalcemia (n = 2), and uterine torsion (n = 1). It
was observed that 33.3% (18/54), 38.9% (21/54), and 27.8% (15/54) of these diseases
occurred in DIM1, DIM2, and DIM3, respectively (p > 0.05). Despite LDA, all cows of
this group suffering lameness also presented one of the above-reported disease. All
diseases were treated.

• Group C: cows with other diseases (that not LDA) up to third milk control (n = 13). The
treated diseases were metritis (n = 6), lameness (n = 6), mastitis (n = 5), hypocalcemia
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(n = 2), and clinical ketosis (n = 1). It was observed that 60% (12/20; p < 0.001), 15%
(3/20), and 25% (5/20) of the diseases occurred at DIM1, DIM2, and DIM3, respectively.

• Group D: cows with only foot disorders up to third milk control (n = 26). The dis-
tribution of foot problems was 15.4%, 42.3%, and 42.3% at DIM1, DIM2, and DIM3,
respectively (p = 0.06)

• Group E: cows with disease manifestations only in fourth and fifth milk control
(n = 26). The treated diseases were lameness (n = 20), mastitis (n = 4), pneumonia
(n = 3), and inflammation of unknown origin (n = 1). Similar proportions (50%)
occurred in DIM4 and DIM5.

2.2. Statistical Analysis

Differences in disease proportions between groups were evaluated using the chi-
square test.

One-way ANOVA was used to evaluate averaged DIM differences between groups or
between monthly milk sample collections.

ANOVA with repeated measures was used, based on the repetition of the milk samples
through the software StatView® 5.0 for Windows (SAS Institute, Cary, NC, USA), according
to the following linear model:

yij= μ + αi + βj + (αβ)ij + εijk (1)

where, yij is the value obtained from milk yield, milk BHB, milk protein, milk fat, or F/P
ratio, μ is the overall mean, αi is the fixed effect of the ith level of group (i = A, B, C, D, E),
βj is the repeated effect jth level of DIM (j = 1, 2, 3, 4, 5), (αβ)ij is the ij interaction effect and
εijk is the random error.

The Bonferroni/Dunn post hoc test was used to evaluate differences between pairs
from one way ANOVA analysis and all models.

A receiver operating characteristic (ROC) curve was made to estimate F:P ratio thresh-
old to detect cows with ≥0.14 mmol/L BHB, i.e., cows presenting ketosis according to
Renaud et al. [12]. The odds ratio (OR) involving these thresholds were evaluated using
the Wald test. Pearson’s correlations between BHB concentration and F:P ratio were also
assessed. The software JMP® 14 for Windows (SAS Institute, Cary, NC, USA) was used for
these last purposes.

The results were presented as mean ± SD (standard deviation). The level of statistical
significance for all results was p < 0.05.

3. Results

No differences of the averaged DIM were observed between groups (p > 0.05) in each
sampling period when milk was successively sampled each month (DIM1: 20.1 ± 12.5;
DIM2: 56.5 ± 19.7; DIM3: 89.1 ± 26.1; DIM4: 119.5 ± 25.9; DIM5: 155.2 ± 26.0 days;
p < 0.001). The descriptive analysis of milk yield and milk contents is reported in Table 1.

Table 1. Descriptive analysis of milk yield and milk contents from all 610 milk samples.

Milk Parameter Mean ± SD 95% Confidence Interval

Milk yield (kg) 37.0 ± 9.5 36.2–37.7
Fat (%) 4.09 ± 0.93 4.01–4.16

Protein (%) 3.41 ± 0.29 3.39–3.43
BHB (mmol/L) 0.06 ± 0.04 0.05–0.06
SCC (103/mL) 1 236.5 ± 552.6 192.6–280.5

1 Arithmetic mean. SD: standard deviation; BHB: beta-hydroxybutyrate; SCC: somatic cells count.

3.1. Milk Yield

Contrarily to DIM (p < 0.05), no effect of groups was observed on the milk yield
(p > 0.05). A higher milk yield was observed in DIM2 (37.9 ± 9.9 kg) than in DIM5
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(35.9 ± 8.1 kg). Nevertheless, group × DIM interaction (p < 0.01) was also observed: group
B had lower milk yield (33.7 ± 13.4 kg) than group E (41.5 ± 11.4 kg; p < 0.05), but only
on DIM2.

3.2. BHB Concentration

Significant differences (p < 0.001) of BHBA were observed between groups, DIM and
groups × DIM interaction. According to Table 2, a consistent decrease of BHBA during the
first (group C) or second (group B) months were observed.

Table 2. BHB concentration (mmol/L) pattern by group over the first five months of lactation.

Group DIM1 DIM2 DIM3 DIM4 DIM5

A 0.07 ± 0.02 A,a 0.06 ± 0.02 a 0.03 ± 0.01 b 0.03 ± 0.01 b 0.04 ± 0.01 a,b

B 0.18 ± 0.02 B,a 0.12 ± 0.02 a,b 0.05 ± 0.01 b 0.04 ± 0.01 b 0.04 ± 0.01 b

C 0.14 ± 0.03 A,B,a 0.07 ± 0.03 b 0.04 ± 0.01 b 0.04 ± 0.01 b 0.04 ± 0.01 b

D 0.06 ± 0.02 A 0.06 ± 0.02 0.05 ± 0.01 0.04 ± 0.01 0.03 ± 0.01
E 0.06 ± 0.02 A 0.04 ± 0.02 0.04 ± 0.01 0.04 ± 0.01 0.05 ± 0.01

DIM: Days in milk. A,B different letters within the same column: p < 0.001. a,b different letters within the same
line: p < 0.05.

No significant difference in milk BHB concentration was observed between DIM1
(0.20 ± 0.06 mmol/L) and DIM2 (0.22 ± 0.06 mmol/L; n = 14; p = 0.60) in cows presenting
LDA in DIM2. Nevertheless, half of the cows (n = 5) suffering LDA in DIM1 also presented
high milk BHB concentration in DIM2 (0.11 ± 0.03 mmol/L; n = 5).

3.3. Fat Content in Milk

Significant differences were found between groups (p < 0.01) and DIM (p < 0.001), and
group × DIM interaction (p < 0.001) on milk fat as reported in Table 3.

Table 3. Averaged milk fat (%) pattern by group over the first five months of lactation.

Group DIM1 DIM2 DIM3 DIM4 DIM5

A 4.59 ± 0.22 A,a 3.89 ± 0.14 A,b 3.76 ± 0.10 b 1.2 ± 0.11 b 3.76 ± 0.09 b

B 5.98 ± 0.25 B,a 4.54 ± 0.16 B,b 3.86 ± 0.12 b 1.2 ± 0.12 b 3.92 ± 0.10 b

C 5.20 ± 0.34 A,B,a 4.06 ± 0.22 A,B,b 3.80 ± 0.16 b 1.2 ± 0.17 b 3.59 ± 0.15 b

D 4.51 ± 0.24 A,a 3.99 ± 0.16 A,a,b 3.81 ± 0.12 b 1.13 ± 0.12 b 3.87 ± 0.10 a,b

E 4.66 ± 0.24 A,a 3.83 ± 0.16 A,b 3.80 ± 0.12 b 1.07 ± 0.12 b 3.66 ± 0.10 b

DIM: days in milk. A,B different letters within the same column: p < 0.05. a,b different letters within the same line:
p < 0.05.

3.4. Protein Content in Milk

There were no significant differences (p = 0.92) in the protein between groups. How-
ever, there was an effect of the contrast days (p < 0.001). The interaction between the two
variables was not significant (p = 0.30; Table 4).

Table 4. Milk protein content in milk (%) pattern by group over the first five months of lactation.

Group DIM1 DIM2 DIM3 DIM4 DIM5

A 3.49 ± 0.40 a 3.27 ± 0.20 b 3.39 ± 0.21 a,b 3.44 ± 0.21 a,b 3.46 ± 0.21 a

B 3.39 ± 0.43 a,b 3.26 ± 0.29 a 3.40 ± 0.26 a,b 3.471 ± 0.23 a,b 3.50 ± 0.22 b

C 3.50 ± 0.42 3.23 ± 0.28 3.30 ± 0.23 3.40 ± 0.23 3.48 ± 0.24
D 3.41 ± 0.32 a,b 3.26 ± 0.27 a 3.33 ± 0.25 a,b 3.43 ± 0.25 a,b 3.47 ± 0.24 b

E 3.60 ± 0.40 a 3.26 ± 0.20 b 3.31 ± 0.26 b 3.45 ± 0.25 a,b,c 3.52 ± 0.26 a,c

DIM: days in milk. a,b,c different letters within the same line: p < 0.05.

3.5. Fat to Protein Content Ratio

An effect of groups (p < 0.01), DIM and groups (p < 0.001) × DIM interaction (p < 0.001)
on the F:P ratio was also observed (Table 5).
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Table 5. F:P ratio pattern by group over the first five months of lactation.

Group DIM1 DIM2 DIM3 DIM4 DIM5

A 1.32 ± 0.06 A,a 1.19 ± 0.05 A,b 1.19 ± 0.03 b 1.09 ± 0.03 b 1.09 ± 0.02 b

B 1.77 ± 0.07 B,a 1.41 ± 0.06 B,b 1.14 ± 0.04 b,c 1.13 ± 0.04 c 1.12 ± 0.03 c

C 1.47 ± 0.09 A,B,a 1.26 ± 0.08 A,B,a,b 1.15 ± 0.05 b 1.06 ± 0.05 b 1.05 ± 0.04 b

D 1.33 ± 0.06 A,a 1.23 ± 0.06 A,B,a,b 1.15 ± 0.03 b 1.13 ± 0.03 b 1.14 ± 0.03 b

E 1.29 ± 0.06 A,a 1.18 ± 0.05 A,a,b 1.15 ± 0.03 b 1.07 ± 0.03 b 1.11 ± 0.03 b

DIM: days in milk. A,B different letters within the same column: p < 0.05. a,b,c different letters within the same
line: p < 0.05.

3.6. Relationships between Beta-Hydroxybutyrate and Fat to Protein Content Ratio or Milk
Yield/Contents

It was observed a F:P ratio threshold ≥1.29 to estimate cows with ≥0.14 mmol/L
BHB, according to the ROC curve (Figure 1) in DIM1. The sensitivity and specificity were
92.0% and 54%, respectively. Similar values were obtained when overall DIM (1 to 5)
were considered.

Figure 1. Receiver operating characteristic (ROC) curve to calculate the threshold ratio F:P to predict
hyperketonemia (subclinical ketosis). Positive level: beta-hydroxybutyrate ≥ 0.14 mmol/L; p < 0.001;
AUC (area under the curve) = 0.80.

Group B animals were four to six times more likely to have a F:P ratio ≥ 1.29 than
group A cows, in DIM1 and DIM2, respectively (Table 6). Moreover, this group showed
about nine times greater chance than group A (control) of presenting hyperketonemia
(BHB ≥ 0.14 mmol/L) in DIM1, but not in the remaining periods. Group C animals did
not show significant differences in any of the periods.

Table 6. The odds ratio for group B to detect cows with fat to protein content ratio (F:P ratio) ≥ 1.29
or beta-hydroxybutyrate levels ([BHB]) ≥ 0.14 mmol/L (group A as reference).

Parameter DIM Odds Ratio 95% CI

F:P ratio ≥ 1.29
1 4.0 ** 1.3–14.4

2 5.9 ** 1.9–21.9

BHB ≥ 0.14 mmol/L 1 8.9 *** 2.6–37.2

DIM: days in milk; 95% CI: 95% confidence interval; **: p < 0.01; ***: p < 0.001.

Moderate and high correlations were observed between the F:P ratio or milk fat and
BHB for DIM1 and DIM2 (Table 7).
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Table 7. Correlations and regression equations between milk yield, milk contents, or fat to protein
content ratio (F:P ratio) and beta-hydroxybutyrate (BHB).

Correlation 1 for (X): DIM r r2 Regression Equation
(Y = BHB/mmol)

RSD

Milk yield (kg) 2 0.24 ** 0.06 Y = −0.038 + 0.003 × X (kg) 0.11

Milk fat (%)
1 0.46 *** 0.21 Y = −0.085 + 0.037 × X (%) 0.09

2 0.71 *** 0.50 Y = −0.331 + 0.099 × X (%) 0.08

Milk protein (%)

2 −0.25 ** 0.06 Y = 0.469 – 0.122 × X (%) 0.11

3 −0.35 *** 0.13 Y = 0.286 – 0.072 × X (%) 0.05

4 −0.38 *** 0.14 Y = 0.219 – 0.053 × X (%) 0.03

5 −0.28 ** 0.08 Y = 0.173 – 0.038 × X (%) 0.07

F:P ratio 1 0.57 *** 0.33 Y = −0.136 + 0.163 × X 0.09

2 0.78 *** 0.60 Y = −0.322 + 0.314 × X 0.07
1 The correlations of the omitted DIM for each parameter were not significant (p > 0.05). DIM: days in milk;
r: correlation coefficient; regression coefficient; RSD: residual standard deviation; **: p < 0.01; ***: p < 0.001.

4. Discussion

Cows with LDA (group B) were found to have higher BHB concentrations in milk
(0.18 ± 0.02 mmol/L) than the control group (0.07 ± 0.02 mmol/L; p < 0.001) in DIM1,
decreasing rapidly in the following month, even though the proportion of LDA and clinical
ketosis was similar in DIM1 and DIM2. The results also show that the animals recover
quickly after treatment, with no significant differences in BHB between groups from DIM3.

The control group kept BHB levels (0.7 mmol/ L) in DIM1 and DIM2 stable, which
halved in DIM3, when the peak dry matter intake was reached, indicating that the energy
management of the farms in question was adequate to the different groups. The higher
concentrations of BHB at DIM1 and DIM2 of group A (control) follow the same trend found
by Belay et al. [19]; these authors observed that milk BHB concentrations (obtained by
FTIR technique) were higher between 11–61 DIM [19]. Previously, Koeck et al. had already
verified the same trend [20]. This is probably due to the increase in dry matter intake and
the gradual return to the positive energy balance as the days in milk progress [21]. It is
known that the manifestation of clinical ketosis is not necessarily associated with higher
serum concentrations of BHB [2] and that the lower capacity of dry matter intake, and as a
consequence, lower supply of energy, as well as the process of adaptation of the papillae
and rumen microbiome, may have influenced the greater degree of energy deficit in this
phase (DIM1).

Although group C did not show any significant difference with the control group in
DIM1, a similar profile of decrease in BHB was observed, with significant differences in
DIM3. Unlike group B, whose distribution of LDA as well as their concomitant pathologies,
were homogeneous (p > 0.05) in DIM1 and DIM2, in group C, 60% of the pathologies
occurred in DIM1 (p < 0.001), with no significant differences to group A or group B. This
suggests that although there may be an additive effect of disease association, this effect
is largely dependent on the time that has elapsed since the beginning of lactation. The
relation of pathologies associated with the beginning of lactation, and the position they
occupy in a cause-effect relationship, are complex issues and not yet fully clarified [1].
Most authors believe that cows with ketosis have an increased risk of developing other
pathologies at the beginning of lactation [1]. Effectively, Raboisson et al. summarized from
multiple studies that the OR of hyperketonemic animals develop different pathologies:
5.4 (3.3–8.8) for clinical ketosis; 3.3 (2.6–4.3) for abomasum displacement; 1.8 (1.5–2.0)
for metritis; 1.5 (1.2–1.9) for placental retention; 1.6 (1.2–2.1) for mastitis; 1.4 (1.3–1.6)
for somatic cells count duplication; 2.0 (1.6–2.4) for laminitis, and 1.9 (1.6–2.3) for early
culling [22]. This same risk, according to McArt et al. [23] and Suthar et al. [2], increases
with increasing blood BHB concentration. McArt et al. [23] observed that cows diagnosed
with ketosis from the third to the fifth day of lactation were 6.1 (95% CI = 2.3 to 16.0)
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times more likely to develop displacement of the abomasum than cows diagnosed after
the first week. Ketosis probably induces hypoglycemia in multiparous cows [24] and
decreased time and rumination activity [25]. Duffield et al. [26] observed that some cows
developed pathologies, such as DA, before being diagnosed with ketosis, reinforcing the
hypothesis that the pathologies associated with ketosis may be more than the effects of this,
the cause. The interaction between ketosis and the DA has been stated as bidirectional,
proposing that they can both be a risk factor or a consequence of each other. Inclusively
they are both multifactorial diseases and there are already described some risk factors that
are common to both pathologies, mostly related to housing, management, and feeding
adopted systems [27]. Suthar et al. [2] recorded both diseases at the same time and verified
that they were both related to high levels of BHB, proving that they are both directly
correlated with NEB. Duffield et al. [26] hypothesized the explanation: the presence of
common factors of hyperketonemia and DA with a similar causal etiologic is also related to
a poor adaptive response at the onset of lactation conducting to NEB. This same theory has
already been addressed regarding other postpartum diseases like mastitis and metritis [28].

In our study, only 11 of the 25 cows with LDA had clinical ketosis in the same month
that the pathology was diagnosed, which shows the complexity of demonstrating cause and
effect. An interesting finding is the observed decrease of the BHB concentration from DIM1
to DIM2, DIM2 as the period with the higher number of LDA (14 LDA). Duffield et al. [26],
McArt et al. [23] and Suthar et al. [2] suggested that ketosis is a risk factor for LDA; It
would be expected that the month with the higher number of diagnosed LDA (DIM2 in
our study) presents high concentration of BHB, and the OR increases with increasing BHB
concentration. In the present study, similar BHB concentrations of the animals that suffered
from LDA on DIM2 were observed between DIM1 and DIM2 suggesting that, in these
cases, ketosis contributed to LDA etio-pathophysiology. Nevertheless, BHB concentrations
remained high in DIM2 for cows suffering LDA in DIM1 suggesting that hyperketonemia
could be a consequence of LDA. These findings are in agreement with the bidirectional
association between ketosis and LDA referred to in the Stengärde et al. study [27].

We observed that the fat content in milk in the different groups was maximum at the
first milk control, a control that mirrors the repercussions of the NEB that can be installed
up to three weeks postpartum. Furthermore, and in agreement with Zhang et al. [14], in our
study, the maximum percentages of fat content in milk also correspond to the maximum
concentrations of BHB in milk for most groups, as we can see through the higher fat content
in group B than in group A. Additionally, moderate and higher correlations between fat
content in milk and BHB in group B were observed in DIM1 and DM2, respectively. From
the second or third milk control, after the NEB, we saw a less abrupt decrease in the fat
content in milk in all groups.

During phases of energy deficit, such as the beginning of lactation, there are increased
levels of fat content in milk [15] and decreased levels of protein [29]. The high concentra-
tions of fat content in milk in periods of NEB correspond in more than 95% to triglycerides
(TG) [14] and are mainly due to the increased mobilization of lipid reserves [15] that lead
to the production of a large amount of BHB [30] that induces increased synthesis of TG by
mammary epithelial cells [14].

The essential fatty acids to the synthesis of these TG come from the diet or the activity
of the ruminal microbiota [31]. In the mammary gland, there is also the “de novo” synthesis
in the mammary epithelial cells. It is in the “de novo” synthesis that BHB, mainly from
the butyric acid metabolization, gains special importance; in this way, in ruminants, BHB
is one of the main precursors (originating about 50%) of the “de novo” synthesized fat in
mammary epithelial cells [14].

Regarding the protein content in milk, we observed that there was a decrease between
DIM1 and DIM2 for groups A and E, contrary to what was observed in groups B, C, and
D in which diseases occur in the first three months of lactation. The decrease in protein
content in milk is a normal situation, since NEB worsens by that time, reducing milk protein
synthesis. These data are in agreement with the conclusions of Gross et al. [15] that protein
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evolves inversely to milk productivity and hence it is expected that, at the beginning of
lactation when productivity is low, the maximum levels of protein in milk can be verified.
In fact, a healthy animal reflects the expected start of lactation and therefore relatively low
productivity that increases until the peak of lactation.

The non-decreasing in milk protein in groups B, C, and D, between DIM1 and DIM2,
may be related to the lower protein supply in DIM1 due to the potential lower DMI that
normally occurs during the manifestation of diseases (anorexia). A significant part of
these groups developed some form of the disease during the first month. In some of these
cases, there may still be less protein production in milk due to the worsening of NEB,
since the increase in circulating non-esterified fatty acids may inhibit the production of
somatotropin (growth hormone; Akers) [32]. It should be noted that the amount of milk
was not significantly reduced in these groups (except between groups B and E at DIM2)
at the time of sample collection, which due to the normal lag between the occurrence of
the disease and that the moment of milk sample collection indicates that this production is
quickly resumed after treatment.

The amount of fat and protein reflects a cow’s energy status/condition [15]. Toni et al. [33]
observed that cows with high F:P ratios at the beginning of lactation showed a higher incidence
of various pathologies and were, as a result, more often early culled. Similar to the results
found by Toni et al. [33], we observed that animals affected by LDA (group B) and various
pathologies other than LDA (group C), presented higher F:P ratios in DIM1 than cows in the
control group. Furthermore, we found that animals in group B with a F:P ratio ≥ 1.29 are about
four to six times more likely to have BHB concentrations ≥ 0.14 mmol/L, that is, of having
subclinical ketosis. These observations are accompanied by moderate and high correlations
between the F:P ratio and the BHB for DIM1, in this same group. Zhang et al. [14] observed,
in vitro, that animals with high circulating concentrations of BHB had higher TG content,
indicating that high concentrations of BHB increase TG synthesis by mammary epithelial cells,
justifying why animals with ketosis generally have milk with higher fat content. The increase
in the F:P ratio, therefore, coincides evidently with periods of NEB associated with increased
mobilization of lipid reserves and consequently with the increase in circulating levels of BHB.

Our results indicate that the determination of the F:P ratio, starting at 1.29, is a
useful tool in the management of dairy cattle health, allowing the estimation of subclinical
ketosis associated with LDA and other postpartum pathologies with high sensitivity and
reasonable specificity. This F:P ratio threshold agrees with the ≥1.3 threshold obtained
by Denis-Robichaud et al. [18] to predict hyperketonemia (serum BHB ≥ 1.4 mmol/L).
Equally important, the present study emphasizes that in farms that offer, to their animals,
diets with correctly balanced energy, cows with health problems (mainly LDA) are the ones
most associated with the development of ketosis and most exposed to greater negative
energy balance during the first two months of lactation, especially during the first month.
Therefore, cows with high BHB and F:P ratio in milk in DIM1 should be preventively
monitored for the diagnosis of the pathologies in question (groups B and C) in the first
two months. This strategy allows a timely (earlier) diagnosis and respective treatment.
Cows with diseases on the third, fourth, and fifth months of lactation do not have such a
significant impact on the evaluated milk parameters (subclinical ketosis and NEB).

5. Conclusions

In conclusion, animals with LDA and/or other pathologies of the beginning of lac-
tation are the ones that should be monitored and require more attention, concerning the
BHB concentration, mainly in the first two milk controls. These animals, after treatment,
recovered from LDA episodes and showed levels of BHB and other metabolites identical to
healthy animals. Our work also suggests that lameness does not significantly influence
concentrations of BHB or F:P ratio.

The determination of the F:P ratio profile during the postpartum period seems to
be an important and economic indicator that can complement the evaluation of animals
affected with LDA and even other postpartum pathologies. Special attention should be

111



Animals 2021, 11, 816

given to high-yielding cows presenting a F:P ratio ≥ 1.29 which can indicate the presence
of a more intense NEB (≥0.14 mmol/L BHB) related to LDA.
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Simple Summary: The gene that encodes myostatin influences more than one trait, and its expression
has been observed in skeletal muscle, as well as the mammary gland. In this study, association
analysis revealed that variation in the bovine myostatin gene affects milk fatty acid composition,
raising the possibility that this genetic variation may be utilized to increase the amount of unsaturated
fatty acid and decrease the amount of saturated fatty acid in milk.

Abstract: The myostatin gene (MSTN), which encodes the protein myostatin, is pleiotropic, and its
expression has been associated with both increased and decreased adipogenesis and increased skeletal
muscle mass in animals. In this study, the polymerase chain reaction, coupled with single strand
conformation polymorphism analysis, was utilized to reveal nucleotide sequence variation in bovine
MSTN in 410 New Zealand (NZ) Holstein-Friesian × Jersey (HF × J)-cross cows. These cows ranged
from 3 to 9 years of age and over the time studied, produced an average 22.53 ± 2.18 L of milk per day,
with an average milk fat content of 4.94 ± 0.17% and average milk protein content of 4.03 ± 0.10%.
Analysis of a 406-bp amplicon from the intron 1 region, revealed five nucleotide sequence variants
(A–E) that contained seven nucleotide substitutions. Using general linear mixed-effect model analyses
the AD genotype was associated with reduced C10:0, C12:0, and C12:1 levels when compared to
levels in cows with the AA genotype. These associations in NZ HF × J cross cows are novel, and
they suggest that this variation in bovine MSTN could be explored for increasing the amount of milk
unsaturated fatty acid and decreasing the amount of saturated fatty acid.

Keywords: myostatin gene; variation; milk; fatty acid; cattle

1. Introduction

Improving the efficiency of cattle production systems can be achieved by selecting for fast
growing animals with increased muscling that have desirable maternal reproductive traits, good milk
production, and good mothering ability. To achieve this, it is important to have an understanding of
the genes that underpin muscularity and adiposity.

The gene for the protein myostatin (MSTN; gene MSTN), which is also called the growth and
differentiation factor 8 gene (GDF8) has pleiotropic effects. Its expression has been associated with
decreased adipogenesis and increased skeletal muscle mass as a result of decreased secretion of
leptin [1–3].

Sequence variation in MSTN has been associated with increases in growth and muscling traits
in several species. For example, in cattle it has been connected with having increased numbers of
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muscle fibers (otherwise known as “double-muscling”) in a number of breeds [4]. Similarly, sequence
variation in the first intron has been found to influence growth and carcass traits such as the yield of
leg, loin, and total lean meat in NZ Romney sheep [5].

While there is well-documented evidence describing how variation in MSTN is associated with
growth and muscle traits in beef cattle breeds, there is little information about the effects of MSTN
nucleotide sequence variation on milk yield and milk fatty acid (FA) composition. There are suggestions
that MSTN could affect lactation by affecting the production of fatty acid in milk, and primarily through
MSTN deficiency being associated with decreased adipogenesis [2,3,6].

The fat of milk from dairy cattle is approximately 70% saturated fatty acid (SFA), 25%
monounsaturated fatty acid (MUFA), and 5% polyunsaturated fatty acid (PUFA) [7]. From a human
health perspective, an increase in unsaturated fatty acid (UFA) content and a decrease in SFA content
could be considered favorable; and equally from a physical perspective (e.g., increased spread-ability
of butter), increased relative levels of UFA would be desirable. Previously, it has been identified that
the concentrations of different fatty acids in milk are affected most by four parameters: the diet of the
cow [8,9], genetic variation between cows within a breed [10,11], breed differences [12,13], and the
number of days in milk [14]. In their report, Strucken et al. [14] established that cows in early lactation
stage are characterized by negative energy balance as the dietary energy intake is unable to meet the
demands of high milk production in approximately the first 60 days of lactation. To offset this balance,
an alternative energy source is needed. This leads to the mobilization of body energy stores to balance
the deficit between feed intake, and energy expenditure on maintenance and milk production [15].
However, as a consequence of the cow’s body fat being used up for this purpose, other biological
pathways are affected, resulting in a change in milk composition. The Holstein-Friesian and the Jersey
breeds have one of the most notable differences in terms of the composition of milk fatty acids. Milk
from Jersey cows tend to have higher concentrations of some short- and medium-chain length SFA,
but lower concentrations of some UFA [16]. These differences could be capitalized upon in order to
obtain the preferred fatty acid profile through cross-breeding of these breeds.

In the above context, the objective of this research was to explore the effects of MSTN variation
on key milk production traits and composition of milk fatty acids in Holstein-Friesian × Jersey
(HF × J)-cross (alternatively known as Kiwicross™) dairy cows in Hamilton, New Zealand (NZ). This
cross is now the preferred cow for dairy production in NZ and it constitutes more than half of all the
dairy cows milked annually. Our working hypothesis is that variation in the gene will affect some
milk traits.

2. Materials and Methods

2.1. The Dairy Cattle Investigated and the Collection of Milk Samples from Them

This research was approved by the Lincoln University Animal Ethics Committee (AEC Approval
Number 521). This is a mandated and registered committee that was established, and is regularly
audited, under the provisions of the New Zealand Government’s Animal Welfare Act 1999 (http:
//www.legislation.govt.nz/act/public/1999/0142/latest/DLM49664.html). A total of 410 HF × J-cross
dairy cows (alternatively known as Kiwicross™ cows, in Hamilton, New Zealand), of individually
variable and unidentified breed ratio, and of 3 to 9 years of age were investigated. The cows were
managed in two herds on the Lincoln University Dairy Farm (Canterbury, New Zealand), and all of
them were grazed outdoors at all times on pasture (a blend of white clover and perennial ryegrass).
All of the cows calved over the months of August-September (spring in the Southern Hemisphere) and
they were then milked twice a day for up to 10 months.

Milk samples for gross milk trait analysis were collected once a month from September to February
and the daily milk yield in liters was recorded using Tru-test milk meters (Tru-test Ltd., Auckland, New
Zealand) and Fourier-transform infra-red spectroscopy (MilkoScan FT 120 Foss, Hillerød, Denmark)
was used to analyze milk samples for fat percentage (%) and protein percentage (%). Average daily milk
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yield, and average protein and fat percentages were calculated over the 6 months of milk collection.
The milk samples for fatty acid (FA) analysis were collected at 148 ± 19 days in milk from each cow
in a single afternoon milking in mid-January (the middle of summer in the Southern Hemisphere).
These were frozen at −20 ◦C, and then freeze-dried, prior to being individually ground to a fine powder
for component analysis.

2.2. Gas Chromatography of the Fatty Acids in the Milk Samples

The FAs were methylated and extracted in n-heptane, before being analyzed by gas
chromatography (GC) as FA methyl esters (FAMEs). The methylation reactions were performed
in 10-mL Kimax tubes. Individual freeze-dried and powdered milk samples (0.17 g) were dissolved in
900 μL of n-heptane (100%, AR grade), before 100 μL of internal standard (5 mg/mL of C21:0 methyl
ester in n-heptane) and 4.0 mL of 0.5 M NaOH (in 100% anhydrous methanol) were added.

The tubes were vortexed then incubated in a block heater (Ratek Instruments, Australia) at 50 ◦C
for 15 min. After cooling to room temperature, another 2.0 mL of n-heptane and 2.0 mL of deionized
water were added to each tube. After vortexing, the tubes were centrifuged (Megafuge 1.0R, Heraeus,
Germany) for 5 min at 1500× g. The top layer of n-heptane was transferred into a second Kimax tube
and 2.0 mL of n-heptane was added to each of the original tubes. The extraction was repeated and
the n-heptane aspirates were then pooled. Anhydrous sodium sulphate (10 mg) was added to the
n-heptane extracts, to remove any residual water.

The GC analysis was carried out using a Shimadzu GC-2010 Gas Chromatograph (Shimadzu
Corporation, Kyoto, Japan) equipped with a flame ionization detector and an AOC-20i auto sampler.
The output was analyzed with GC Solution Software (Shimadzu). For analysis, 1 μL of the n-heptane
sample extract was injected into a 100 m GC column (250 μm × 0.25 μm capillary column, CP-Select,
Varian) with a 1:60 split ratio. The separation was undertaken with a helium carrier gas and was run
for 92 min. The temperature of both the injector and detector were set at 250 ◦C and the thermal profile
of the column consisted of 45 ◦C for 4 min, followed by 27 min at 175 ◦C (ramped at 13 ◦C/min), 35 min
at 215 ◦C (ramped at 4 ◦C/min), and a final “bake-off” at 250 ◦C for 5 min (ramped at 25 ◦C/min).
The individual FAMEs were identified by the peak retention time compared to commercially obtained
external standards (ME61, ME93, BR3, BR2, ME100, GLC411, and GLC463; Laroden AB, Sweden).
Quantification of the individual FAMEs was based on peak area assessment and comparison with the
internal and external standards. The threshold for peak area determination on the chromatogram was
a 500-unit count, with peaks that were under 500-unit count, being ignored. The calculated minimum
component of an individual FAME was therefore 0.01 g per 100 g of total FA.

After their individual measurement, the FAs were arranged into various groups and indices.
These groups were, short-chain length FAs (SCFA) = C4:0 + C6:0 + C8:0; medium-chain length FAs
(MCFA) = C10:0 + C12:0 + C14:0; long-chain length FAs (LCFA) = C15:0 + C16:0 + C17:0 + C18:0 +
C19:0 + C20:0 + C22:0 + C24:0; omega 3 FAs = C18:3 cis-9, 12, 15 + C20:5 cis-5,8, 11, 14, 17 + C22:5 cis-7,
10, 13, 16, 19; omega 6 FAs = C18:2 cis-9, 12 + C18:3 cis-6, 9, 12 + C20:3 cis-8, 11, 14 + C20:4 cis-5, 8,
11, 14; monounsaturated FAs (MUFA) = C10:1 + C12:1 + C14:1 cis-9 + C15:1 + C16:1 cis-9 + C17:1 +
C18:1 trans-11 + C18:1 cis-9 + C18:1 cis-(10 to 15) + C20:1 cis-5 + C20:1 cis-9 + C20:1 cis-11 + C22:1
trans-13; polyunsaturated FAs (PUFA) = C18:2 trans-9, 12 + C18:2 cis-9,trans-13 + C18:2 cis-9,trans-12 +
C18:2 trans-9,cis-12 + C18:2 cis-9, 12 + C18:3 cis-6, 9, 12 + C18:3 cis-9, 12, 15 + CLA + C20:3 cis-8, 11,
14 + C20:4 cis-5, 8, 11, 14 + C20:5 cis-5, 8, 11, 14, 17 + C22:5 cis-7, 10, 13, 16, 19; and total branched
FA = C13:0 iso + C13:0 anteiso + C15:0 iso + C15:0 anteiso + C17:0 iso.

Unsaturated FA indices were also calculated as follows: C12:1 index (C12:1 divided by the sum of
C12:0 and C12:1); C16:1 index (C16:1 cis-9 divided by the sum of C16:0 and C16:1 cis-9); and C18:1 index
(C18:1 cis-9 divided by the sum of C18:0 and C18:1 cis-9). The method is as described by Li et al. [17],
with the un-adjusted mean levels in the 430 cows being calculated and used subsequently in the
statistical analyses.
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2.3. Blood Sample Collection

Samples of blood were collected from each of the cows studied onto FTA™ cards (Whatman™,
Middlesex, UK) by piercing the ear of the animal. This is allowed under a Code of Welfare issued by the
NZ Minister of Agriculture, under Section 75 and 76 of the NZ Animal Welfare Act 1999. The samples
were allowed to dry in the air and the purification of the DNA from 1.2-mm punches taken from the
FTA™ cards was carried out using a two-step procedure described by Zhou et al. [18].

2.4. Polymerase Chain Reaction (PCR) Amplification of a Region of the Cattle Myostain Gene

The intron 1 region of MSTN was amplified using forward and reverse primers
(5′-catggtactattgttgagag-3′ and 5′-aaggcaaatctattccagg-3′ respectively) adapted from the work of
Haruna et al. [19]. The 15-μL reactions contained the purified DNA on a 1.2-mm diameter disc of the
FTA™ card, and a content of 0.25 μM for each primer, 150 μM for each dNTP (Eppendorf, Hamburg,
Germany), 3.0 mM Mg2+, 0.5 U of Taq DNA polymerase (Qiagen, Hilden, Germany), and 1× the buffer
supplied with the DNA polymerase enzyme.

The PCR amplifications were carried out in Bio-Rad S1000 thermal cyclers (Bio-Rad, Hercules,
CA, USA) and the thermal cycling parameters included an initial denaturation at 94 ◦C for 2 min, and
then 35 repeated cycles of denaturation at 94 ◦C for 30 s, primer annealing at 58 ◦C for 30 s, and primer
extension at 72 ◦C for 30 s. Following this process, a final extension step at 72 ◦C for 5 min was used.

2.5. Single Strand Conformation Polymorphism (SSCP) Analysis

An SSCP technique was employed to detect nucleotide sequence variation in the amplicons
obtained from the PCR reactions. A 0.7-μL aliquot of the completed reactions was added to 7 μL of a
solution containing 10 mM ethylenediaminetetraacetic acid (EDTA), 0.025% bromophenol blue, 0.025%
xylene-cyanol, and 98% formamide. The samples were then placed on a hot plate already set at 95 ◦C
for 5 min for denaturation, followed by immediate cooling on wet ice. They were then loaded onto
14% acrylamide: bisacrylamide (37.5:1) (Bio-Rad) gels that were 16 cm × 18 cm in size. Electrophoresis
was undertaken using Protean II xi cells (Bio-Rad) for 19 h at 390 volts and 7 ◦C room temperature in
0.5 × Tris/Borate/EDTA running buffer.

To detect the SSCP banding patterns, the SSCP gels were stained using the silver-staining method
of Byun et al. [20].

2.6. Nucleotide Sequencing and Sequence Analysis

Based on the PCR-SSCP patterns observed nucleotide sequence variation could be identified. Cows
that appeared to be homozygous with unique banding patterns were subjected to direct sequencing.
For cows that appeared to have heterozygous variant patterns, unique bands were excised from the
wet gel and incubated in water at 69 ◦C for 1 h. A 1-μL aliquot of the water product was pipetted
into 14-μL of PCR pre-mixture (as used for the original PCR reactions), re-amplified using the same
thermal cycle profile, and subsequently sequenced. This approach has been described in more detail
by Gong et al. [21]. The sequences were aligned, and other analyses were undertaken using version
5.2.10 of DNAMAN (Lynnon BioSoft, Vaudreuil, QC, Canada).

2.7. Statistical Analyses

All statistical analyses were performed using IBM SPSS version 22 (IBM, Armonk, NY, USA), and
an alpha level of p < 0.05 was set as a threshold.

For genotypes with a frequency greater than 5% (thus having adequate sample size per group),
the effect of variation in a cow’s MSTN genotype on gross milk production traits, and the component
levels of individual and grouped FAs was tested using general linear mixed-effects models (GLMMs)
and multiple pair-wise comparisons (least significant difference tests) with Bonferroni corrections.
The age of the cow expressed in an integer value of years (i.e., as a categorical variable in a range from
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3 to 9 years of age), the number of days in milk for each cow (DIM; expressed as an integer value, but
entered into the model as a continuous trait) and herd (to correct for herd-specific effects) were fitted to
the models as fixed explanatory factors.

The model was Yijkl = μ + Gi + Aj + Dk + Hl + eijkl for genotype: where Yijkl = the observed trait
value in the ijklth cow; μ = the mean trait value for a given trait; Gi = the fixed effect of ith MSTN
genotype; Aj = effect of age (j = 3–9 years); Dk = effect of the number of days the cow has produced
milk (DIM: k = 94–186 days); Hl = the fixed effect of lth farm (l = 1 or 2); and eijkl = random error.

The effect of sire of cow could not be included in the GLMMs, because some semen straws (sire
genetics) used in NZ dairy cattle artificial insemination-based breeding approaches contain mixed-sire
semen purchased from commercial semen producers. In these cases, it is impossible to ascertain
individual sire identity. However, since the straws were mixed-semen straws and because different sires
are used for different inseminations, in different years, it is unlikely that sire was a strongly confounding
effect. Cow age and herd might also be confounded with sire, but this cannot be confirmed.

3. Results

3.1. Milk Production

Over the time the cows were studied, they produced an average of 22.53 ± 2.18 L of milk per day,
with an average milk fat content of 4.94 ± 0.17% and average milk protein content of 4.03 ± 0.10%.

3.2. Identification of Nucleotide Sequence Variation in Bovine MSTN

A 406 bp fragment of the intron 1 region of bovine MSTN was amplified and analyzed
using the polymerase chain reaction coupled with single strand conformation polymorphism
(PCR-SSCP) analyses.

The PCR-SSCP analyses coupled with DNA sequencing revealed five banding patterns (A-E) in the
region of intron 1 investigated (Figure 1). A total of seven single-nucleotide substitutions (c.373+751G/T,
c.373+803T/G, c.373+877A/G, c.373+895G/C, c.374−909C/T, c.374−842G/C, c.374−812A/G) were
identified, all of which have been previously reported [19].

3.3. MSTN Genotype Models

The genotypes AA (n = 149), AB (n = 87), AC (n = 48) and AD (n = 63) occurred at a frequency
over 5% and were analyzed in this model. The other genotypes AE (n = 16), BB (n = 6), BC (n = 5), BD
(n = 15), CC (n = 5), CD (n = 7), CE (n = 1) and DD (n = 3) had frequencies of less than 5% each, and
were not included in the model.

In the genotype models (Table 1), genotype AD was associated with a lower C12:0 and C12:1
levels than genotype AA.
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Figure 1. Variation in intron 1 of bovine MSTN revealed using PCR-SSCP analysis (a) and verified with
nucleotide sequencing (b). Five PCR-SSCP patterns, representing the five distinct sequence variants
(A–E, in both homozygous and heterozygous genotypes) are shown.

Table 1. Associations between milk fatty acid methyl ester levels and myostatin genotypes in NZ
HF × J cross cows (n = 347).

Individual/Grouped
Fatty Acids 1

Mean ± Standard Error 2 (g/100 g Milk Fatty Acids)
p3

AA (n = 149) AB (n = 87) AC (n = 48) AD (n = 63)

C4:0 1.264 ± 0.012 1.252 ± 0.015 1.252 ± 0.020 1.262 ± 0.017 0.871
C6:0 1.566 ± 0.010 1.548 ± 0.013 1.549 ± 0.017 1.547 ± 0.015 0.458
C8:0 1.198 ± 0.009 1.179 ± 0.011 1.188 ± 0.014 1.169 ± 0.012 0.150

C10:0 3.299 ± 0.035 3.244 ± 0.043 3.293 ± 0.056 3.164 ± 0.050 0.097
C10:1 0.294 ± 0.004 0.282 ± 0.005 0.283 ± 0.007 0.284 ± 0.006 0.108
C11:0 0.062 ± 0.002 0.058 ± 0.002 0.056 ± 0.003 0.057 ± 0.002 0.124
C12:0 4.029 ± 0.046 a 3.939 ± 0.057 ab 4.015 ± 0.075 ab 3.824 ± 0.067 b 0.046

C13:0 iso 0.084 ± 0.002 0.079 ± 0.002 0.080 ± 0.002 0.078 ± 0.002 0.076
C12:1 0.096 ± 0.002 a 0.091 ± 0.002 ab 0.093 ± 0.003 ab 0.088 ± 0.003 b 0.019

C13:0 anteiso 0.038 ± 0.000 0.038 ± 0.001 0.038 ± 0.001 0.039 ± 0.001 0.450
C13:0 0.123 ± 0.002 0.119 ± 0.003 0.117 ± 0.004 0.118 ± 0.004 0.364
C14:0 12.513 ± 0.079 12.478 ± 0.098 12.690 ± 0.128 12.365 ± 0.114 0.266

C14:1 cis-9 1.003 ± 0.020 0.959 ± 0.025 0.967 ± 0.033 0.966 ± 0.029 0.390
C15:0 iso 0.296 ± 0.002 0.290 ± 0.003 0.299 ± 0.004 0.290 ± 0.004 0.148
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Table 1. Cont.

Individual/Grouped
Fatty Acids 1

Mean ± Standard Error 2 (g/100 g Milk Fatty Acids)
p3

AA (n = 149) AB (n = 87) AC (n = 48) AD (n = 63)

C15:0 anteiso 0.639 ± 0.009 0.633 ± 0.011 0.647 ± 0.014 0.646 ± 0.012 0.814
C15:0 1.485 ± 0.016 1.473 ± 0.019 1.474 ± 0.026 1.471 ± 0.023 0.922
C15:1 0.283 ± 0.003 0.281 ± 0.004 0.287 ± 0.005 0.286 ± 0.004 0.714
C16:0 37.396 ± 0.288 37.624 ± 0.354 36.999 ± 0.465 37.558 ± 0.412 0.711

C16:1 cis-9 1.266 ± 0.023 1.245 ± 0.028 1.273 ± 0.037 1.301 ± 0.033 0.576
C17:0 iso 0.555 ± 0.006 0.553 ± 0.008 0.556 ± 0.010 0.553 ± 0.009 0.987

C17:0 0.690 ± 0.006 0.698 ± 0.008 0.693 ± 0.010 0.690 ± 0.009 0.816
C17:1 0.195 ± 0.002 0.194 ± 0.003 0.198 ± 0.004 0.199 ± 0.003 0.639
C18:0 8.547 ± 0.119 8.652 ± 0.146 8.652 ± 0.192 8.607 ± 0.170 0.918

C18:1 trans-11 2.756 ± 0.068 2.782 ± 0.083 2.801 ± 0.110 2.794 ± 0.097 0.974
C18:1 cis-9 12.833 ± 0.142 12.891 ± 0.175 12.891 ± 0.230 13.146 ± 0.204 0.595

C18:2 trans-9,12 0.377 ± 0.006 0.370 ± 0.007 0.391 ± 0.009 0.381 ± 0.008 0.230
C18:2 cis-9, trans-13 0.288 ± 0.003 0.281 ± 0.004 0.291 ± 0.005 0.292 ± 0.005 0.225
C18:2 cis-9, trans-12 0.067 ± 0.002 0.064 ± 0.002 0.065 ± 0.003 0.067 ± 0.002 0.670
C18:2 trans-9, cis-12 0.475 ± 0.011 0.483 ± 0.014 0.492 ± 0.018 0.473 ± 0.016 0.771

C18:2 cis-9,12 0.693 ± 0.007 0.677 ± 0.009 0.697 ± 0.012 0.699 ± 0.011 0.279
C19:0 0.140 ± 0.003 0.140 ± 0.003 0.143 ± 0.004 0.142 ± 0.004 0.890

C18:3 cis-6,9,12 0.075 ± 0.001 0.073 ± 0.001 0.074 ± 0.002 0.073 ± 0.001 0.511
C18:3 cis-9,12,15 0.805 ± 0.010 0.776 ± 0.013 0.818 ± 0.017 0.800 ± 0.015 0.144

CLA cis-9, trans-11 1.012 ± 0.028 1.001 ± 0.034 1.031 ± 0.045 1.029 ± 0.040 0.920
C20:0 0.126 ± 0.002 0.126 ± 0.002 0.130 ± 0.003 0.127 ± 0.002 0.530

C20:1 cis-5 0.060 ± 0.001 0.060 ± 0.002 0.062 ± 0.002 0.060 ± 0.002 0.891
C20:1 cis-9 0.151 ± 0.002 0.152 ± 0.003 0.149 ± 0.004 0.151 ± 0.003 0.890

C20:1 cis-11 0.077 ± 0.001 0.075 ± 0.002 0.076 ± 0.002 0.073 ± 0.002 0.093
C20:3 cis-8,11,14 0.030 ± 0.001 0.031 ± 0.001 0.032 ± 0.001 0.029 ± 0.001 0.137

C20:4 cis-5,8,11,14 0.035 ± 0.001 0.035 ± 0.001 0.034 ± 0.001 0.034 ± 0.001 0.927
C22:0 0.064 ± 0.001 0.067 ± 0.002 0.066 ± 0.002 0.066 ± 0.002 0.519

C22:1 trans-13 0.066 ± 0.001 0.068 ± 0.002 0.070 ± 0.002 0.067 ± 0.002 0.190
C20:5 cis-5,8,11,14,17 0.088 ± 0.00 0.089 ± 0.001 0.089 ± 0.002 0.088 ± 0.002 0.936

C24:0 0.044 ± 0.001 0.046 ± 0.001 0.044 ± 0.001 0.045 ± 0.001 0.294
C22:5 cis-7,10,13,16,19 0.123 ± 0.002 0.122 ± 0.003 0.123 ± 0.004 0.123 ± 0.003 0.996

SCFA 4.030 ± 0.027 3.979 ± 0.033 3.989 ± 0.043 3.977 ± 0.038 0.451
MCFA 19.841 ± 0.148 19.661 ± 0.182 19.997 ± 0.239 19.353 ± 0.212 0.127
LCFA 48.492 ± 0.252 48.826 ± 0.310 48.201 ± 0.407 48.706 ± 0.360 0.587

Total C18:1 16.300 ± 0.168 16.383 ± 0.206 16.400 ± 0.271 16.654 ± 0.240 0.634
Total C18:2 2.911 ± 0.041 2.876 ± 0.051 2.969 ± 0.067 2.940 ± 0.059 0.664
Total C18:3 0.880 ± 0.011 0.849 ± 0.013 0.893 ± 0.017 0.873 ± 0.015 0.123
Omega 3 1.017 ± 0.011 0.987 ± 0.014 1.030 ± 0.018 1.011 ± 0.016 0.173
Omega 6 0.832 ± 0.008 0.815 ± 0.010 0.838 ± 0.013 0.836 ± 0.011 0.317
MUFA 19.792 ± 0.174 19.790 ± 0.214 19.858 ± 0.281 20.128 ± 0.249 0.657
PUFA 4.067 ± 0.044 4.002 ± 0.054 4.139 ± 0.071 4.088 ± 0.063 0.410

Branched FA 1.611 ± 0.014 1.593 ± 0.017 1.620 ± 0.022 1.605 ± 0.020 0.735
Total UFA 23.859 ± 0.206 23.792 ± 0.254 23.997 ± 0.334 24.216 ± 0.295 0.663
Total SFA 72.548 ± 0.225 72.643 ± 0.277 72.362 ± 0.364 72.210 ± 0.323 0.701

Unsaturated index 24.756 ± 0.218 24.678 ± 0.269 24.911 ± 0.353 25.119 ± 0.313 0.677
C10:1 index 8.252 ± 0.136 8.032 ± 0.167 7.972 ± 0.219 8.321 ± 0.194 0.410
C12:1 index 2.328 ± 0.034 2.239 ± 0.042 2.266 ± 0.055 2.256 ± 0.048 0.243
C14:1 index 7.424 ± 0.148 7.133 ± 0.183 7.087 ± 0.240 7.256 ± 0.213 0.427
C16:1 index 3.281 ± 0.052 3.200 ± 0.063 3.319 ± 0.083 3.338 ± 0.074 0.435
C18:1 index 65.594 ± 0.331 65.409 ± 0.407 65.514 ± 0.535 65.913 ± 0.474 0.855
CLA index 26.626 ± 0.269 26.339 ± 0.332 26.725 ± 0.436 26.868 ± 0.386 0.716

1 SCFA- short-chain length fatty acid; MCFA—medium-chain length fatty acid; LCFA—long-chain length fatty
acid; MUFA—monounsaturated fatty acid; PUFA—polyunsaturated fatty acid; UFA—unsaturated fatty acid;
SFA—saturated fatty acid. 2 Predicted means and standard error of those means derived from general linear
mixed-effects models (GLMM). Myostatin genotype (categorical variable), cow age (categorical), herd (categorical),
and days in milk (continuous) were fitted to the model as fixed effects. Means within a row that do not share a
superscript letter are separated at p < 0.05. 3 0.05 < p < 0.2 in italics, while p < 0.05 in bold.
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4. Discussion

This is the first study demonstrating association of MSTN sequence variants with the component
levels of two milk FAs in NZ HF × J cross cattle.

All seven of the nucleotide substitutions identified in this study have been previously reported in
a study of NZ cattle breeds, which included; Hereford, Angus, Shorthorn, Charolais, Red Poll, South
Devon, Simmental, Murray Grey, HF × J cross cattle, and some composite breeds [19]. The nucleotide
substitutions c.373+751G/T, c.373+803T/G, c.373+877A/G, c.373+895G/C, and c.374−909C/T were
identified in all the ten aforementioned breeds, while c.374−842G/C was found in all but four breeds
(Red Poll, Shorthorn, Simmental, and Composites breeds) and the c.374−812A/G was only found in
Shorthorn and HF × J cross breeds.

In a previous study, Smith et al. [22] identified a mutant “mh” allele of bovine MSTN with an
11-bp deletion in the exon 3 region. This was described in British South Devon cattle, and it was the
same allele first identified in the Belgian Blue breed, causing the “double-muscled” phenotype. Also,
in a later investigation of MSTN in 146 British South Devon cattle, Wiener et al. [23] showed that this
same mutant “mh” allele, reduced the levels of total SFA and total MUFA in the muscle (p < 0.05).
Their report also revealed an increase in the ratio of PUFA: SFA in total lipid to be greater in mh/mh
individuals than in the other two genotype (mh/+ and +/+) classes (p < 0.001). This suggested that
the “mh” allele is associated with reduced fat levels, particularly with the levels of SFA and MUFA.
The increase in the ratio of PUFA to SFA would be expected, especially when the concentration of
muscle fat decreases.

In a similar report on associations between the “mh” allele carrying the 11-bp deletion with
intramuscular fatty acid composition in MSTN of Belgian Blue young bulls, Raes et al. [24] revealed
that animals with the +/+ (normal) genotype showed a higher relative amount of the SFA; C14:0 and
C16:0 and a higher relative amount of all MUFA C16:1; C17:1 and C18:1, but the relative proportion
of PUFA in total fatty acids increased with increasing mutant “mh” alleles. In the current study,
the genotype model revealed that cows carrying the AA genotype showed an increase in the amount of
two medium-chain length SFAs (C12:0 and C12:1) relative to AD cows. While it may be difficult to
conclude that the findings in the current study are similar to the work of Weiner et al. [23] and Raes
et al. [24], especially because it investigated the intronic region of MSTN in non-doubled muscled
cattle breed, it is important to note that variations in the intronic regions are equally capable of
influencing gene expression and/or altering the functionality of a gene [25]. In a previous investigation,
He et al. [25] transformed C2C12 cell-lines with a transgene construct that contained bovine MSTN
promoter (pMD-MSTNPro) and a second construct that contained the first intron of bovine MSTN
(pMD-Intron1). They observed an increase in the mean fluorescence intensity of green fluorescent
protein (GFP) gene and the percentage of fluorescence positive cells, and concluded from this that the
presence of intron 1 of bovine MSTN increased the expression of GFP in the transformed cells.

The findings in this study are in part in agreement with the findings of Buske et al. [26]. That study
revealed that one copy of the so-called “wild-type + allele” of MSTN was associated with higher milk,
protein, and fat yields in dual purpose Belgian Blue (DP-BB) cows, whereas a single copy of the mutant
“mh” allele (associated with double muscling) was associated with a decrease in the SFA content of
milk. Even though the current study did not involve the MSTN “mh” allele, it has perhaps suggested
that antagonistic effects may exist between milk and meat production traits in the context of MSTN.

Since the MSTN variations in the current study occurred in a non-expressed region of the gene,
it is perhaps less obvious how they might affect the structure or function of the MSTN protein. They
might however influence the rate of transcription and/or translation of the gene, as was described
by Liu et al. [27] in an investigation that involved both transgenic mice and in vitro studies. In that
study, intron sequences in the transgene that encoded rat growth hormone were observed to stimulate
transcription by promoting assembly of an ordered nucleosome array in the vicinity of the promoter.
Additionally, while the observed intron variation does not yield any amino acid change, several studies
have shown that synonymous nucleotide substitutions can affect the phenotypic characteristics of the
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protein product by altering mRNA structure, protein stability, the electrical charge of the resulting
polypeptide, and codon usage during mRNA translation [28,29].

Previous reports on the differences in the composition of milk FAs between Holstein-Friesian and
the Jersey breeds suggest that milk from Jersey cows tends to have higher concentrations of some short-
and medium-chain length SFA, but lower concentrations of some UFA [16]. It is therefore interesting to
note that the current investigation of NZ HF × J cross cows, revealed that variant D was associated with
a decrease in the amount of two medium-chain length SFAs in milk. This discovery could be of benefit
in terms of its potential applicability in cross-breeding and gene-marker development, particularly in
selection for decreased SFA in milk.

5. Conclusions

The findings suggest that variation in MSTN affects two milk FA traits and this may be of value in
breeding dairy cattle. Notably, variant D of MSTN is associated with a decrease in two medium-chain
length SFA levels. Cows with the AD genotype might therefore produce a “preferred” FA profile in
milk. However, because there were insufficient cattle with the homozygous genotypes BB, CC, and DD,
or the heterozygous genotypes (BC, BD, CE, and CD) in the samples investigated, further investigation
involving much larger sample sizes across different farms and breeds of cattle is needed to validate
this claim.
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Simple Summary: The composition of milk not only has nutritional implications, but is also directly
related to the income of dairy producers. As regards milk’s composition, concerns around milk
protein have emerged from the increased consumption of casein products. The synthesis of proteins
in milk is a highly complex and high-cost process, because the conversion efficiency of dietary protein
to milk protein is very low in dairy cows. Thus, some studies have increased milk protein by using
protein supplements or a single amino acid (AA) supply. AAs are the building blocks of protein,
and can also stimulate the protein synthetic pathway. This review mainly concerns the use of AAs
for producing milk protein in high-producing dairy cows, particularly with methionine, lysine, and
histidine. Understanding the mechanisms of AAs will help to promote milk protein synthesis in the
dairy industry.

Abstract: As the preference of consumers for casein products has increased, the protein content of
milk from dairy cows is drawing more attention. Protein synthesis in the milk of dairy cows requires
a proper supply of dietary protein. High protein supplementation may help to produce more milk
protein, but residues in feces and urine cause environmental pollution and increase production costs.
As such, previous studies have focused on protein supplements and amino acid (AA) supply. This
review concerns AA nutrition for enhancing milk protein in dairy cows, and mainly focuses on three
AAs: methionine, lysine, and histidine. AA supplementation for promoting protein synthesis is
related to the mammalian target of rapamycin (mTOR) complex and its downstream pathways. Each
AA has different stimulating effects on the mTOR translation initiation pathway, and thus manifests
different milk protein yields. This review will expand our understanding of AA nutrition and the
involved pathways in relation to the synthesis of milk protein in dairy cows.

Keywords: protein metabolism; amino acids; milk protein; dairy cows

1. Introduction

Milk’s composition relates to its nutritional value, but it is also directly linked to the
income of dairy farms. Milk’s fat content has been scrutinized due to its nutritional value;
however, as the preference of consumers has shifted towards protein products, studies on
milk protein production have emerged.

Milk protein synthesis in dairy cows requires adequate supplies of energy and dietary
crude protein (CP), specifically individual amino acids (AAs). Cows exhibit very low
efficiency in converting nitrogen (N) into protein in its body or milk: the utilization
efficiency of N is 25–35% [1]. According to National Research Council (NRC) (2001), the
maximum yield of milk and milk protein is attributed to 22% of the dietary CP. However,
due to the high cost of dietary protein sources, controlling single AAs may be a cost-effective
strategy in high-producing dairy cows.

Although review papers on protein and amino acid metabolism in dairy cows have
been introduced [2], this article focuses on AA nutrition for milk and milk protein produc-
tion in dairy cows, with a specific focus on protein metabolism in the animal’s body, the
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importance of feeding with AAs, studies on AA supply, and the protein-synthetic pathway.
As regards the AAs used, we mainly discuss methionine (Met), lysine (Lys), and histidine
(His), which have been extensively studied previously.

2. Protein Metabolism in Ruminants

Ruminants obtain nitrogen (N) sources that are available for metabolism from dietary
intake, microbial proteins, and endogenous N (Figure 1). Dietary protein is divided
into rumen-degradable protein (RDP) and rumen-undegradable protein (RUP). RDP is
degraded by rumen microbes, then synthesized into microbial protein or partly bypassed,
whereas RUP directly bypasses the rumen. The digesta, escaping the stomach and reaching
the small intestine, is disassembled and absorbed into the blood stream, and undigested
proteins are excreted as feces. The absorbed AAs pass through the liver to the kidneys, or
flow into the blood stream. The AAs arriving at the mammary glands are synthesized into
milk protein and subsequently secreted into milk.

Figure 1. Protein metabolism of dairy cows.

3. Concept of AA Supplementation

The productive results in Section 3 are summarized in Supplementary Table S1.
Many studies have reported on oral administration and post-ruminal infusion as sources

of protein for dairy cows. Soybean meal (SBM) and casein are typical protein supplements.
The effect of gradually increasing the level of SBM was studied [3,4]. The medium-

protein group (formaldehyde-treated SBM inclusion; 15.4% of CP) showed a 1.4 kg/d in-
crease in milk yield and a 48 g/d increase in milk protein yield compared to the low-protein
group (no supplemented SBM; 11.3% of CP) when Holstein–Friesian cows received silage
and three levels of protein concentration (ratio of 40:60) [4]. However, the high-protein
group showed a similar milk yield to the low-protein group, and a similar milk protein
yield to the medium-protein group. A linear increase in milk yield (26.6 to 28.0 kg/d) and
milk protein yield (940 to 969 g/d) was observed when Swedish Red cows were fed grass
silage-based diets (15.3% of CP), with various levels of SBM (17.3%, 19.0%, and 21.0% of
CP) in their early lactation [3]. The supplementation of SBM to early-lactating Finnish
Ayrshire, fed grass silage-based diets (17.0% of CP), significantly increased their milk yields
and components by 3.0 kg/d, as compared to the control group [5]. In particular, the milk
protein yield increased 113 g/d, and the milk protein concentration increased 0.14%, as
compared to the control.

In a study on the abomasal infusion of sodium caseinate or enzymatically hydrolyzed
casein into mid-lactating Holstein cows fed diets containing SBM (14.2% of CP) or SBM
plus corn gluten meal (13.8% of CP), the sodium caseinate group showed increasing trends
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of milk yield (1.1 kg/d when SBM-fed and 1.2 kg/d when SBM plus corn gluten meal fed)
and significant increases in milk protein yield (50 g/d), as compared to the saline-infused
group [6]. However, the hydrolyzed casein group showed similar results to the saline group.
The duodenal infusion of calcium caseinate produced more milk yield (1.01 kg/12 h), milk
true protein concentration (0.90 g/kg), and milk true protein yield (36 g/12 h) in early-
lactating Holstein cows as compared to those of the control group [7]. However, in Holstein
cows fed basal diets containing 15.6% CP, the abomasal infusion of sodium caseinate did
not affect lactational performance (numerical increases in milk yield and milk protein yield
only) [8].

High-CP diets based on protein supplements may increase milk productivity. How-
ever, the problem is that N efficiency is also reduced [9]. Decreased N utilization efficiency
causes huge losses to dairy farmers. Furthermore, N excreted in feces and urine (Figure 1)
causes environmental pollution [10,11]. The price of protein supplements is relatively high
when compared to other feed ingredients. In particular, the preference of SBM is high
because it increases the productivity of cows, as described above. However, due to the
high price of SBM, research on other protein feeds that can replace SBM has been reported.
Some authors reported canola meal inclusion in dairy cow diets as a replacement for
SBM [12,13]. When SBM or canola meal (CM) was included in diets, the CM group showed
an increase [12] or no change [13] to milk and milk protein yield, as compared to those of
the SBM group. In addition, studies on various other by-products or protein supplements
that are used to replace SBM have been reported. Several protein products may be a good
substitute for SBM. However, due to problems such as price and environmental pollution,
the supplementation of excess protein sources should be limited. Therefore, it is necessary
to carefully examine the supply of individual AAs, instead of surplus protein.

3.1. Balancing AA

When increasing milk protein, the level of a single AA supply is important, but it
is also necessary to evaluate whether the supplied AAs are balanced. Concerns with
balancing AAs have been increasing. Some authors have pointed out that increased milk
production may be related to the increased or balanced AA supply that is a result of protein
supplementation [3,5]. A decreased production of milk protein in dairy goats, due to
deficiencies or imbalances of AAs, was observed in treatments employing abomasal AA
mixture infusions with the deletion of Lys, arginine (Arg), Met, or His [14]. Similar results
were reported when Holstein dairy cows received abomasal infusions of AA mixtures ( the
ratio of milk protein) with Met, Lys, or His eliminated [15]. A deficiency or imbalance in
His is induced by the dietary inclusion of feather meal (12.6%) [16]. Feather meal treatment,
in the context of a standard protein diet, reduced both milk yield and milk protein yield by
7.4 kg/d and 331 g/d, respectively [16].

It is important to supplement deficient AAs for balancing the body’s AA pool
well. Therefore, we must also assess which AAs are deficient, or risk producing an imbal-
anced environment.

3.2. Limiting AA

Essential AAs (EAAs) are synthesized by the animal itself at lower levels or not at all,
and thus must be provided in the diet. For cows, the EAAs are the following: Arg, His,
isoleucine (Ile), Leu, Lys, Met, phenylalanine (Phe), threonine (Thr), tryptophan (Trp), and
valine (Val) [17]. Insufficient AAs, referred to as limiting AAs, are the AAs in the animal’s
body pool that interrupt protein synthesis when they are deficient. Generally, Met and Lys
are known as the co-limiting factors in corn and alfalfa silage-based diets [17,18], and His
is known as a limiting AA when cows are fed grass silage-based diets [19–22]. Therefore,
these three AAs have been widely reported on.

The first experiment on the intravenous infusion of Met, Lys, and His was reported in
1972 [23]. The infusion of 11.2 g/d Met increased milk protein yield by 30 g/d, as compared
to controls, in early-lactating Holstein dairy cows fed corn silage-based diets. However, the
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infusion of His reduced the milk protein content, and the infusion of Lys did not affect milk
protein. Met and Lys were shown to be co-limiting factors of milk protein synthesis when
Holstein cows were fed corn-based diets (14.5% of CP) and receiving various combinations
of 10 EAAs via abomasal infusion [17]. Another study suggested that Met and Lys were the
two most limiting AAs when Holstein dairy cows in four different stages of lactation were
duodenally infused with DL-Met, L-Lys, DL-Met plus L-Lys, or casein [18]. The infusion of
both DL-Met and L-Lys increased milk protein content in early, mid, and late lactation, and
milk protein yield in peak, early, and mid lactation, as compared to the DL-Met or L-Lys
treatments. Met and Lys are the first-limiting AAs in corn and alfalfa silage-based diets in
the United States because these AAs are laced in feed ingredients. Corn and SBM, typical
feed ingredients, contain low levels of Lys and Met, respectively [1]. Hence, Met and Lys
have been suggested as co-limiting AAs in United States diets.

Compared to those receiving the intravenous infusion of a mixture of four AAs (Met,
Lys, His, and Trp), reduced milk yields (−3.2 kg/d) and milk protein yields (−159 g/d)
were observed in the His-deprived group when feather meal, barley, and grass silage was
offered to Friesian cows [19]. The continuous intravenous infusion to Frisian cows fed
grass silage-based diets was conducted with a treatment of EAA (a composition of ten AAs
in casein), three AAs (Met, Lys, and His), or His alone [20]. The results showed that all
treatments increased the milk and milk protein yields when compared to the control, and
no changes were observed between treatments. The abomasal infusion of His (6.5 g/d)
increased milk yield (0.7 kg/d) and milk protein yield (26 g/d) in mid-lactating Finnish
Ayrshire fed grass silage diets [22]. However, similar results were verified in infusion
groups of His and Lys, His and Met, and three AAs, as compared to the His alone infusion
group. Accordingly, His was considered a first-limiting AA when cows were fed grass
silage diets. This is due to the low content of His in barley and feather meal, as well as in
the rumen microbes [24].

Studies on other AAs, such as Ile, Leu, and Val, have also been performed. It is
well known that branched-chain AAs (BCAAs; Ile, Leu and Val) are involved in protein
metabolism [25]. The abomasal infusion of 150 g/d of BCAAs mixture did not affect milk
or milk protein yields, as compared to the control group, when Holstein dairy cows were
fed a total mixed ration (TMR) consisting mainly of corn and alfalfa hay (16.2% of CP) [26].
As regards diets based on cereal and grass silage, lactating Finnish Ayrshires showed no
changes when infused abomasally with either a mixture of BCAAs and His or a mixture
with one of BCAAs removed [27]. The abomasal infusion of His increased 0.8 kg/d of milk
yield and 24 g/d of milk protein yield; however, no effect was observed when infusing
Leu with His, as compared to the His-infused group, in early-lactating Finnish Ayrshire
fed with grass silage [28]. The jugular infusion of Met and Lys or 2AAs plus BCAAs was
reported when early-lactating Holstein cows were fed corn-based diets (16.1% of CP) [29].
Both groups presented increased milk protein content and increasing tendencies in milk
protein yield; however, BCAA had no effect. An increase in milk yield (2.2 kg/d) and
milk protein yield (40 g/d) was reported following the jugular infusion of Ile and Leu in
Holstein cows fed corn-based diets (15.2% of CP) [30]. However, further experiments on
the effects of BCAA on milk protein in dairy cows are still required.

3.3. Rumen-Protected AA

Artificially infused EAAs are a better choice for delivering AAs post-ruminally; how-
ever, this process is not applicable at the herd level. Thus, various rumen-protected (RP)
AA products have been developed for supplying EAAs to the small intestine without being
degraded by rumen microbes.

The RP-AAs, Met, Lys, or both, have been widely studied and used, with diverse
results. Two trials with RP-Met were performed with Holstein dairy cows fed alfalfa
and corn silage-based diets [31]. In trial 1, treatments of 17.3% of CP plus 5 g of RP-Met
and 16.1% of CP plus 10 g of RP-Met significantly increased the milk yield (+1.9 kg), as
compared to 18.6% of CP with no supplementation group; however, the milk protein
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yield was unchanged. The supplementation of diets containing 17.3% or 16.1% CP with
10 g of RP-Met resulted in similar milk yields and composition as compared to the no
RP-Met group. In early-lactating dairy cows, fed 14.5% of CP, RP-Met (0.03% of diets)
tended to decrease milk protein content due to the numerical decrease in milk protein
yield [32]. RP-Lys, supplemented at approximately 94.4 g/d/cow, increased milk and milk
protein yields (2.03 kg/d and 80 g/d, respectively) in early-lactating Holstein cows fed
alfalfa- and corn-based diets (17.0% of CP) [33]. In the same study with mid-lactating cows,
RP-Lys supply tended to increase milk and milk protein yields (0.82 kg/d and 20 g/d,
respectively). However, similar milk production levels were also reported as being between
0 or 60 g/d of RP-Lys-supplemented groups, when early-lactating Holstein cows were
fed corn silage-based diets (16.4% of CP) with 10 or 20% of dried distillers grains plus
solubles [34].

The effects of RP-Met and RP-Met plus RP-Lys were tested in early-lactating Holstein
dairy cows fed alfalfa hay and heated whole soybean-based diets (19.5% of CP) [35].
A linear increase was observed in both milk protein content and yield when 5.25 and
10.5 g/d of RP-Met were supplemented. However, the supplementation of RP-Met plus RP-
Lys (11.5 and 14.7 g/d, respectively) did not present changes as compared to the 10.5 g/d
RP-Met group [35]. Contrary to the experiment mentioned above, the supplementation
of 40 g/d of RP-Met and Lys product increased both milk and milk protein yields, as
compared to the 15 g/d RP-Met group, when Holstein dairy cows were fed corn-based
diets containing 16.0% or 18.5% of dietary CP [36]. The tablet forms of RP-Met (18.2 g/d
supply), RP-Lys (11.7 g/d), or both were supplied to early-lactating Holstein cows fed
maize silage and cereal-based diets (14.5% of CP) [37]. RP-Met or RP-Lys alone caused no
changes in milk and milk protein yields; however, RP-Met plus RP-Lys increased the milk
protein yield.

For estimating the effects of RP-Met on milk production and milk protein, a meta-
analysis was conducted on papers that used two widely studied products: Mepron (Evonik
Industries, Hanau, Germany) and Smartamine M (Adisseo, Antony, France) [38]. The
analysis predicted that RP-Met supply would lead to 0.07% more produce and 27 g of true
milk protein content and yield (true milk protein: milk CP × 0.94). In the same paper, the
authors also analyzed whether AA deficiency and forage sources would affect true milk
protein, and the results suggested that both true milk protein content and yield would
be increased, regardless of the state of the AAs (adequate or deficient Met, Met + Lys,
or Met + Lys + one other AA) and the main forage source (alfalfa, corn silage, grass, or
grass + corn silage). Overall, the aforementioned studies and meta-analysis indicate that
supplementation with RP-Met has the potential to increase the milk protein yield of dairy
cows in various conditions.

After considering His, as a potential AA, to be a first-limiting AA, the effects of RP-His
with or without RP-Met and RP-Lys on milk production were investigated. Gradually
increasing amounts of RP-His (0, 82, 164, and 246 g/d) were supplemented to mid-lactating
Holstein dairy cows fed corn silage-based diets (15.1% of CP, containing 11 g/d of RP-
Met) [39]. A tendency to increase was observed in both milk yield (linearly) and milk
protein yield (quadratically), and an actual increase in milk protein yield (+50 g/d) was
presented when 256 g/d of RP-His was supplied. Morris and Kononoff (2020) reported
the effects of RP-Lys, RP-His, or both in Jersey dairy cows fed corn silage-based diets
(17.1% of CP) with hydrolyzed feather meal (His-deficient source). Supplementation with
70 g/d of RP-Lys did not change milk production; however, a supply of RP-His (32 g/d)
caused a significant increase in milk yield and a tendency towards an increase in milk
protein yield [40]. In some studies, the effect of His was tested when metabolizable protein
(MP)-deficient diets (MPDs) were offered to cows [41–43]. A supply of MPD (13.6% of
CP; corn silage and alfalfa haylage-based diets) with RP-Met (30 g/d/cow) plus RP-Lys
(100 g/d/cow) with or without RP-His (50 g/d/cow) increased milk protein yield as
compared to the MPD with no supplementation group, and the resulting yield was similar,
as compared to the MP-adequate (MPA; 15.7% of CP) diet group. However, compared
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to MPD with RP-Met and RP-Lys, the effect of RP-His was not verified [43]. The effects
of MPD, slow-release urea, RP-Met (30 g/d), and RP-His (50 g/d) on the productivity of
dairy cows were estimated in Holstein dairy cows fed corn silage-based diets [42]. Milk
protein production was not affected by MPD (14.8% of CP), MPD plus urea (15.8% of CP),
or RP-Met, but it was affected by RP-His. Moreover, the supplementation of MPD with
RP-His plus urea and RP-Met increased the milk protein yield (90 g/d) as compared to the
MPA group (16.7% of CP). The same author studied MPD, RP-Met, Lys, and His [41]. The
milk protein yield showed only numerical changes in each of the Met, Lys, and His alone
groups as compared to MPD (average 14.5% of CP); however, supplied with mixture of
three AAs to MPD, milk protein yield was increased 100 g/d. Due to the diversity of the
effects and the limitations of these studies, further research on the effects of RP-His is still
required. Research on other AAs, besides the three mentioned, has also been carried out
(RP-Leu [44], RP-Phe [45–47], RP-Trp [48], RP-AAs (mixture of Lys, Ile, Val, and His in RP
form) [49], etc.). Further studies on RP-AAs in various feeding types and under various
animal conditions are required.

4. Effects of AA Supplementation on Mammary Translational Expression

For protein synthesis, the pivotal substances are as follows: AAs (building blocks),
glucose (energy source), and insulin. Protein is synthesized by the mammalian target of
rapamycin (mTOR) complex and its downstream pathway [50,51]. Due to the high-energy
demands of protein synthesis, mTOR translational regulation is performed by the energy
source, usually glucose [52,53]. When glucose is recognized by the AMP-activated protein
kinase (AMPK), its activation inhibits mTOR. Insulin is essential to the cellular metabolism.
Phosphoinositide 3-kinase (PI3K) is stimulated by insulin, and further stimulates protein
kinase B (Akt). The AAs are not only building blocks of protein; they are also potential
regulators of mTOR translational regulation [50,52,53]. In particular, leucine (Leu) is
known to stimulate the mTOR pathway either indirectly or directly [54,55]. Once the
mTOR complex is phosphorylated, the activity of the ribosomal protein S6 kinase 1 (S6K1)
is blocked, and the activated ribosomal protein S6 (RPS6) enters for further translation
processes. Meanwhile, mTOR phosphorylates the eukaryotic initiation factor (eIF) 4E
binding protein 1 (4EBP1). Then, through the translation initiation and elongation stage,
involving eIF and eukaryotic translation elongation factor 2 (eEF2), milk proteins are
produced. An illustration of the basic mTOR pathway, supplemented with our recent
in vitro results, is presented in Figure 2 [56–58].

Figure 2. Mammalian target of rapamycin pathway.

The effects of AAs on the protein synthetic pathway have been assessed via the in vitro
incubation of mammary cells and mammary biopsies taken from cows supplemented with
AA. Due to the lack of experimental animals, many studies on milk protein synthesis with
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the mTOR pathway have been conducted in vitro, using immortalized or primary bovine
mammary epithelial cells [56–61].

In our previous studies, AA treatments of immortalized bovine mammary epithelial
cells (MAC-T cells) proceeded through different pathways [56–58]. The supplementation of
0.6 mM of L-Met in MAC-T cells was shown to increase β-casein expression and stimulate
the PI3K pathway; however, an effect on mTOR was not observed [57]. eEFs were detected
when 0.9 mM of L-Phe and 0.6 mM of L-Val were supplied to MAC-T cells; however,
neither the mTOR nor the β-casein were altered in these treatments [58]. When 0.9 mM
of L-Trp was added to the MAC-T cell medium, significant increases were observed in
the mRNA expressions of mTOR, RPS6, and β-casein [56]. The inclusion of 0.15 mM of
L-His increased β-casein expression, as compared to the control, when MAC-T cells were
cultured in nutrient-restricted medium [60]. The effects of His, Lys, Met, and Leu on the
mTOR pathway and β-casein were reported in Chinese Holstein mammary epithelial cells
(CMEC-H cells) [59]. The expressions of mTOR, S6K1, RPS6, and β-casein increased, as
compared to the control, following supplementation with 0.15 mM of His, 0.5 mM of Lys,
0.12 mM of Met, and 0.45 mM of Leu. In that study, His also increased the expression of
4EBP1, while Met decreased it [59]. The supplementation of Arg to primary mammary
epithelial cells (pMEC) from Chinese Holstein cows increased the mRNA levels of four
types of casein, mTOR, and S6K1, but decreased 4EBP1 [61].

The effects of EAAs and glucose infused by the jugular vein were reported when
early-lactating Holstein cows experienced 22 h of nutrient deprivation [62]. Mammary
biopsy samples taken after the treatment were analyzed for gene expression, and the results
showed phosphorylated S6K1 (pS6K1) as a result of Leu, and phosphorylated RPS6 as
a result of Leu and Met plus Lys. Although changes were observed in mTOR-pathway-
related genes, the infusion of His, Leu, and Met plus Lys presented only a numerical
increase in milk protein yield. Two studies were reported that investigated the effects
of the abomasal infusion of EAAs (ratio of casein) on the milk protein yield and mRNA
translation of mammary samples [63,64]. The elimination of His, Phe, BCAAs, Leu, and Lys
from 10 EAAs significantly decreased the milk protein yield as compared to the 10-EAAs-
infused group [63,64]. In one study, the phosphorylation of S6K1 (pS6K1/total S6K1) was
enhanced following the removal of His as compared to supplementation with 10 EAAs [63];
however, no changes were observed in another study [64]. The jugular infusion of Arg
with Lys, Met, Phe, and Ile (ratio of casein) increased milk yield (+2.71 kg/d), milk protein
yield (+120 g/d), α-casein (+5.54 g/L) and κ-casein (+1.00 g/L) in Chinese Holstein dairy
cows fed diets containing 14.08% of CP [65]. However, a significant increase in casein
gene expression was only observed for αs1-casein and αs2-casein. In the case of mTOR
and S6K1 expression following mammary biopsy, increases of more than 18-fold in mTOR
and 5-fold in S6K1 were observed, as compared to the control; however, 4EBP1 expression
was decreased.

Each of the AAs influence protein synthesis via different pathways and genes. Studies
on mammary translational regulation via AAs in dairy cows are still required, as these will
expand our understanding of milk protein production in dairy cows.

5. Summary and Conclusions

The supplementation of AAs to dairy cows is a possible method for increasing milk
and milk protein yield. Supplying protein feed seems to be a more certain method by
which to increase the cow’s productivity, as compared to other methods (see Table S1).
However, high-protein feeds in dairy cow diets have several problems: high cost, low
utilization due to the cow’s low efficiency, high N excretion, and environmental contami-
nation such as eutrophication. Therefore, it is of great concern to control individual AAs,
rather than supplying surplus protein only. The advantage of intravenous infusion is that
we can incorporate AAs into the blood stream of the animal’s body, as we choose to target.
Abomasal infusion can also supplement AAs according to the needs of the researcher;
however, it is a relatively indirect method to affect productivity, when compared to intra-

131



Animals 2021, 11, 2118

venous infusion, because it passes the digestive tract. Both infusion methods are useful
in experiments; nevertheless, they are not applicable in an industrial environment. The
final way to supplement AAs to cows is to use RP-AAs. RP-AAs can mitigate insufficient
single AAs in the body’s AA pool, but not excess protein. Therefore, it is believed that
there is a possibility to maintain or increase the productivity of animals while lowering the
CP content in their diets. However, as shown in Table S1, RP-AAs provide inconsistent
results. Overall, although supplying RPAAs appears to be cost effective, further testing
and development will be needed for actual applications with dairy cows. For dairy cows,
the most-limiting amino acids are considered to be Met, Lys, and His. It mainly depends
on the AA composition in their diets; thus, Met and Lys are the co-limiting factors in corn-
and alfalfa-based diets and His is the first-limiting AA in grain and grass silage-based diets.
Milk proteins are synthesized through the mTOR translation initiation pathway. Studies on
milk protein stimulation using AAs, with analysis of mammary samples, have been con-
ducted; however, remarkable results are still limited. Future research on AA nutrition and
milk protein synthesis are required, and will provide more field-applicable understanding.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ani11072118/s1, Figure S1: Summarized productive results according to various feeding
methods as described in Section 3.
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Simple Summary: Nowadays, the lifetime milk production of dairy cows, as well as the fat and
protein contents of milk, has reached an unprecedented high. These improvements pose threats
and challenges to animal health and welfare due to metabolic stress. The cows, during the high-
yielding period, are especially susceptible to metabolic diseases such as digestive alterations, rumen
acidosis, and lameness. This study assessed the effects of Saccharomyces cerevisiae culture (SC), a food
supplement, on ruminal pH, volatile fatty acid (VFA), inflammatory cytokines, and the performance
of high-yield dairy cows. The results show that supplementing high-yield lactating cows with the SC
of 100 g/d increases milk yield, milk fat content, and milk lactose content, but does not affect protein
content. SC supplementation affects overall ruminal VFA concentration and induces a significantly
greater ruminal pH. It has the potential to enhance the rumen microbial growth and decrease the
inflammation response. Our research suggests that SC supplementation has a positive effect on the
productivity and health of dairy cows.

Abstract: High-yield dairy cows with high-concentrate diets are more prone to experiencing health
problems associated with rumen microbial imbalance. This study assessed the effects of Saccharomyces
cerevisiae culture (SC), a food supplement, on ruminal pH, volatile fatty acid (VFA), inflammatory
cytokines, and performance of high-yield dairy cows. Forty Holstein cows with similar characteristics
(e.g., milk yield, days of milk, and parity) were randomly divided into two groups: an experimental
group fed the basal ration supplemented with the SC of 100 g of SC per cow per day (hour, SC group),
and a control group fed the same basal ration diet without SC (i.e., CON group). On average, the
supplementation of SC started at 73 days of lactation. The experimental period lasted approximately
70 days (from 18 January to 27 March 2020), including 10 days for dietary adaptation. Milk yield was
recorded daily. Rumen fluid and milk samples were collected after 2 h of feeding in the morning of
day 0, 15, 30, and 60. The data showed that rumen pH increased (p < 0.05) when cows were provided
with SC. On average, the cows in the SC group produced 1.36 kg (p < 0.05) more milk per day than
those in the CON group. Milk fat content of cows in the SC group was also higher (4.11% vs. 3.96%)
(p < 0.05). Compared with the CON group, the concentration of acetic acid in the rumen fluid of dairy
cows in the SC group was significantly higher (p < 0.05). There were no differences (p > 0.05) found
in milk protein content and propionic acid between groups. The SC group had a tendency increase in
butyric acid (p = 0.062) and total VFA (p = 0.058). The result showed that SC supplementation also
enhanced the ratio between acetic and propionic. Most of the mean inflammatory cytokine (IL-2,
IL-6, γ-IFN, and TNF-α) concentrations (p < 0.05) of the SC group were lower than CON group. This
study demonstrated that high-yield cows receiving supplemental SC could produce more milk with
higher fat content, have higher rumen acetate, and potentially less inflammatory cytokines.
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1. Introduction

With the improvement of genetics, nutrition, and farm management, both the milk
yield of dairy cows and the nutritional value of milk (e.g., protein and fat content) have
been increased [1,2]. These improvements, however, pose threats to animal health and
welfare due to metabolic stress. The cows, during the high-yielding period, are especially
susceptible to metabolic and infectious diseases, such as digestive alterations, mastitis,
rumen acidosis, and lameness [3]. To cope with the challenges, some additives were
proposed to be added to the diet to enhance the productivity and health of animals, such
as Boswellia sacra resin [4], rumen-protected fat [5], and Saccharomyces cerevisiae culture
(SC) [6]. SC is a concentrated and dried product of Saccharomyces cerevisiae strain after
solid or fluid fermentation. It contains fermentation substrates, bacterial proteins, yeast
metabolites, yeast cell walls, and other beneficial substances, and it has the functions of
balancing animal intestinal flora, improving immunity, relieving stress, and improving
productivity [7]. Obeidat et al. [8] reported that adding SC to the diet increased the dry
matter intake (DMI), nutrient digestibility, and rumen fluid pH of ruminants. It could also
improve the milk quality of dairy cows [9]. Ogunade and McCoun [10] showed that the
addition of SC could effectively stabilize the internal environment of rumen fermentation. A
study revealed that SC increased the degradation of dry matter (DM) and neutral detergent
fiber (NDF) of forage, which could be explained by the increased amount of total bacteria,
fungi, protozoa, and lactate-utilizing bacteria in the rumen, and the decreased amount
of starch-degrading and lactate-producing bacteria [11]. SC stabilized rumen pH, under
normal conditions, tended to decrease ruminal lipopolysaccharide (LPS) after feeding,
enhanced the milk fat depression during subacute ruminal acidosis (SARA), and reduced
the extent of SARA-associated inflammatory cytokines [12].

In the previous studies, most of the SC experimental data were obtained under in vitro
conditions, which mainly focus on ruminal microorganism fermentation [13–16], while
some studies under in vivo situations paid more attention to milk yield instead of liver
function and inflammatory cytokines [17–19]. Thus far, there is limited understanding of
how SC would affect the performance of the high-yield cows associated with serum in-
flammatory cytokines, enzymes, metabolism, and rumen fermentation function. Therefore,
this study systematically observed the effects of SC on the production performance, rumen
pH, volatile fatty acid (VFA), serum biochemical, and immune indicators of high-yield
dairy cows.

2. Materials and Methods

2.1. Animals, Diets, and Experimental Design

Forty healthy high-yield lactation Holstein cows (milk production > 30 kg/d) were se-
lected and randomly divided into two homogeneous groups: parity (2.9 ± 0.7 vs. 2.7 ± 0.7),
days of milk (73.2 ± 9 vs. 72.7 ± 6.8), weight (655.7 ± 38.1 kg vs. 656.1 ± 41.1 kg), body con-
dition score (2.80 ± 0.1 vs. 2.86 ± 0.2), somatic cell counter (SCC, 23.6 ± 7.3 vs. 25.2 ± 8.8),
fat percentage (4.02 ± 0.2 vs. 4.06 ± 0.3), protein percentage (3.26 ± 0.3 vs. 3.27 ± 0.3),
lactose percentage (5.34 ± 0.1 vs. 5.37 ± 0.1), and daily milk production (40.8 ± 6.3 kg
vs. 40.7 ± 5.2 kg). Body condition score (1–5 grading scale) was evaluated independently
by 3 individual observers, and the average value was adopted for each cow, according
to the method of Paul et al. [20]. The experimental group received a basal diet supple-
mented with the SC of 100 g/head/d (i.e., SC group) and control group fed the same
basal diet without SC (i.e., CON group). The commercial name of SC is Naijiaoyi (lot
number 201901050103 and patent number ZL2016200553625) provided by Xi’an Xinhanbao
Biological Technology Company (Shanxi, China). The product contains the nutrients of the
yeast cells (>1.5 × 1011/g), the metabolites formed after fermentation, and the denatured
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medium needed for the growth of lactic acid bacteria. The DM content of the product was
93%, and the content of crude protein, crude ash, and mannan was 16.9%, 3.9%, and 2.3%,
respectively (as DM basis). The composition and nutrient levels of the diet are shown in
Table 1. The nutritional requirements of dairy cows met the standard in NRC (2001) [21].
The free-stall barn housing system was adopted: feeding and milking three times a day,
drinking water ad libitum. The experimental period lasted approximately 70 days (from 18
January to 27 March 2020), including 10 days for dietary adaptation. The trial was carried
out in Beijing Shounong Animal Husbandry Development Company (39◦30’ N, 116◦33’ E)
in northern China.

Table 1. Composition and nutrient levels of the basal diet (DM basis).

Items Basal Diet (%)

Ingredients
Whole corn silage 26.8

Alfalfa hay 12.5
Oat grass 1.6

Steamflaked corn 11.6
Extruded soybean meal 1.6
High yield concentrate 1 39.1

Soybean hull 1.2
Fat power 2.1
Beet pulp 1.1

Sunflower meal 0.8
Molasses cane 1.6

Total 100

Nutrient levels
NEL/(Mcal/kg) 2 1.8

NDF 30.7
ADF 20.4
CP 17.8
EE 5.9

Starch 27.3
Calcium 1.0

Phosphorus 0.5
1 high yield concentrate is a concentrate supplement provided by Beijing Capital Agribusiness Group, including
(DM basis): CP 24.75%, NDF 21.11%, Starch 36.26%, Fat 3.41%, Ash 7.54%, Calcium 1.04%, Phosphorus 0.53%,
NaCl 1.0%, Fe 105 mg/kg, Zn 65 mg/kg, Mn 24 mg/kg, Cu 7 mg/kg, Mg 2 g/kg, K 10 g/kg, VA 20,000 IU/kg,
VD 2300 IU/kg, and VE 88 IU/kg. 2 NEL: Net energy of lactation, a calculated value according to NRC (2001)
[21], while the other nutrient levels were measured values.

2.2. Data and Sample Collection
2.2.1. Milk Yield and Milk Profile

Daily milk yield was recorded using an automatic milking system (ALPROTM by
DeLaval©, Tumba, Sweden). Milk samples were collected after 2 h of feeding in the
mornings of day 0, 15, 30, and 60 of the experiment period. Individual milk samples
(500 mL/each) were collected according to the ratio of 4:3:3 for morning, afternoon, and
evening, respectively. The obtained milk samples were added to the potassium dichromate
preservative and stored at −4 ◦C refrigeration. The milk samples were sent to Beijing
Dairy Cow Center for composition analysis, including milk protein, milk fat, lactose,
SCC, and DM content. A near-infrared reflectance spectroscopy analyzer (Seris300 Combi-
FOSS; Foss Electric, Hillerød, Denmark) was used for determination, which is a seamless
integration of MilkoScanRM (Hillerød, Denmark) and FossomaticTM (Flow Cytometry,
Hillerød, Denmark).

2.2.2. Blood Sample Collection and Chemical Composition Determination

Blood samples were obtained from each animal at day 0, 15, 30, and 60 of the formal
trial period. The samples were collected from the jugular vein in vacuum tubes without
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anticoagulants. Serum was obtained by centrifugation (3000× g for 15 min at 4 ◦C).
An aliquot of each sample was frozen and stored at −20 ◦C for chemical analysis. The
following biochemical blood components were measured by an auto-analyzer (CLS880,
ZECEN Biotech Co., Ltd., Qingdao, Shandong, China): total bilirubin (TBIL), total protein
(TP), albumin (ALB), alkaline phosphatase (ALP), alanine aminotransferase (ALT), glucose
(GLU) and triglyceride (TG), in which TBIL, TP, ALB, ALP, and ALT were tested by kits
from ZECEN Biotech Co., Ltd. (Jiangsu, China), and GLU and TG were tested by kits from
Jiancheng Bioengineering Institute (Nanjing, China). β-hydroxybutyrate (BHB) and non-
esterified fatty acid (NEFA) levels were measured using a spectrophotometer (Model 722,
Gaomi Caihong Analytical Instrument Co., Weifang, Shandong, China) with kits supported
by Jiancheng Bioengineering Institute (Nanjing, China). The levels of cytokines in the
samples were measured by ELISA kit (ELISA, Thermo Multiskan Ascent, US), including
interleukin-1β (IL-1β), interleukin-2 (IL-2), interleukin-6 (IL-6), interleukin-10 (IL-10), γ-
IFN (γ- interferon), and tumor necrosis factor-α (TNF-α). The lowest detection level of the
marker that the antibody pair used in the ELISA kit was < 5 pg/mL. The coefficients of
variation of inter-assay and the intra-assay were 4.8% and 4.2%, respectively.

2.2.3. Rumen Fluid Collection and Analysis

At day 0, 15, 30, and 60 of the formal trial period, 200 mL rumen fluid from each cow
was collected through various stomach tubes, a method described by Shen et al. [22]. The
rumen fluid was immediately filtered with four layers of gauze, and the filtrate was divided
into two 50 mL centrifuge tubes. Once collected, one of the aliquots was used to measure pH
with the use of sophisticated handheld pH meters (Starter 300; Ohaus Instruments Co. Ltd.,
Shanghai, China). Another one was stored at a −20 ◦C refrigerator and analyzed for VFA
(acetic acid, propionic acid, butyric acid, and total VFA). The concentrations of VFA in
rumen fluid were determined using a gas chromatograph (6890N; Agilent technologies,
Avondale, PA, USA) equipped with a capillary column (HP-INNOWax 19091N-213, Agi-
lent). More details regarding the method were described in Cao et al. [23].

2.3. Statistical Analysis

The SAS 9.4 statistical software (SAS institute, Carry, NC, USA) was used for statistical
analysis. Milk yield and milk index data were analyzed by split-plot in time ANOVA; for
repeated measures refer to Tesfaye and Hailu [24].

Fermentation data, including pH, acetate, propionate, butyrate, total VFA, lactate, the
ratio between acetate and propionate (A:P), and all of the blood parameters data, were
analyzed by using repeated measures data of MIXED procedure with model (1).

Yijk = μ + Di + Tj + (DT)ij+ Aik + εijk, (1)

where μ is the overall mean. Di is the fixed effect of treatment (i = 1–2). Tj is the fixed effect
of sample collecting time (j = 1–4). (DT)ij is the fixed interaction effect of Dj and Tj. Aik is
the random effect of the animal within Di, and εijk is the random error. Time was used as a
repeated measure.

The results were expressed as least squares mean and standard error of mean. p < 0.05 in-
dicates a significant difference. 0.05 < p < 0.1 means there is a tendency difference.

3. Results

3.1. Effects of SC on Milk Yield and Profile

Table 2 showed that the milk yield and 3.5% fat corrected milk (3.5% FCM) of the
SC group were increased by 1.36 kg/d (p < 0.01) and 2.63 kg/d (p < 0.001), respectively,
when compared with the CON group. The addition of SC significantly increased milk fat
percentage (p < 0.01), lactose percentage (p < 0.05), and DM content (p < 0.01). However,
supplementary SC supplementation did not significantly change the milk protein in milk
(p > 0.05). The SCC in the SC group was lower than that of the CON group (p < 0.01).
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Table 2. Effects of SC on dry matter intake milk yield and milk composition of lactating dairy cows.

Items CON 3 SC 4 p-Value

Milk yield (kg/d) 46.58 ± 0.36 47.94 ± 0.29 0.003
3.5% FCM (kg/d) 1 50.03 ± 0.57 52.66 ± 0.52 <0.001
Milk composition

Milk fat (%) 3.96 ± 0.16 4.11 ± 0.15 0.005
Milk protein (%) 3.29 ± 0.0.06 3.23 ± 0.05 0.54
Milk lactose (%) 5.19 ± 0.03 5.29 ± 0.03 0.046
DM content (%) 13.14 ± 0.16 13.84 ± 0.19 0.006

SCC/(×104/mL) 2 32.4 ± 1.37 23.4 ± 0.98 0.005
1 3.5% FCM: 3.5% fat corrected milk = (kg milk × 0.432) + (kg fat × 16.216) [25]. 2 SCC: Somatic cell count. 3 CON:
Control group. 4 SC: Treated group.

3.2. Effects of SC on Ruminal pH and VFA

As shown in Figure 1a,b, the SC group had a greater pH (p < 0.05) and a higher
concentration of acetic acid in the rumen fluid (p < 0.05), compared with those of the CON
group. The addition of SC did not affect propionic acid (p > 0.05) (Figure 1c). The SC group
tended to have more butyric acid (p = 0.062) and total VFA (p = 0.058) (Figure 1d,e). The
concentration of individual VFAs (p < 0.05) and total VFA (p < 0.05) were affected by the
sampling time. Figure 1f showed that SC supplementation also enhanced A:P, but the gap
between the CON and SC group became smaller over time. Meanwhile, the A:P of the
SC (from 2.39 to 2.66) and CON (from 1.94 to 2.64) group was also affected by the time
of sampling (p < 0.05). There was no interaction effect found between the treatment and
the time for the individual VFAs (p > 0.05), total VFA concentration (p > 0.05) and A:P
(p > 0.05).

3.3. Effects of SC on Hepatic Function and Energy Metabolism

The serum TBIL (p < 0.01) and ALT (p < 0.01) decreased over time, but the values
between the two groups did not differ (p > 0.05) (Table 3). The concentration of serum total
protein (TP) (p < 0.01) was lower in SC group, compared with the control group (Table 3).
It was not affected (p > 0.05) by the interaction of sampling time and treatment group
(Table 3).

Table 3. Effects of SC on hepatic function.

Item 1 CON 2 SC 3 SEM (±) 4
p-Value

Treatment Time 5 Interaction 6

TBIL (umol/L) 7.75 7.18 1.68 0.185 <0.001 0.204
TP(g/L) 77.47 73.97 3.48 <0.001 0.088 0.575

ALB (g/L) 40.07 40.7 1.16 0.100 0.475 0.749
ALP (U/L) 50.75 55.95 13.88 0.225 0.227 0.167
ALT (U/L) 30.60 30.03 4.66 0.513 <0.001 0.014

1 TBIL = total bilirubin, TP = total protein, ALB = albumin, ALP = Alkaline phosphatase, and ALT = alanine
aminotransferase. 2 CON: Control group. 3 SC: Treated group.4 SEM: Standard error of the mean. 5 Time:
Sampling time effect. 6 Interaction: The interaction between sampling time and treatment group.

Table 4 shows that the sampling time affected the concentration of glucose (GLU)
(p = 0.001). The treatment and interaction did not change the concentration of non-esterified
fatty acid (NEFA) (p > 0.05), β-hydroxybutyrate (BHBA) (p > 0.05), GLU (p > 0.05), and
triglyceride (TG) (p > 0.05).
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Figure 1. The effect of Saccharomyces cerevisiae culture (SC) on rumen VFA fermentation. SC is the experimental group diet
supplemented with SC; CON is the control group without SC. (a–f) is the picture of pH, acetic, propionic, butyrate, total
VFA concentrate, and acetate: propionate (A:P) with or without SC during the period, respectively. The data presented in
the picture is mean ± standard error of mean.

Table 4. Effects of SC on energy metabolism of high-yield lactating cows.

Item 1 CON 2 SC 3 SEM (±) 4
p-Value

Treatment Time 5 Interaction 6

NEFA (umol/L) 42.74 41.96 7.45 0.790 0.445 0.117
BHBA(mmol/L) 0.37 0.32 0.08 0.125 0.918 0.396
GLU (mmol/L) 4.25 4.34 0.50 0.493 0.001 0.568
TG (mmol/L) 0.25 0.27 0.04 0.253 0.772 0.296

1 NEFA: Non-esterified fatty acid, BHBA = β-hydroxybutyrate, GLU = glucose, and TG = triglyceride. 2 CON:
Control group. 3 SC: Treated group. 4 SEM: Standard error of the mean.5 Time: Sampling time effect. 6 Interaction:
The interaction between sampling time and treatment group.

3.4. Effects of SC on Inflammatory Cytokine

The effects of the treatment group on inflammatory cytokine concentrations are sum-
marized in Table 5. Most of the mean inflammatory cytokine (IL-2, IL-6, γ-IFN, and TNF-α)
concentrations (p < 0.05) in the SC group were lower than those in the CON group. The
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IL-1β concentration had a tendency decrease (p = 0.061), but the IL-10 was unaffected
(p > 0.05). The effect of time and the interaction of time and treatment did not affect these
inflammatory cytokine concentrations in blood (p > 0.05).

Table 5. Effects of SC on inflammatory cytokine of high-yield lactating cows.

Item 1 CON 2 SC 3 SEM (±) 4
p-Value

Treatment Time 5 Interaction 6

IL-1β (ng/L) 44.51 39.60 7.62 0.061 0.820 0.487
IL-2 (pg/mL) 205.73 180.30 33.17 0.025 0.928 0.978
IL-6 (ng/L) 519.06 454.81 72.67 0.009 0.994 0.854

IL-10 (ng/L) 214.84 201.77 26.69 0.161 0.896 0.901
γ-IFN (pg/mL) 87.93 77.69 14.03 0.028 0.703 0.684
TNF-α (ng/L) 370.49 324.79 57.49 0.018 0.953 0.772

1 IL = interleukin, γ-IFN = γ- interferon, and TNF-α = tumor necrosis factor. 2 CON: Control group. 3 SC: Treated
group. is the experimental group received a basal diet supplemented with 100g/head/day SC. 4 SEM: Standard
error of the mean. 5 Time: Sampling time effect. 6 Interaction: The interaction between sampling time and
treatment group.

4. Discussion

A random-effects meta-analysis showed that the increase in milk production estimated
for cows supplemented with SC in peer-reviewed studies was 1.2 kg/d more milk, 1.6 kg/d
more 3.5% FCM, or 1.7 kg/d more energy-corrected milk [9]. A recent study also revealed
that milk fat percentage and milk production were significantly increased by feeding SC
to dairy ruminants [26]. In our study, the addition of SC significantly increased the milk
production (1.36 kg/d) and 3.5% FCM yield (2.63 kg/d) of high-yield dairy cows. Our
study showed that the percentage of milk fat was increased by 0.15% in SC supplementation
cows. The increases in both milk production and milk fat percentage result in a higher milk
fat yield. This is in line with the results in Poppy et al. [9] and Ma et al. [26]. These effects
could be probably explained by Li et al. [12], which showed the stabilizing effect of SC on
rumen pH and fermentation.

The variation of ruminal pH is related to many factors. One of the most important is the
dietary type, which has impacts on the rumen fermentation model. Nowadays, high-yield
lactating dairy cows are always fed with high proportion of rapidly fermentable non-fiber
carbohydrates, which affect the ruminal pH stabilization [27]. In our study, the high-yield
cows supplemented with SC had significantly higher rumen pH. This might be explained by
the increasing of lactate-utilizing bacteria [28], which reduced lactate concentrations in the
rumen [29]. It suggested that this SC product stabilized rumen acidity. The stabilized rumen
condition allows enhanced growth and activity of fiber-digesting bacteria [30], resulting
in improved fiber digestion [31] and, subsequently, higher acetic acid production and A:P
ratio in the rumen [32]. Similar results were found in our study, the SC supplementation
cows have a higher acetic acid production, and A:P ratio. Milk fat concentration is highly
influenced by nutrition and rumen fermentation. For example, studies show that milk
fat concentration is positively associated with acetate [33,34], which was also observed
in our study. In the present research, the milk protein and propionate did not differ
between SC and control group, which is in line with the results in Desnoyers et al. [35]
and Thrune et al. [36], who found SC had no influence on milk protein and propionate
concentration. In addition, the VFA production decreased over time in both groups
(Figure 1). This might be partly explained by the high-concentrate diet used during the
entire experiment period, with a concentrate to forage ratio of 60:40. This was similar to
the study in that long-term high-grain diet feeding gradually lowers VFA production in
cattle [37]. Further studies are required to better understand those variations.

This study showed that there were no differences between treatments in concentrations
of TBIL, ALB, ALP, ALT, NEFA, BHBA, GLU, and TG in blood serum, in which the TBIL,
ALB, ALP, and ALT relate to the liver function of the dairy cows. Therefore, our study
suggested that the SC supplements did not affect liver function in high-yield lactating
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cows. The NEFA, BHBA, GLU, and TG reflect energy metabolism. Hence, it indicates
that the SC supplementation did not alter the energy metabolism of the high-yield cows.
These results were inconsistent with some other studies, who concluded that the live
yeast supplementation favorably influenced the metabolic status and might have a liver-
protecting effect on the high-yield cows [38,39]. The non-significant results in our study
could probably be explained by the fact that the cows used in this experiment were at
approximately 70 days into lactation. The negative energy balance is less pronounced
at this time, once the peak of ingestion was reached. However, the data obtained in our
study showed that the lactose content of milk increased in the SC group. Energy balance in
dairy cows is positively correlated with lactose percentage [40,41], especially for high-yield
cows [42]. It implies the SC has the potential to affect energy metabolism.

The concentration of serum TP decreased when the SC was added to the diet. Elevated
TP may indicate inflammation or infections. In agreement with this finding, we observed
that the proinflammatory cytokines (IL-2, IL-6, γ-IFN, and TNF-α) of dairy cows were
significantly lower in the SC group compared with the CON group. A previous study
showed that being fed with high concentrate diets is simultaneous with activation of
a non-specific acute phase reaction (APR) in cows [43,44], triggering the activation of
a systemic APR due to the translocation of LPS into the blood of systemic circulation
stimulates the release of proinflammatory cytokines, such as IL-1, IL-6, and TNF-α by
liver macrophages [45]. As a strong negative relationship between rumen pH and high
concentrate diets was well known [46], we inferred that the decrease in proinflammatory
cytokines (IL-2, IL-6, γ-IFN, and TNF-α) in SC group cows was due to the higher pH,
which reduced the LPS flow into the systemic circulation. Previous studies also showed
that feeding SC to the dairy cows in early lactation could reduce plasma LPS concentration
and relieve the symptoms of sub-acute ruminal acidosis [47,48]. A previous study showed
a significant negative relationship between pre-feeding rumen pH and concentration of
LPS in the rumen fluid [49], and rumen pH play a modulatory role in the accumulation and
release of LPS attribute to its effects on metabolic processes, changes in the cell membrane
of rumen bacteria, maintenance of bacterial ecological balances, and other physiological
functions of the rumen [50]. Our results showed that SC has the potential to reduce the
inflammatory cytokines, which partially explained the lower SCC level in the milk of SC
supplementation cows. This effect of SC may be partly attributed to the stabilizing effect
on rumen fermentation, as mentioned above.

5. Conclusions

This study showed that supplementing high-yield lactating cows with 100 g/d SC
increased milk production, milk fat content, and milk lactose content, but did not affect
protein content. SC supplementation affected overall ruminal VFA concentration and
induced a significantly greater ruminal pH of dairy cows. It had the potential to enhance
the rumen microbial growth and decreased the inflammatory cytokines, but it did not affect
the blood parameters reflecting liver function and energy metabolism. It is concluded that
the SC supplementation could increase the performance and health of high-yield dairy
cows by stabilizing the rumen environment and decreasing the inflammatory cytokines.
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Simple Summary: Curves for milk yield and milk constituents were plotted according to Wood’s
model. The curves were compared for four herds with a high milk yield (over 10,000 kg). The farms
used different feeding systems. Differences were noted in the number of days in milk at which the
herds reached the peak of lactation. The herd that reached peak production latest had the highest
peak milk yield as well as the highest average milk yield for the entire lactation. The effect of early
culling of primiparous cows after 30, 60 and 90 days in milk was analysed in herd T1. Such early
culling of primiparous cows prevents their negative impact on the average yield of the entire herd.
This increases the chance of improving yield in the herd by quickly introducing new, genetically
more valuable cows.

Abstract: The study attempted to estimate the lactation curves of primiparous dairy cows in relation
to their feeding management. Therefore, the first aim of the study was to determine and compare
the lactation curves of primiparous dairy cows using Wood’s model and to estimate the association
between the lactation curves and feeding management. The second objective was to investigate the
effect of the culling rate on improvement in the milk yield of primiparous dairy herds. The study was
conducted on four commercial dairy farms of Polish Holstein–Friesian cows using different feeding
systems (TMR—total mixed ration and PMR—partial mixed ration) and management (T1—one TMR
throughout lactation; P1—one PMR throughout lactation; T2 and T3—three feed periods such as
FRESH, TMR I and TMR II according to days in milk). The data used for the study were obtained
from monthly milk performance evaluations of 1662 primiparous cows conducted by the Polish
Federation of Cattle Breeding and Dairy Farmers throughout the year 2015. Wood’s lactation model
was used to plot curves for milk yield, fat and protein content, lactose content, and milk urea contents.
The highest milk yield for the whole lactation and in the peak lactation phase was recorded for cows
in herd T1. This herd reached peak lactation on day 105 of milking, with an average milk yield
of 42.1 kg, which was about 5 kg more milk than in the other herds. The study showed that the
culling of primiparous cows in herd T1 after 30, 60 and 90 days of lactation prevented a significant
reduction in milk yield in a 305-day lactation. It also increased average milk production by 1586.9 kg
per primiparous dairy cow.

Animals 2021, 11, 1959. https://doi.org/10.3390/ani11071959 https://www.mdpi.com/journal/animals
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1. Introduction

Lactation curves are graphical representations of the course of lactation, taking into
account all factors that affect milk production. The lactation curve illustrates the occurrence
of changes in milk during lactation, involving a decrease in milk yield accompanied by an
increase in fat and protein content [1]. The standard lactation curves of dairy cows show a
maximum daily milk yield between 4 to 8 weeks after calving, followed by a daily decrease
in yield until the dry period [1]. It is important for dairy cow farmers to know what level
of milk yield the cow will reach the peak of lactation and how long after calving this peak
will be observed.

There are currently many models and types of lactation curves in the literature.
Common lactation models include the Ali–Schaeffer model [2], the Wilmink model [3], and
the Wood model [4], which is the most popular. Analysis of lactation curves suggests that
a flattened curve resulting from uniform lactation, during which milk yield remains at the
same level for an extended period, is the most desirable. This is closely linked to lactation
persistence, i.e., the rate at which milk production drops after the peak of lactation; the
slower drop in production, the higher the persistence, which is also economically beneficial.
Cows with higher lactation persistence ensure greater economic profit. It is assumed that
milk production should decrease by 8–10% per month, with a 5% more rapid decrease
in primiparous cows than in multiparous cows [5,6]. Moreover, higher milk yield could
be associated with fertility, a 56-day increase in the calving-to-first-service interval [7].
Numerous studies also demonstrate that the lactation curve of primiparous cows has a
lower peak and is more persistent than that of multiparous cows [8]. After the peak of
lactation, milk production gradually decreases, but the dynamics of this process depend
on many factors, nutrition, breed, age, diseases, frequency of milking, and length of dry
period [9–12]. The productive performance of a herd is influenced by the level of culling of
cows in successive months of lactation. Juszczak et al. (2003) reported that the cost of milk
produced by cows used only in the first three lactations is equal to its market value, and
only when used for a longer time do they begin to generate profit [13]. Therefore, early
culling of cows will prevent them from reaching their production peak [14]. However,
there are still limited scientific data on how lactation curves of primiparous dairy cows are
influenced by feeding management and culling rates. Therefore, the first aim of this study
was to determine and compare the lactation curves of primiparous dairy cows depending
on the feeding management in field conditions using Wood’s model. The second objective
was to investigate the effect of the culling rate on the improvement in the milk yield of
dairy herds.

2. Materials and Methods

2.1. Farms

The study was conducted on four commercial dairy farms of Polish Holstein–Friesian
cows (Table 1) using different feeding systems (TMR—total mixed ration and PMR—
partial mixed ration) and management (T1—one TMR throughout lactation; P1—one
PMR throughout lactation; T2 and T3—three feed periods as FRESH, TMR I and TMR
II according to days in milk). The farms were selected according to milk yield (about
11,000 kg/305 days lactation per cow), the size of the farm (more than 100 lactating dairy
cows), housing of cows (only free-stall barns), and milking system (automated). The
data used in the study included milk yield and chemical composition during 305 day of
lactation from primiparous cows that calved in 2015. Milk production performance data
from morning and afternoon milking during monthly milk performance evaluations were
used. The evaluations were conducted by the Polish Federation of Cattle Breeding and
Dairy Farmers.
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Analysis of the effect of early culling on lactation yield was performed only for herd
T1, because it was the largest and had the highest milk yield (kg). The herd consisted of
779 primiparous cows (Table 1), but only 628 cows, whose lactation lasted 1–305 days, were
included in the analysis. The remaining 151 cows were not included in the calculations
because they were milked for longer than 305 days.

2.2. Chemical Composition of Diets

The diets were balanced based on analysed content of nutrients using Dairy Max
System software (Cargill, Kiszkowo, Poland) formulated according to National Research
Council guidelines [15]. On all farms the cows were fed diets based on maize silage;
alfalfa silage; beet pulp; grass silage or wilted, ensiled high-moisture maize grain; barley,
wheat, triticale, and maize grain; rapeseed and soybean meals; and mineral and vitamin
supplements. Using wet chemistry analysis, monthly forage, concentrate, TMR, and PMR
samples were tested for dry matter (DM, method No. 6496), crude protein (CP, method
No. 976.05), neutral detergent fibre (NDF, method No. 942.05), acid detergent fibre (ADF,
method No. 973.18), non-fibre carbohydrates (NFC, method No. 64.785), starch (method No.
64.785), ether extract (EE, method No. 989.05), calcium (Ca, method No. 6869), phosphorus
(P, method No. 6491), and potassium (K, method No. 6869) according to Procedures of
the Association of Official Analytical Chemists [16]. Crude fibre was determined with an
Ankom 220 fibre analyzer (ANKOM Technology, Macedon, NY, USA). TMR and PMR diets
were administered at 9 a.m. and 2.30 p.m. throughout the experimental period (Table 1).

2.3. Statistical Analysis

Estimation of lactation curves of primiparous cows based on test-day milk yield
The calculations were carried out using the R-package [17], with the following proce-

dures: agricolae [18], easynls [19], ggplot2 [20], and openxlsx [21].
The lactation curves of primiparous cows for each trait (milk yield, fat and protein con-

tent, lactose content, and urea content) were determined according to Wood’s function [4],
using the following model:

y = a × xb × exp−cx

where:

y—a dependent variable determining the milk traits on the test day (day x)
x—number of days after calving
a—parameter determining the average milk traits on the test day
b—parameter determining the slope of the increasing part of the lactation function
c—parameter determining the slope of the decreasing part of the lactation function
exp—exponential function. For detailed interpretations of Woods function parameters [22,23].

For the lactation curves determined based on Wood’s function, milk yields were
calculated using the definite integral (1) from calving to 305 days of milking; (2) from
calving to lactation peak; (3) from calving to day of culling; (4) from calving to 305 days of
milking for the curve estimated on the basis of shortened lactations. The coordinates x and
y for the maximum value of y for this curve were calculated, as well as the areas under the
curves, which correspond to the milk yields in the corresponding periods.

Since the data on milk yield curves were not subject to normal distribution (checked
using the Shapiro–Wilk test), the Kruskal–Wallis test was used to compare the lactation
curves instead of analysis of variance (ANOVA). A detailed comparison was made using
Dunn’s non-parametric multiple comparison test with the Holma–Šidák correction [24–26].

To determine how the early culling of cows with a yield below the adopted criterion
(24 kg milk) affects the total productivity of the herd, predicted yield was calculated for
a situation without this culling, taking into account the numbers of cows in each period.
If culled cows had been milked up to 305 days, without culling of those with the lowest
production, the total 305 d yield for the primiparous cows in herd T1 would have been
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9798.13 kg of milk. By eliminating cows whose yield was too low, the average yield in the
herd was increased by 1586.87 kg of milk per cow.

To test for differences between feeding strategies (or farms) regarding peak milk
yields or specific milk charts (up to 30, 60, 90, etc. days), we used the definite integrals for
Wood’s function.

3. Results

The shape of lactation curves determined on the basis of average daily milk yields
in all herds was consistent with the pattern generally accepted as normal. The flattest
curve was obtained for the T3 herd (Figure 1). The lactation peak was noted on day 98 of
lactation, and the average milk yield at that time was 37.8 kg. Similar milk yields (37.4 and
37.3 kg) at the peak of lactation were obtained for the cows in herds T2 and P1. The most
rapid decrease in the lactation curve was observed in the P1 herd, in which the lactation
peak was noted on day 75. The highest milk yield for the whole lactation and in the peak
lactation phase was recorded for cows in herd T1. For the latest peak (105 days), this
portion accounted for only 32.8% of the total lactation. Cows reached peak lactation in this
herd on day 105 of milking, with an average milk yield of 42.2 kg, which was about 5 kg
more milk than in the other herds.

Figure 1. Lactation curves of primiparous cows with different feeding management.

Herds: T1—one TMR throughout lactation; P1—one PMR throughout lactation; T2
and T3—three feeding periods: FRESH, TMR I and TMR II, according to days in milk (kg).

The results show that the time to reach the peak of lactation was different in herds with
different feeding management (Figure 1). Thus, the highest lactation yield was recorded in
herd T1, in which the peak of lactation was reached the latest (on the 105th day in milk).
Interestingly, a later peak of lactation was associated with a smaller decrease in productivity
following the peak. The share of this fraction increases with earlier peaks in lactation. For
peak on the 75th day, the share of this fraction increased to 36% in the P1 herd.

A decrease in the protein content of milk up to 50–60 days in milk was observed in
herds T1 and P1, after which the value of this parameter significantly improved. This curve
was completely different for herd T2, in which there was no such decrease; the protein
content in the milk was very low at the beginning of lactation and subsequently showed
a marked increase. Additionally, analysis of the fat content of milk revealed a decline up
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to about day 100. A much slower decrease in the percentage content of fat was noted in
the T1 system, only until about day 20–30 of milking. After this, it was relatively stable,
with a slight upward trend. The curves for lactose content in milk for herds P1 and T3
were almost identical. The T1 herd had a much more stable lactose content, but at the
lowest level. The T2 herd initially had the highest lactose content, but then it decreased
the most sharply, reaching 4.75% at the end of lactation. In the P1 and T3 systems, the
milk urea (MU) concentration increased significantly from the beginning of lactation and
exceeded 350 mg/l at the end of lactation. In the T1 and T2 systems, the values were more
stable, oscillating around 250 mg/L. In the case of herd T1, the curve for MU was similar
to the curve for milk yield, with a maximum of about 100 days of lactation for both curves
(Figure 2).

Figure 2. Presents the results for other milk traits in herds with different feeding management systems. Curves for protein
(A), fat (B), lactose (C), milk urea (D) contents Herds: T1—one TMR (total mixed ration).throughout lactation; P1—one
PMR (partial mixed ration) throughout lactation; T2 and T3—three feeding periods: FRESH, TMR I and TMR II, according
to days in milk (kg).

Analysis of the areas under the lactation curves in herd T1, determined by their
intersection with the lines denoting 100, 200 and 305 days of lactation, revealed the highest
percentage of the total area for the period from 100–200 days of lactation, whose share in
the total lactation was 35.6–36%. This share of phase 2 in the total lactation yield indicates
highly uniform milk production over the course of lactation.

The impact of culled primiparous cows on milk production was examined in herd
T1. Predicted lactation yields were estimated on the basis of Wood’s function, increasing
the number of days based on which this function was determined. The functions were
used to estimate the expected 305 day yield. Knowing the actual milk yield of the T1 herd
(11,385 kg) and the estimation of this yield based on initial data from the lactation, it can be
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concluded that the accuracy of the prediction increases with the number of days in milk
(Table 2.)

Table 2. Herd T1 Wood function parameters and actual milk yields per x days of milking with predicted yield for 305 days.

Parameters Actual Yield Predicted Yield

x–d a b c Area under curve
(0–x day)

Area under curve
(0–305 day)

30 15.0170 0.2425 −0.0013 833.222 18,036.89

60 12.5080 0.3321 0.0026 1999.796 12,258.44

90 11.0229 0.3903 0.0047 3243.969 10,430.16

120 11.9886 0.3561 0.0038 4513.761 10,997.52

150 12.1962 0.3491 0.0036 5771.006 11,146.57

180 12.9338 0.3273 0.0032 6986.659 11,309.45

210 13.3877 0.3152 0.003 8172.895 11,386.48

240 13.1579 0.321 0.0031 9271.689 11,333.51

270 13.4694 0.3132 0.003 10,337.96 11,347.22

305 13.7833 0.3056 0.0029 11,367.83 11,367.83

For herd T1 with very strict culling, curves were created for milk yields for actual
days of milking of cows culled up to 30, 60, 90, etc. days. Figure 3 clearly indicates that for
the shortened curves that reached the peak of lactation, the peak was very early and had a
much lower value than for the rest of the herd, milked for 305 days.

If primiparous cows had not been culled due to low yields, this would clearly have
reduced the lactation yield of the whole herd. To determine the losses that would have
been caused by not culling these cows, a yield prediction using the Wood function was
prepared (Figure 3). Curves for shortened lactations were compared with the total yield
curve of the herd composed of previously culled cows and those that were milked until the
end of lactation (thick black line). Additionally, a curve (Figure 3) was plotted (dashed line)
for all cows except those culled before day 305 of lactation.

Figure 3. Milk yield curves for cows culled after day x of milking (red lines), extended based on predictions made using the
Wood function (thin black lines). Total curve for cows milked for 305 days and those with shortened lactation (dashed line).
Curve for cows milked at least 305 days (thick black line).
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Using the curves determined by the Wood function, the integrals from day 0 to day x
of milking and milk yield predict for 305 days were calculated for each successive function.
The values of these integrals correspond to the milk yield over the corresponding periods
(Table 3). These calculations are confirmed by the graphic (Figure 4), suggesting that culling
of cows after 30, 60 and 90 days of lactation prevented a significant reduction in the milk
yield of the whole herd, to 7109.765, 5610.461 and 9717.556 kg of milk, respectively, for
305 days of milking.

Table 3. Milk yields (kg) depending on the number of milking days—actual data (0–xi) and predicted
data (0–x305).

Milking Period
(0–xi

1)
Number of
Milkings

Number of
Cows

Yield in Period
0–xi

Yield in Period
0–x305

0–305 910 91 11,462.84 11,462.84

0–270 513 57 10,236.95 11,156.88

0–240 352 44 9602.265 11,478.32

0–210 434 62 8303.107 11,116.52

0–180 390 65 6779.897 10,653.34

0–150 255 51 5639.378 10,953.72

0–120 164 41 4622.313 9985.867

0–90 195 65 3356.83 9717.556

0–60 124 62 2138.613 5610.461

0–30 90 90 759.2602 7109.765
1 xi–final day of milking.

Figure 4. Predicted milk yield curves for culled primiparous cows. Legend: Dashed line—data for all cows milked in herd
T1 up to day 305 (including culled cows). Continuous line—data only for cows milked up to day 305. Dotted line—data as
for the dashed line, but excluding cows culled up to day 90. Dashed dotted line—data for average values from Figure 3.
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The milk yield for the period of 0–305 days of milking was calculated for the curves
from Figure 4. These values are similar and range from 11,348.95 to 11,614.94.

To determine how the early culling of cows with a yield below the adopted criterion
(24 kg milk) affects the total production of the herd, predicted yield was calculated for
a situation without this culling, taking into account the numbers of cows in each period.
If culled cows had been milked up to 305 days, without culling of those with the lowest
production, the total 305 d yield for the primiparous cows in herd T1 would have been
9798.13 kg of milk. By eliminating cows whose yield was too low, an additional 1586.87 kg
of milk per cow was obtained in this herd.

The result of the Kruskal–Wallis test (p = 0.003) indicated that the curves differed sta-
tistically significantly. Dunn’s non–parametric test of simultaneous multiple comparisons
with the Holma–Šidák correction was used for detailed comparisons. The results indicate
that charts y0 and y90–305 do not differ significantly statistically (p = 0.71), charts y0 and
y305 differ statistically significantly (p = 0.05), and charts y90–305 and y305 differ statistically
significantly (p = 0.001).

4. Discussion

Comparing the curves of milk yield and its components during lactation for different
feeding systems is a good way to check whether the diet used has met expectations, with
the cow as a biological test, in field conditions. Having access to feed components and very
precise computer software for balancing feed rations, many farmers use well-balanced
diets (Bach, 2020) [24]. However, it is not always possible to achieve the same results in
different herds. The daily amount of concentrated feed and the organization of its use are
also relevant.

Comparison of herds with well-balanced diets and very high milk yields (about
11,000 kg of milk for each herd) indicated that the T1 system resulted in by far the high-
est milk yield. The cows fed the same TMR diet throughout lactation produced more
milk on average (42.2 vs. 37.7 kg), and their curves had a higher peak compared with
animals fed PMR diets. Moreover, significant differences for peak milk yield were found
between feeding management systems (P1 vs. T1) with no division into feeding groups
according to days in milk). On the other hand, with the increase in milk production and
higher peaks, the contents and curves for protein, fat, and milk urea decreased. In the
case of herd T1, the curve for milk urea was similar to the curve for milk yield, with a
maximum at about 100 days of lactation for both curves. The similar genetic potential of
the herds might suggest that the reasons for these differences can be found in the feeding
management systems.

A similar conclusion was drawn by Sabbioni et al. (2012), who found a significant
difference in milk yields between traditional and TMR feeding [26,27]. Cichocki et al. (2007)
found that the use of TMR and PMR systems did not result in a statistical difference in
the level of milk production [28]. Several studies have compared TMR with PMR and
traditional feeding systems, in which the forage and concentrate components of the diet
are offered to cows separately. Bargo et al. (2002) compared three feeding systems (pasture
with concentrate, TMR, and PMR) and found that the TMR feeding system resulted in the
highest total milk production: cows produced 6.1 kg/day more milk than the cows from
the PMR treatment [29]. This finding was similar to the results of the present study, in
which dairy cows fed the same TMR ration throughout lactation, with no division into
feeding groups, produced 5 kg/day more milk than in the PMR treatment. Gordon et al.
(1995) found that feeding a complete diet resulted in 3.04 kg/day more milk than feeding
concentrate and silage separately, without altering the milk concentrations of fat and
protein [30]. In the present study, an increase in milk production and the highest peak of
the lactation curve were observed in the herd receiving the same TMR ration throughout
lactation. In the PMR treatment, the contents of protein, fat, and milk urea in the milk were
reduced. Lactation curves for milk and milk components in dairy cattle show variation
in peak yield and persistency of yield, partially explained by dietary composition and
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feeding management (Caccamo et al. 2012) [31]. Cabrita et al. (2007) [32] observed that low-
protein, low-starch diets decreased dry matter intake and milk production in mid-lactation
cows, but milk production responded to increases in dietary CP, starch, or both. Based
on the meta-analysis performed by Hristov et al. (2002) [33], starch (energy content) and
forage quality significantly affected herd curve traits, whereas Oba and Allen (2003) [34]
observed that cows in early lactation fed a high-starch diet (32%, DM) versus low-starch
diets (21%, DM) produce more milk and protein. Ikonen et al. (2004) found that milk
yield was negatively correlated with fat (r = –0.25) and protein (r = –0.27) percentages
in milk [35]. Moreover, Bargo et al. (2002) concluded that milk yield and milk chemical
composition curves were most likely to respond to TMR in studies involving high-yielding
cows (>28 kg/day) in early lactation [29].

MU (milk urea: MU = MUN × 21.4) is used in Europe and milk urea nitrogen (MUN)
in North America as a tool for monitoring diets (Siachos et al. 2017) [36]. Variance in MU
has been shown to be related to the ratio of dietary CP to energy, extended CP degradation
in the rumen and the amount of ammonia in excess of microbial N requirements, and
protein or energy intake in relation to feeding standards (Nousiainen et al. 2004) [37].
After a meal, microbial degradation of dietary protein is likely to cause an increase in
the concentration of rumen ammonia which, due to the transport of rumen ammonia
to the blood and the subsequent conversion of blood ammonia into urea by the liver, is
followed by rising in plasma urea nitrogen, and due to diffusion between blood and milk
as MU [38]. However, diets with a high rapidly degradable carbohydrate fraction may
result in a decrease of rumen ammonia immediately after feeding, because the degraded
protein in the rumen to ammonia is utilized for microbial protein synthesis [38]. In the
current study, in the case of herd T1, the curve for milk urea was similar to the curve for
milk yield, with a maximum at about 100 days of lactation for both curves, which could
probably mean that this feeding strategy, where cows fed the same TMR diet throughout
lactation might have the best balance of CP to carbohydrate ratio in the diet and utilization
of nitrogen. The above results are similar to those presented by Wood et al. (2003) [39], who
reported an increase in MU concentration after peaking of lactation. However, Mucha et al.
(2011) [40] showed that the lactation curves of MU did not seem to be affected by the milk
yield curve and differences may have been due to management or nutrition strategies.
Surprisingly in the current study of other feeding management systems such as P1, T2, and
T3, the increase in milk production was not correlated with MU concentration. The results
might suggest that after peaking of lactation, CP intake was too high or supply rapidly
degradable carbohydrates was too less for the effective microbial protein synthesis, which
had an effect on MU contents and curves.

Professional feeding of dairy cows is a very important target based on economic and
animal health reasons. Feed intake is characterized as dry matter intake (DMI) to compare
diets of variable moisture concentrations. DMI is affected by both animal and feed factors.
The weight of cows, milk production, and the stage of lactation or gestation are the major
animal factors. In practice, the grouping of cows in nutritional groups is based on milk
production, reproductive cycle and the days in milking. The cows are usually grouped
monthly, after milk recording. Metabolic processes increase if milk productivity increases
in dairy cows. Metabolization of body energy reserves during the early lactation enables
the cow to close the gap between the alimentary energy intake and its loss through milk
production [41]. Since the alterations in energy reserves have a considerable influence upon
the productivity, health, and reproduction of dairy cows [42], the monetarization of optimal
management of energy reserves is obviously needed. Indicators, which characterize dairy
cows metabolic processes is body condition score (BCS). The use of a body condition
scoring system is more useful than the measurement of body weight (BW) in feeding. BCS
has been widely recommended as a method of evaluating the nutritional management of
dairy cows [43]. It is a management tool used to elucidate if rations meet animal needs
or not. Feeding a cow according to its needs leads to optimal performance. Stefańska
et al. (2016) defined BCS as an indicator of how well the animal maintains energy reserves,
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reflective of the relationship between nutrition and milk production in a herd. Additionally,
the production of cows correlates with their body condition which is a wide and effective
method to evaluate the nutritional management of dairy cows [44]. Optimal BCS of
dairy cows is essential to obtain elite herd and quantity milk production because thin
or fat cows may have a greater risk of lower milk yield and higher milk somatic cell
counts [45]. Additionally, Atasever et al. (2017) found that cows with lower than 3.0 BCS
at calving showed lower milk production [46]. The highest lactation curve, greatest peak
and least persistency were obtained from cows calving at BCS 3.25. On the other hand,
over-conditioned animals, especially at the end of lactation or under-conditioned animals
especially at the beginning of lactation, would have a health problem. Agenas et al. (2003)
reported that, at the peak of lactation, the energy needs exceed the energy supply, which
generated negative energy balance (NEB) and in consequence decrease BCS and metabolic
disease occurrence [47]. On the other hand, after the peak of lactation, the energy needs
decreasing, which also is associated with decreasing the milk yield and lactation curve.
In this case, if the diets are not well balancing (too high-energy diet level in compiling to
the milk production) it might affect improving the BCS in late-lactation dairy cows and
then during the dry-off period, which has a negative effect because excessive energy intake
prepartum leads to metabolic problems and decreases DMI in the following lactation and
loss in milk production [48].

The milk yield curves were influenced by the herd management systems, including the
culling rate. The management method in the T1 herd increased average milk production by
about 1586.87 kg per primiparous cow. According to Zając-Mazur (2007), an increase in the
culling level contributes to progress in the herd through a faster change of generations [49].
Culling for economic reasons increases the utility and breeding value of the whole herd. A
study by Rogers et al. (1988) on the American population demonstrated that the optimal
percentage of herd culling for farms should be within the range of 25–35% to achieve an
economic profit [50]. In Europe, the culling rate is lower; Bergk and Swalve (2011) report
that more than 10% of primiparous cows are eliminated from the herd in Germany during
the first 300 days and more than 20% within 450 days after calving [51]. However, many
other studies demonstrate that in order to achieve satisfactory production results, a cow
should be used as long as its productivity is sufficient to cover the expenses incurred for its
rearing and maintenance. Juszczak et al. (2003) estimated that the cost of milk produced by
cows used only for the first three lactations is equal to its market value, and only when
used for a longer period do they begin to generate profit [13]. The authors also state that
the main source of economic losses lies in the cost of milk production from primiparous
cows used only up to 200 days, especially those culled during the first 100 days of lactation.
This effect is exactly the opposite of that observed in our study, which showed that earlier
removal of a low-yield animal from the herd and its replacement with an animal meeting
the productivity criterion increases the production of the entire herd, with better economic
results. This has also been confirmed by Borkowska and Januś (2009), who found that the
milk performance of cows was affected by the yield in the first lactation [14]. By far the
highest values, especially in the case of yield per day of milk use, were found for the most
productive primiparous cows. At the same time, the lower yield of the primiparous cows
was found to be associated with a higher percentage of milk fat and a lower percentage
of protein.

5. Conclusions

To sum up, the best production results in combination with a favourable lactation
curve were obtained in herd T1, in which cows were fed in the TMR system with no
division into feeding groups according to days in milk. A high rate of culling of cows
that does not meet the high production criterion in the first stage of lactation increases the
annual milk yield of the herd.
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Simple Summary: The current study employed RNA-seq technology to analyze the impact of heat
stress on the whole transcript sequencing profile in the mammary glands of lactating Holstein dairy
cows. In the findings of the current study, heat stress downregulated the expression of casein genes,
which resulted in a decrease in milk production. Moreover, heat stress upregulated the gene expression
of HSPA1A and HSP90B1, while it downregulated the expression of immune response-related genes
that resulted in a reduction in milk yield. Furthermore, there was an increased synthesis of heat shock
proteins and unfolded proteins that could reduce the availability of circulating amino acids for milk
protein synthesis. The findings of the current experiment may help to explore the impact of heat
stress on immune function, milk production, and milk protein synthesis in cows.

Abstract: Heat stress (HS) exerts significant effects on the production of dairy animals through
impairing health and biological functions. However, the molecular mechanisms related to the effect
of HS on dairy cow milk production are still largely unknown. The present study employed an
RNA-sequencing approach to explore the molecular mechanisms associated with a decline in milk
production by the functional analysis of differentially expressed genes (DEGs) in mammary glands
of cows exposed to HS and non-heat-stressed cows. The results of the current study reveal that HS
increases the rectal temperature and respiratory rate. Cows under HS result in decreased bodyweight,
dry matter intake (DMI), and milk yield. In the current study, a total of 213 genes in experimental cow
mammary glands was identified as being differentially expressed by DEGs analysis. Among identified
genes, 89 were upregulated, and 124 were downregulated. Gene Ontology functional analysis found
that biological processes, such as immune response, chaperone-dependent refolding of protein,
and heat shock protein binding activity, were notably affected by HS. The Kyoto Encyclopedia of
Genes and Genomes enrichment analysis found that almost all of the top-affected pathways were
related to immune response. Under HS, the expression of heat shock protein 90 kDa beta I (HSP90B1)
and heat shock 70 kDa protein 1A was upregulated, while the expression of bovine lymphocyte antigen
(BoLA) and histocompatibility complex, class II, DRB3 (BoLA-DRB3) was downregulated. We further
explored the effects of HS on lactation-related genes and pathways and found that HS significantly
downregulated the casein genes. Furthermore, HS increased the expression of phosphorylation
of mammalian target of rapamycin, cytosolic arginine sensor for mTORC1 subunit 2 (CASTOR2),
and cytosolic arginine sensor for mTORC1 subunit 1 (CASTOR1), but decreased the phosphorylation
of Janus kinase-2, a signal transducer and activator of transcription factor-5. Based on the findings
of DMI, milk yield, casein gene expression, and the genes and pathways identified by functional
annotation analysis, it is concluded that HS adversely affects the immune function of dairy cows.
These results will be beneficial to understand the underlying mechanism of reduced milk yield in
HS cows.

Keywords: heat stress; dairy cow; whole transcript sequencing; immune response; stress response
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1. Introduction

In livestock production, heat stress (HS) negatively affects livestock health and production [1].
However, the effects of HS on livestock production are different in different livestock breeds [2,3].
For example, HS in beef breeds is generally believed less critical as compare to dairy breeds because
beef breeds have lower metabolic rates and lower body heat production [2,3]. Therefore, most of the
studies explore the impact of HS on dairy animals’ health and production.

In dairy animals, the Holstein breed is one of the standard commercial dairy cattle breeds and is
widely known due to its high milk yield. In hot and humid seasons, the ability of Holstein dairy cattle
to dissipate body heat via skin evaporation is restrained due to its relatively low surface area to body
weight ratio, dense body surface hair, and underdeveloped sweat glands [4]. Therefore, Holstein dairy
cattle are at higher risk of facing even more severe heat stress [5]. Previous studies have reported
that HS negatively influences the production of milk and protein contents of milk in Holstein dairy
cows [6,7]. It is traditionally believed that HS results in lower dry matter intake (DMI), which reduces
the production of milk yield and protein contents of milk in dairy cows [8,9]. However, the utilization
of pair-fed thermal neutral (TN) controls in recent studies have demonstrated that decreased DMI only
partially (about 35–50%) explains the decrease in productivity [6,7]. It has also been reported that
lower DMI in HS cows is not only one of the main reasons for the decline in milk production [6,7].
Furthermore, it has also been reported that HS influences the cellular response that is responsible for
the decline in milk production and milk quality [10]. For example, Cowley et al. [7] found that HS
results in a reduction in milk protein as a result of downregulation of bovine mammary epithelial
cell (BMEC) activity [7]. Moreover, at the cellular level, heat stress adversely affects the function and
gene expression of casein in BMECs [11,12], especially the Alpha casein S1 (CSN1S1) [13]. The in-vitro
studies explored that high ambient temperature downregulates the gene expression involved in cell
structure, biosynthesis, and transport, whereas it upregulates the gene expression involved in protein
repair and degradation in BMECs [7,14].

However, the effect of HS on the whole transcript sequencing in mammary tissue of dairy cows
in-vivo is still unknown. Therefore, the current experiment was designed to investigate the global
expression profile of dairy cows’ mammary gland tissue during normal and HS state and to identify
the molecular pathways regulated in heat-stressed dairy cows by using RNA sequencing (RNA-Seq).
The objective of the current study is to explore the effect of HS on the molecular mechanism that
reduces the performance of dairy cows.

2. Materials and methods

2.1. Animals, Management and Experimental Treatments

All experimental protocols in the current study were conducted following the guidelines of the
Animal Care and Use Committee, constituted by Sichuan Agricultural University (Chengdu, China).
The current experiment was conducted at Qingbaijiang Dairy Farm of New Hope Dairy Co., Ltd.
(Chengdu, China). A total of twenty Holstein cows, with healthy and symmetrical udders, were selected
for this study. All the experimental cows were reared in a closed-type cowshed to avoid seasonal
variation and photoperiods on metabolism. Individual pens were assigned to each cow in such a way
that each cow had free access to fresh drinking water. The managemental regimes were the same for
all the experimental cows. A group of ten cows was considered for HS experimental treatment, while
the second group of 10 cows was considered for TN experimental treatment. In both experimental
groups, each cow was considered as a replicate. The basic information of experimental cows is shown
in Table 1.
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Table 1. Characteristics of the experimental cows.

Parameter TN (Thermal Neutral) HS (Heat Stress) p-Value

Number of cows 10 10
Parity 2.1 ± 1.0 2.2 ± 1.3 0.89

Lactation days 130.5 ± 15 123.4 ± 20 0.92
305-day milk yield (kg) 8993.7 ± 767.5 8933.2 ± 757.1 0.95

Average bodyweight (kg) 605.8 ± 58.1 603.5 ± 45.3 0.97

The samples of HS treatment were collected in the summer season (from mid-July to late August in
2018) when the environmental temperature–humidity index (THI) was enhanced from 72.5 to 86.9 over
one month and stabled at 80.5 for one week. The samples of TN experimental treatments were collected
in the spring season (from mid-March to late April in 2018) when environmental THI steadily increased
from 52.1 to 65.2 over a one-month period. Experimental cows were on the same diet throughout the
trial period. The duration of the adaptation period was 15 days, while the duration of the experimental
data collection was 30 days.

Animals were fed the diet in the form of a total mixed ration (TMR). The delivery of TMR was at
07:00, 14:00, and 20:00 h of the day throughout the experimental period. The diets of experimental animals
were formulated according to the recommendation of National Research Council (NRC 2001) for dairy
cows [15]. The experimental feed ingredients profile and chemical composition are shown in Table 2.

Table 2. Ingredients and chemical composition of the basal diet.

Ingredients (% of DM) Content

Corn 14.94
Soybean meal 4.98

Cottonseed meal 1.30
Rapeseed meal 0.42

Extruded full-fat soybean 2.21
Corn gluten meal 0.83

Dried distillers grains 1.11
Oat hay 5.03

Alfalfa hay 10.75
Whole cottonseed 3.42
Whole corn silage 38.87

Beet pulp 2.52
Molasses 3.42

Fatty power 0.57
Brewer’s grains 6.86

Limestone 0.77
Dicalcium phosphate 0.42

Vitamin–mineral premix 1 0.48
Sodium bicarbonate 0.70

MgO 0.14
NaCL 0.28

Chemical composition (%)
NEL (Mcal/Kg) 2 1.70

Crude protein 16.6
Ether extract 5.50

NDF 3 30.89
ADF 4 19.27

Ca 0.78
P 0.43

Ash 7.50
1 Provided TMR/kg: a min. of 10,000 IU of vitamin A.; 1850 IU of vit. D; 50 IU. of vit. E; 16.73 mg of niacin; 54 mg of
Zn; 12.5 mg of Cu; 0.45 mg of Se; 20.5 mg of Mn; 0.54 mg of Co; 0.945 mg of I. 2 Calculated. following NRC (2001)
recommendation and was, based on actual DMI.. 3 Neutral detergent fiber. 4 Acid detergent fiber.
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In the current experiment, relative humidity and temperatures were recorded on a daily basis.
The time of recording of temperatures and relative humidity was 07:00, 14:00, and 20:00 h of the
day. A hygrometer and a thermometer on one instrument panel (Jiangsu JingChuang Electric
Co. Ltd., Nanjing, China) were used for the determination of relative humidity and temperatures.
The temperature-humidity index was calculated according to NRC.1971.

THI = 1.8 × T + 32 − 0.55 × (1 − RH) × (T × 1.8 + 32 − 58) (1)

where T.was the ambient temperature determined by the dry bulb in ◦C. and RH was the relative
humidity in %.

Bodyweight (BW), rectum temperature (RT), respiratory rate (RR), and milk quality indexes were
recorded or determined for all experimental cows. Respiratory rate and RT were measured three times
a day at 07:00, 14:00, and 20:00 h. Respiratory rate was calculated by counting the total number of flank
movements/min for 120 s. Rectal temperature was obtained with a GLA 525/550 digital thermometer.

2.2. Sample Collection

On the last day of the experimental period, blood samples (duplicate samples) were taken from the
median coccygeal vein of each cow before first feeding (morning). Blood was collected into evacuated
tubes with and without anticoagulant. The samples of blood were kept at a cool place until they were
centrifuged for 15 min at 3000× g (4 ◦C) to separate serum or plasma. Obtained serum and plasma
were stored at −80 ◦C for further analysis. The concentrations of heat shock protein 70 (HSP70) and
lipopolysaccharide (LPS) in plasma were determined using an ELISA kit (Beyotime Biochemical Reagent
Co., Shanghai, China). Furthermore, the serum obtained was used to analyze nonesterified fatty acid
(NEFA) and glucose concentration by automatic biochemical analyzer 7600 (Hitachi, Tokyo, Japan).

After a 3-week rearing of experimental cows in either HS or TN group, three cows with the same
average milk yield were chosen for taking mammary gland samples. The biopsy procedure was carried
out according to established methods, as described in the previous study [16]. Biopsies were operated
after approximately 6 h of milk accumulation. To carry out the biopsy procedures, experimental cows
were properly restrained, and an intravenous injection of xylazine hydrochloride (35–45 μg/mg of BW,
romazine 2%, Healton Animal Health, Neijiang, China) was applied. A 10-cm2 area of udder skin on
the right rear quarter was clipped, cleaned, and sterilized. The area for biopsy was anesthetized by
injection (subcutaneous) of 3 mL of lignocaine hydrochloride (20 mg/mL. of lopaine, Healton Animal
Health, Neijiang, China). A 1–2 cm incision was made through the skin and gland capsule. The incision
was made in such a way to avoiding any large subcutaneous blood vessels.

The biopsy instrument (Wuhan Anscitech Farming Technology, Wuhan, China) was used to cut a
core (70 × 4 mm. in diameter) of mammary tissue. To control bleeding, we inserted a 3 × 5 cm surgical
plug (Healton Animal Health, Neijiang, China) into the wound. After that, Michel suture clips were
used to close the skin incision. Antibiotic powder was also applied onto the wound (terramycin powder
oxytetracycline hydrochloride (2% wt/wt), North China Pharmaceutical Group Corporation Veterinary,
Shijiazhuang, China). A single intramuscular dose of penicillin and streptomycin (4 mL/1000 kg of
BW, North China Pharmaceutical Group Corporation Veterinary, Shijiazhuang, China) was also given
instantly after the biopsy. After the biopsy, the cows were machine milked. To remove intramammary
blood clots, hand-stripping was used. Furthermore, cows were hand-stripped as required at each
milking for the next 4–7 days until all blood clots were removed entirely. Michel suture clips were
removed 7–10 days after the biopsy. In the subsequent duration of the experiment, after the first
milking, both rear glands received a prophylactic dose of intramammary antibiotic (200 mg of sodium
cloxacillin, North China Pharmaceutical Group Corporation Veterinary, Shijiazhuang, China). The same
intramammary antibiotic dosage was repeated after every two days. Representative tissues of the
mammary gland were sampled, weighed, washed by cold phosphate-buffered saline, and then kept in
liquid nitrogen until further analysis.
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2.3. RNA Isolation and Library Preparation

Total RNA was extracted from the mammary gland tissue of cows of the HS group and the TN group
by utilizing trizol reagent (Invitrogen, South San Francisco, CA, USA). The manufacturer’s protocol was
strictly followed to obtain total RNA. A NanoDrop 2000 spectrophotometer (Thermo Scientific Scientific,
Inc., Waltham, MA, USA) was used to evaluate RNA purity and quantification. Furthermore, to evaluate
RNA integrity, an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) was used.
Samples with an RNA Integrity Number (RIN) >7 were further subjected for analysis. The libraries
were constructed by employing the TruSeq Stranded mRNA LTSample Prep kit (Illumina, San Diego,
CA, USA) by following the manufacturer’s protocol. Then, these libraries were sequenced on an
Illumina HiSeq X Ten platform (OE Biotech Co., Ltd, Shanghai, China), and 150-bp paired-end reads
were generated.

2.4. Quality Control and Mapping

Raw reads were generated from the images by using Base Calling, and the quality of the raw reads
was checked by using Trimmomatic (San Diego, CA, USA). The low-quality reads and those containing
poly-N were removed [17]. Then, the clean reads were mapped to the cow genome (Bos taurus) by
using Hisat2 [18].

2.5. RNA-Seq Data Analysis

The FPKM (fragments per kb per million reads) value of each gene was measured by
using cufflinks [19]. Then, HTSeq-Count was used to obtain the read counts of each gene.
Differentially expressed genes (DEGs) were analyzed using the DESeq R package [20]. The corrected
p < 0.05 and fold change (FC) > 1.5 or fold change (FC) < 0.67 was set as the thresholds for significantly
differential expression. A hierarchical cluster analysis of DEGs was performed to examine gene
expression patterns. The DEGs were annotated by Gene ontology (GO) functional enrichment and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment using the R programming
language (3.5 versition, http://www.r-project.org/), based on the hypergeometric distribution.

2.6. Quantitative Real-Time PCR Analysis (qRT-PCR).

To verify the expression of DEGs identified by the RNA-seq approach, four DEGs, including HSP70,
HSP90B1, bovine lymphocyte antigen (BoLA), and major histocompatibility complex, class II, DRB3
(BoLA-DRB3), were randomly picked for real-time PCR analysis. Moreover, 10 genes involved in
lactation were selected for RT-PCR analysis, including CSN1S1, CSN2, CSN3, PRLR, STAT5A, STAT5B,
CASTOR1, CASTOR2, mTOR, and JAK2. The PrimeScript™ RT reagent Kit (TaKaRa, Kyoto, Japan)
was used to synthesis cDNAs in qRT-PCR from the same RNA extractions used for the RNA-seq.
Furthermore, cDNAs were diluted 1:5. Glyceraldehyde-3 phosphate dehydrogenase (GAPDH) was
selected as the control gene. qRT-PCRs were carried out in an ABI 7500 real-time thermocycler
(Applied Biosystems, Foster City, CA, USA). The primers used are listed in Supplementary Materials
Table S1. The comparative cycle threshold (2−ΔΔCt) method was used to determine the relative gene
expression. Data are expressed as mean.±.standard error of the mean and were analyzed using SAS 9.2
software (SAS Institute Inc, Cary, NC, USA).

2.7. Western Blot Analysis

Mammary gland tissues were solubilized in RIPA Lysis and Extraction Buffer (Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) to extract total protein. After boiling for 5–10 min, the protein samples
extracted from different cell suspensions were separated by SDS-PAGE and then transferred onto a
nitrocellulose membrane. The membrane was blocked with 5% nonfat dry milk prepared in Tris-buffer and
incubated with the primary antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) for 1 h at
room temperature. The membrane was then incubated with a horseradish peroxidase-conjugated anti-rabbit
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IgG secondary antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), for 4 h at room temperature.
The blot was developed using the ECL™Western Blotting Detection Reagent (GE Healthcare, Piscataway,
NJ, USA), and the proteins were visualized by enhanced chemiluminescence (Amersham Biosciences,
Piscataway, NJ, USA).

2.8. Statistical Analysis

Data for DMI, milk yield, milk composition, somatic cell count (SCC), HSP70, LPS, glucose, NEFA,
RR, and RT were analyzed by the t-test (SAS 2003, ver. 9.2, Inst. Inc., Cary, NC, USA). Each individual
cow was considered as an experimental unit. Statistical significance was set at p < 0.05.

3. Results

3.1. Temperature–Humidity Index and Physiological Index

The mean daily THI ranged from 55.6 to 63.2 during the spring period (averaged 59.8 in the
whole period). The mean daily THI was from 79.0 to 83.2 during the summer period (averaged 79.5
in the whole period). The details of THI in both experimental treatments are presented in Figure 1.
Respiratory rate and RT were higher (p < 0.01) in the HS experimental group than those in the TN
experimental group (Table 3).

Figure 1. Temperature–humidity index at 07:00, 14:00, and 20:00 h, and mean.

Table 3. Respiratory rate and rectal temperature of lactating Holstein cows in TN and HS groups.

Table
Treatment

SEM p-Value
TN HS

Respiration rate
(breath/min)

0700 35.6 72.4 2.51 0.03
1400 39.3 89.6 3.31 <0.01
2000 41.3 84.3 4.32 <0.01

Rectal temperature
(◦C)
0700 38.2 39.2 0.08 <0.01
1400 38.5 39.5 0.09 <0.01
2000 38.4 39.3 0.07 <0.01
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3.2. Effect of Exposure of Heat Stress on Milking Performance and Blood Biochemical Indexes

The results of milk production, milk composition, and blood biochemical indexes are presented
in Table 4. Milk production decreased in animals of the HS group (p < 0.01) as compared to the TN
group animals. Results also revealed a dramatic loss of BW and DMI in the animals of the HS group
(p < 0.01). Both protein and fat in milk were decreased in the HS group animals (p < 0.05). In addition,
the concentrations of plasma LPS, HSP70, and NEFA were enhanced, whereas the level of glucose was
reduced in the HS group (p < 0.05).

Table 4. Milk yield, dry matter intake, milk composition, and somatic cell count of cows in the TN and
HS groups.

Items
Treatment

SEM p-Value
TN HS

Milk yield (kg/d) 42.5 35.6 2.03 <0.01
DMI (kg/d) 23.5 21.4 0.10 <0.01

Milk Protein % 3.2 2.8 0.07 0.03
Milk protien yield (kg/d) 1.3 1.0 0.06 0.12

Milk Fat % 4.3 3.8 0.14 0.04
Milk Lactose % 4.6 4.7 0.03 <0.01

UN of milk (mg/dL) 13.9 14.6 0.86 0.51
LPS (EU/L) 691.4 948.1 72.81 0.01

HSP 70 (ng/mL) 7.8 14.0 1.31 <0.01
Glucose (mm/L) 2.8 2.2 0.22 0.03

NEFA (μm/L) 167.0 238.2 18.51 0.02
SCC 1000/ML 266.0 307.1 132.46 0.76

3.3. HS Group Changed the Transcriptome in Mammary Gland Tissues

An average of 49.30 million raw reads was generated from TN and HS libraries. After filtering
out low-quality sequences, we had 47.4 to 48.76 million total tag numbers per library. High-quality
(Q > 30) reads accounted for 95.27–96.04% of the reads and the GC percentage of each library ranged
from 46.90% to 49.24% (Supplementary Materials Table S2). In order to evaluate the transcript profiling
data, principal component analysis (PCA) was applied to capture the overall variance among the
samples in two dimensions (Figure 2B). The principal component analysis illustrated that a significant
difference existed between the TN and HS groups. Two hundred and thirteen DEGs were identified,
among which 89 were upregulated and 124 downregulated (Figure 2E). The DEG profiles in six samples
are shown in Figure 2C,D.
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Figure 2. Effect of HS on transcriptomes in mammary gland tissues. (A) The distribution of FPKM
(fragments per kb per million reads) values in HS and TN groups. (B) Principal component analysis
was utilized to determine the reliability of the data, simplify the complexity of RNA-seq, and reduce the
effective dimension of gene expression space. Heatmap (C) and volcano map (D) show the differentially
expressed genes between HS and TN groups. (E) A total of 213 differentially expressed genes (DEGs)
were identified, among which 89 were upregulated, and 124 downregulated between the groups studied.

3.4. Gene Ontology Enrichment Analysis

GO analysis was carried out to determine the biological function of DEGs in dairy cow mammary
glands, which were enriched by 913 GO terms (p < 0.05). The top ten terms in each category,
including cellular component, biological process, as well as molecular function, are listed in the
column charts (Figure 3). The result showed that the most affected functional category was related to
immune response, including antigen processing (GO: 0002476), T-cell-mediated cytotoxicity regulation
(GO: 0001916), acute-phase response (GO: 0006953), and immune response (GO: 0006955). Most of
those immunology-related terms in which HS downregulated the expression of genes were also the
top terms in the category. On the other hand, most of the terms in which heat stress upregulated the
expression of genes were involved in heat shock response, such as chaperone-dependent refolding of
protein (GO: 0051085), inflammatory response (GO: 006954), and heat shock protein (HSP) binding
activity (GO: 0031072).
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Figure 3. Gene ontology enrichment analysis. The genes from hierarchical clustering were further
analyzed with the Database for Annotation Visualization and Integrated Discovery. The categories of
the most affected genes were shown as the most upregulated (up), downregulated (down), and overall
(total) effected. The top-10 terms in each category, including cellular component, biological process, as
well as molecular function, are listed in the column charts.

3.5. Biological Pathway Affected by HS

To get a better insight into biological function, the GO information of the DEGs were further
analyzed with the help of the KEGG database. The evaluation and comparison of the 20 different
most-affected pathways were filtered out via p-value significance (Figure 4 and Supplementary
Materials Figure S1). Nearly all these top-affected pathways could be related to the immune and heat
shock response mentioned in Table 5. Six pathways are associate with exogenous pathogen invasion,
including viral myocarditis, Epstein-Barr virus infection, Herpes simplex infection, Staphylococcus aureus
infection, leishmaniasis, and antigen processing and presentation. In addition, four of them have
a very close relationship to an autoimmune disorder, including rheumatoid arthritis, autoimmune
thyroid disease, asthma, type I diabetes mellitus asthma, and all of them are associated with cellular
responses by heat stress, including antigen processing and presentation, protein processing in the
endoplasmic reticulum, and spliceosome. Therefore, all the results are directly or indirectly linked
with immune regulation.
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Figure 4. The top-20pathways of HS-vs.-TN (total) ofKyoto Encyclopedia of Genes and Genomes enrichment.

Table 5. Significantly enriched KEGG pathways of downregulated and upregulated genes.

Term p-Value Genes Gene Expression

bta05416, Viral myocarditis <0.01 BoLA; BOLA; BOLA-DRB3;
BOLA-DYA; LOC512672; LOC524810 Down

bta05169, Epstein-Barr virus
infection <0.01 BoLA; BOLA; BOLA-DRB3;

BOLA-DYA; LOC512672; LOC524810 Down

bta05168, Herpes simplex infection <0.01 BoLA; BOLA; BOLA-DRB3;
BOLA-DYA; LOC512672; SP100 Down

bta05150, Staphylococcus aureus
infection <0.01 BOLA-DRB3; BOLA-DYA;

LOC524810 Down

bta5140, Leishmaniasis BOLA-DRB3; BOLA-DYA;
LOC524810 Down

bta04612, Antigen processing and
presentation 0.001 BoLA; BOLA; BOLA-DRB3;

BOLA-DYA; LOC512672 Down

bta05323, Rheumatoid arthritis 0.003 BOLA-DRB3; BOLA-DYA;
LOC524810 Down

bta05320, Autoimmune thyroid
disease <0.01 BoLA; BOLA; BOLA-DRB3;

BOLA-DYA; LOC512672; LOC524810 Down

bta05310, Asthma <0.01 BOLA-DRB3; BOLA-DYA;
LOC524810; MS4A2 Down

bta04940, Type I diabetes mellitus <0.01 BoLA; BOLA; BOLA-DRB3;
BOLA-DYA; CPE; LOC512672 Down

bta04612, Antigen processing and
presentation 0.001 HSPA1A; HSPA8; LOC618733,

HSP90B1 Up

bta04141, Protein processing in
endoplasmic reticulum 0.002 DNAJA1; HSPA1A; HSPA8; HSPH1,

HSP90B1 Up

bta03040, Spliceosome <0.01 HSPA1A; HSPA8; PHF5A; SNRPG Up
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3.6. Identification of Differentially Expressed Genes in Response to HS Group

The results of qRT-PCR are presented in Figure 5. Results revealed that fourteen genes were
significantly affected by HS. RNA-seq results showed that HSP70 and HSP90B1 were upregulated
while BoLA and BoLA-DRB3 were downregulated in the HS group. Moreover, HS decreased the gene
expression of CSN1S1, CSN2, CSN3, PRLR, STAT5A, STAT5B, and JAK2, while HS increased the gene
expression of CASTOR1, CASTOR2, and mTOR. The change was also consistent with that of their total
protein products (Figure 6). The phosphorylation of mTOR was increased while the phosphorylation
of JAK2 and STAT5 was decreased in the HS group.

 
Figure 5. The relative expression of heat shock and immune response genes (A), casein genes (B),
JAK/STAT5 pathway genes (C), and mTOR pathway genes between both TN and HS groups (D).
* p < 0.05 vs. TN group.

 

Figure 6. Identification of differentially expressed protein by Western blot assay (WBA). The WBA was
carried out to find the protein and phosphorylation levels. * p < 0.05 or ** p < 0.01 vs. TN group. Ns:
no significance.

4. Discussion

In intensive management systems, THI has been widely used as vital indicator to assess HS in
dairy production, and it is generally recognized that when THI is above 68, dairy cows experienced
HS [21]. In the current study, it was observed that the averaged THI in the HS group was ranged
from 79.0 to 83.2 (Figure 1), which was much higher than the minimum THI (THI = 68) needed to
induce HS in cows. Therefore, it could be assumed that cows in the HS group suffered from heat stress.
It has been reported that milk yield drops sharply when THI is above 69 [22]. In the present study,
the reduction of 16% milk yield could be related to higher THI in HS group cows. Respiratory rate
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and RT are the most imperative physiological indexes for evaluating the occurrence of HS in lactating
cows [23,24]. It has been reported that heat stress rapidly enhances the lactating dairy cows’ RT and
respiration rate [25]. Moreover, it has been reported that higher respiration rates and RTs are signs
of HS for lactating dairy cows [26]. In the current study, higher respiration rates and RTs in the HS
group further confirmed that the HS group cows experienced heat stress in the current experiment.
Several study reports have suggested that heat stress persuades cell apoptosis [13], disturbs the
normal biological activity of BMECs [12,13], and provoked intracellular thermotolerance responses of
BMECs [10]. Furthermore, HS inhibited the transcription and translation of RNA in BMECs [14,27],
especially the gene expression of CSN1S1 [12,13]. In the current experiment, casein-coding genes
were downregulated in the animals of the HS experimental treatment group as compared to the
animals of the TN experiment treatment group. Findings of the current experiment are in line with the
findings of researchers who have reported that at the cellular level, heat stress adversely affects the
function and gene expression of casein in BMECs [10–12], especially the Alpha casein S1 (CSN1S1) [13].
Downregulation of casein-coding genes in the current study could be another reason for decreased
milk production in HS group cows.

HSPs function as molecular chaperones and are the most recognized cellular responses by heat
stress. HSP70 is an abundant and sensitive acute protein during heat stress periods [28] and known
as a reliable indicator of harsh environmental stress [29,30]. HSP70 also plays an important role
in conferring thermo-adaptability and high levels of heat resistance of cells [31]. In the present
experiment, an enhanced concentration of HSP70 in plasma was found in cows from the HS group.
Furthermore, gene expression of HSP90B1 and HSPA1A (HSP70) in mammary gland tissue were also
upregulated in cows of the HS group. These results are similar to the results of previous researchers
who have reported that the gene expression and synthesis of HSP (such as HSPA1A, HSP90, HSP27)
were elevated when the cows suffered heat stress [11,12,32]. Moreover, GO enrichment analysis showed
that HSP90B1 and HSPA1A (HSP70) genes were involved in chaperone-dependent refolding of proteins
(GO: 0051085) and HSP binding activity (GO: 0031072). It has been reported that the endogenous
protein stores might have alternative fates during heat stress, and the synthesis of HSP70 during
harsh weather may reduce the presence of circulating amino acids for synthesis of milk protein [33].
Therefore, when dairy cows experience heat stress, their cells produce a large number of HSPs,
improperly folded protein, and unfold protein, which could be one of the factors contributing to the
decrease in synthesis of milk protein. The results of blood glucose in the present study are in line
with previous reports that have revealed that plasma glucose concentration was decreased by heat
stress [34,35]. Heat stress could attenuate the response of the immune system significantly through
effectively suppressing the blood glucose in dairy cows [36]. In vitro studies have suggested that heat
stress weakens the functionality of immune cells isolated from thermal-neutral dairy cattle, including
the ability to migrate and proliferate, phagocytose, and kill [37,38]. In our study, a GO enrichment
analysis result showed that most of the affected functional category were related to immune response,
such as antigen processing (GO: 0002476), T-cell-mediated cytotoxicity regulation (GO: 0001916),
acute-phase response (GO: 0006953), and immune response (GO: 0006955). These results indicate a
possible severe compromise in the immune system after the dairy cows experience heat stress.

The KEGG pathway analysis found that almost all of the top-affected pathways were related to
immune response. Many genes are involved in those pathways, including HSPA1A (HSP70), HSP90B1,
BoLA, BoLA-DYA, LOC512672, LOC524810, and BoLA-DRB3. A unique and most vital observation of
this study is that the antigen processing and presentation pathway (bta04612) was significantly affected
in HS group cows (Supplementary Materials Figure S2). In this pathway, the expression of the major
histocompatibility complex (MHC) genes (BoLA, BoLA-DYA, and BoLA-DRB3) was downregulated
while the gene expression of HSPA1A and HSP90B1 was elevated. Previous studies have also reported
that in hot environmental conditions, HSP90 mRNA expression was significantly higher in Sahiwal,
Tharparkar, and Murrah buffalo [39], Frieswal cattle [40] and goats [41]. It has been reported that
HSP90B1 is the most available glycoprotein in the cell endoplasmic reticulum [42], and it is involved in
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the transport and processing of excreted proteins [42,43]. HSP90B1 has been associated as an essential
immune chaperone to regulate both adaptive and innate immunity [44]. It has also been reported
that HSP90B1 is necessary for the start of the innate immune response in animals [45]. Thus, it could
be speculated that the enhanced expression of HSP90B1 in heat stressed cows of the current study is
related to the innate immune response.

The MHC genes like BoLA have received attention because of their relationship with the induction
and regulation of immune responses of dairy cows [46]. Their function is to present foreign antigens
(such as Staphylococcus aureus), after intracellular processing, to T-cells for a successful immune
response [47]. It was reported that class II positive leukocytes specifically respond to local infusion of
Streptococcus uberis in the bovine mammary gland [48–50], which could be related to clinical mastitis of
dairy cows [51]. In the current experiment, we found that the expression of BoLA and BoLA-DRB3
was downregulated in the pathway of antigen processing and presentation and the pathway of
Staphylococcus aureus infection (bta05150), suggesting that the infection rate of cows was elevated
in HS group due to exposure of heat stress. These findings are similar to the reports of earlier
researchers who reported that dairy cows had a higher infection rate of Staphylococcus aureus and
Corynebacterium pseudotuberculosis, a higher rate of clinical mastitis, and higher milk SCC when exposed
to hot environments [51,52].

Both the acquired and innate immune responses can identify parts of pathogens called
pathogen-associated molecular patterns, such as peptidoglycan bacterial DNA and LPS [53].
We observed that the cows in the HS experimental treatment had an expressively high level of
LPS compared to the cows in the TN experimental treatment. The higher blood level of LPS and
LPS-binding protein in the HS group animals suggest that heat stress activates a systemic inflammatory
response [54]. It was reported that infusion of LPS intravenously in cows activated the immune system
and resulted in the consumption of more glucose within 12 h after infusion, and it was concluded
that immune activation redirects available nutrients from production to the immune system [55].
Therefore, the decrease of plasma glucose concentration and the increase of LPS concentration, along
with the upregulation of HSP90B1 gene expression, and the downregulation of BoLA and BoLA-DDR3
gene expression in HS cow mammary gland tissues of the current experiment, means that exposure
to heat activates the inflammatory responses and immune system, which redirect the nutrients from
production to the dairy cows’ immune system.

It has been reported that prolactin (PRL) is correlated with hormones such as hydrocortisone and
insulin during the lactation periods of cows [56] and known to turn on milk protein gene expression [57]
via STAT5 phosphorylation by the PRLR and JAK2 [56,58]. The importance of STAT5 and PRLR in
lactation has been shown in knockout mice in a previous study; it was reported that the removal of
one of these proteins results in diminished mammary gland development and lactation [59]. It has
also been reported that suppressors of cytokine signaling (SOCS) proteins and cytokine-inducible
SH2-containing proteins (CIS) compose of a family of intracellular proteins [60] that are stimulated by
PRL, act through feedback to inhibit cytokine signaling [61], and regulate the responses of immune
cells to cytokines [60]. In particular, SOCS-1 and SOCS-3 have been shown to bind to cytokine receptors
or to receptor-associated Janus-associated kinases to inhibit the activation of signal transducers and
activators of transcription members, and ultimately interferon signaling [62]. Interestingly, in our study,
the Jak/STAT5 pathway members, like JAK2, PRLR, STAT5A, and STATB, were also downregulated in
the HS group, implying that exposure to heat could suppress the JAK2/STAT5 pathway to reduce milk
production and suppress immune response. Therefore, it could be assumed that heat exposure to cows
affects the immune function through changes in the PRL signaling pathway.
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Previous studies on cows and mice have reported that amino acids, like leucine, isoleucine,
methionine, and threonine, act as signaling molecules and positively regulate milk synthesis and
lactation [63]. The milk synthesis and lactation regulation are generally believed to be conducted
through amino acids sensors like vacuolar H+-ATPase, SLC38A9, Sestrin2, CASTOR1 homodimer,
and CASTOR1-CASTOR2, which serve as upstream activators of mTORC1 [64]. After being activated,
the mTOR pathway regulates its targets to promote milk protein synthesis [65]. It has been reported
that bovine mammary cells, which were incubated in high temperature (42 ◦C), reduced protein
translation by reducing the mTOR downstream pathway activity [66,67]. In contrast to the findings
of Kaufman et al. [66] and Salama et al. [67], we observed that heat exposure to cows enhanced the
gene expression of CASTOR1, CASTOR2 and phosphorylation of mTOR. However, findings of the
present experiment are similar with the results of previous researchers, who stated that mTOR is
negatively related to milk production [68]. It has been further reported that mTOR is one of the most
classic autoimmune response regulators [69,70], and we also found that several autoimmune-related
pathways were found to be significantly changed by HS exposure, which suggests a tight connection
among the increased mTOR, reduced milk production, and immune response.

5. Conclusions

The current study employed the RNA-seq technology to analyze the impact of HS on the whole
transcript sequencing profile in the mammary glands of lactating Holstein dairy cows. The results of
the current study reveal that heat stress downregulates the expression of casein genes, which result
in a decrease in milk production. Moreover, according to functional annotation analysis, heat stress
upregulates the gene expression of HSPA1A and HSP90B1, while iy downregulates the expression of
immune response-related genes (BoLA and BoLA-DRB3) that eventually affected the immune function
of the dairy cows and resulted in a reduction in milk yields. Furthermore, the results also reveal that
under heat stress, the synthesis of heat shock and unfolded proteins was increased, which could reduce
the accessibility of circulating amino acids for milk protein synthesis. Findings of current experiment
may help to explore the impact of heat stress on immune function, milk production, and milk protein
synthesis in cows.
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of sequencing data quality preprocessing.
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Simple Summary: The metabolism of cows up to the peak of lactation significantly influences
production parameters and the quality of the production cycle. The aim of this study was to analyze
the energy metabolism of selected breed groups of cows and its variability in different stages of early
lactation. The analysis was performed using data on the following parameters: body condition score
(BCS), fatty acid (FA) fractions, basic milk constituents, and serum parameters (BHBA, glucose, and
leptin). Holstein-Friesian (HF) cows and HF crossbreds with Black-and-White Lowland (BW) bulls
generally had higher daily yields and reached the peak of lactation earlier. These cows, however,
suffered the greatest loss in BCS, which led to higher levels of non-esterified fatty acid (NEFA)
in the blood than in the other groups. Cows entering the peak of lactation with less intensive
production were shown to have lower levels of leptin and higher glucose concentrations in the
blood. The smaller loss of BCS in these cows did not lead to rapid lipolysis, and therefore the release
of large amounts of non-esterified fatty acids and β-hydroxybutyrate into the blood was limited.
The milk of breed groups that had somewhat lower yield and reached the peak of lactation about
11 days later (Simmental and Black-and-White Lowland) had a more beneficial fatty acid profile
and casein content. The results indicate that one of the important factors influencing the intensity of
lipolysis is leptin, which regulates appetite. The Simmental and Black-and-White Lowland groups
had lower concentrations of leptin. This suggests the need for further research on how appetite and
the prolongation of feed intake is linked to longer availability of nutrients, including glucose.

Abstract: During early lactation in dairy cows, metabolic processes are adopted to provide energy
and nutrients for the synthesis of milk compounds. High milk production potential includes sud-
den changes in energy metabolism (negative energy balance (NEB)) that can induce uncontrolled
lipomobilization and high blood free fatty acid (FFA) levels. Destabilization of cows’ energy may
interfere with endocrine homeostasis, such as the secretion of leptin, a co-regulator of the appetite
center. Therefore, it is important to analyze the physiological aspects of the maintenance of energy
homeostasis in various dairy breeds. Usually it is crucial for the health of cows, influences the
production cycle and lifetime yield, and determines the profitability of production and milk quality.
The aim of this study was to analyze the energy metabolism of selected breed groups of cows and
its variability in different stages of early lactation. The analysis was performed using data on the
following parameters: body condition score (BCS), fatty acid (FA) fractions, basic milk constituents,
and serum parameters (BHBA, glucose, and leptin). These results were analyzed in relation to
parameters of energy metabolism during the stage up to the peak of lactation. An earlier peak of
lactation was shown to be conducive to an increase in the content of non-esterified fatty acids (NEFAs)
and of casein and κ-casein. During the study period, parameters characterizing the maintenance
of energy homeostasis were usually lower in the Simmental and Black-and-White Lowland cows.
Compared to the group with the highest production, their yield was from 2.8 to 4.7 kg lower, but the
milk had a more beneficial fatty acid profile and nutrient content, determining suitability for cheese
making. At the same time, they had lower levels of NEFAs and β-hydroxybutyrate in the blood,
which indicates less spontaneous lipolysis of fat reserves. Concentrations of the appetite regulator
leptin in the blood were correlated negatively (p ≤ 0.05) with the glucose concentration (–0.259) and
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positively with NEFA (0.416). The level of NEFAs was at the same time positively correlated with the
content of saturated fatty acids in the milk (0.282–0.652; p ≤ 0.05). These results contribute to our
knowledge of the effect of production intensity on the maintenance of homeostasis up to the peak
of lactation in dairy breeds with differing production potential. In practice, this may increase the
possibilities of improving milk quality and the profitability of production.

Keywords: cattle; peak of lactation; lipolysis; fatty acids; casein

1. Introduction

Research on improvement of the fatty acid (FA) profile of milk indicates that apart
from the yield of cows, the FA profile is largely determined by the availability of substrates
in the diet, fermentation processes in the rumen [1], changes in FAs in the mammary
gland [2], and the seasonality of production [3,4]. A significant proportion of substrate
transformations, about 85%, involve ester hydrolysis and biohydrogenation in the ru-
men [5]. The main product of these transformations is energy derived from acetate and
β-hydroxybutyrate (BHBA) [1,6]. Up to the peak of lactation, the level of energy is usually
insufficient. This induces spontaneous and excessive lipolysis of fat tissue [7,8] and is
conducive to the production of non-esterified fatty acids (NEFAs) [9]. Synergy of endoge-
nous factors (negative energy balance, glucose level, and leptin secretion) usually antagonizes
feed intake and intensifies the excessive production of NEFAs and BHBA in the liver [10–12].
This mechanism involves the appearance of a negative energy balance (NEB) and is linked
to the physiological demands of maintaining body functions and increased milk produc-
tion. According to Drackley et al. [13], these factors can increase the demand for nutrients
threefold. The energy deficit increases the mobilization of reserves of energy deposited in
the adipocytes. This induces lipolysis of adipose tissue [8] and causes a sharp decline in
BCS, which is conducive to the release of oleic acid from the adipocytes [9,11]. Research by
Ducháček et al. [14] and Vernon [15] shows that this process need not adversely affect the
nutritional value of milk, but it does affect the overall health of cows [14]. Excessive lipoly-
sis of adipose tissue is conducive to the production of non-esterified fatty acids (NEFAs) [9],
probably because the FA profile of milk is determined at many levels. Apart from bacterial
metabolism in the rumen, FAs are also synthesized de novo in the udder. Lipogenesis here
is mediated by stearoyl–CoA desaturase, which mainly affects FAs containing 14 to 18
carbon atoms [16]. Entering the mammary gland together with the blood, these acids affect
the quality of milk fat [2]. After the peak of lactation, the energy generated promotes the
synthesis of short- and medium-chain fatty acids [2,9]. These acids can undergo further
modification in the udder. This process mainly requires β-hydroxybutyrate and acetate
derived from fermentation in the rumen [17]. Previous research has focused primarily on
environmental factors and the possibility of modifying the FA profile through diet and feed
quality. There is little information, however, linking the energy metabolism and productive
potential of dairy breeds with the nutritional properties of the milk they produce. In pro-
duction practice, up to the peak of lactation, this information can be valuable, providing
the possibility to improve dairy herds and increase the suitability of milk for processing.
The aim of this study was thus to analyze the energy metabolism of selected breed groups
of cows and its variability in different stages of early lactation. The analysis was performed
using data on the following parameters: BCS, FA fractions, basic milk constituents, and
serum parameters (BHBA, glucose, and leptin).

2. Materials and Methods

The study was carried out on four breed groups of dairy cows: Holstein-Friesian
(HF) cows with more than 75% genes of the breed (20 cows); Simmental (SIM) (20 cows);
Black-and-White Lowland (BW), a conserved breed (20 cows); and HF×BW crossbred cows
(50:50%—20 cows). The average milk production was characterized by the mean (least-
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squares method—LSM) and standard error (SE) and age of the cows (LSM ± SE) in each
group were as follows: for HF, 8450 ± 42 L and age 2.7 ± 0.21; for SIM, 7342 ± 42 L and age
2.8 ± 0.31; for BW, 6253 ± 35 L and age 3.1 ± 0.52; and for HF×BW, 7235 ± 38 L and age
2.6 ± 0.81. The cows were from four farms and constituted separate experimental groups.
The animals were evaluated on average from the 6th day postpartum. The experiment was
completed after 110 days of lactation on average.

2.1. Feeding and Housing of Cows

The HF and HF×BW cows were kept in pens with separated resting boxes, whereas
the cows in the other groups (SIM and BW) were tethered. The cows had direct access to
feed and water (open drinkers), and their living conditions met the requirements of good
production practice.

Nutrient requirements were established based on information about feed quality [18],
the approximate body weight of the breed groups, and forecast milk production for the
analyzed stages of lactation (SLs): days 5 to 30 (SL I), days 31 to 60 (SL II) and days 61 to 99
(SL III). The nutritional value of the feed was determined by chemical analyses performed
a few days prior to each stage of lactation. Percentages of particle sizes in the feed were
determined at the same time. The body condition score (BCS) of the cows was also assessed
before each stage of lactation, using a five-point scale. The average from three independent
scores was calculated. The BCS was used as an indicator for NEB.

Nutrient requirements and balancing of the diet were determined according to feeding
standards for ruminants [19] and INRAtion software. HF and HF×BW cows were fed in a
total mixed ration (TMR) system, with the ingredients mixed in a feed wagon. The SIM
and BW groups were fed in a partially mixed ration (PMR) system, in which the feed
components were placed directly on the feed platform and mixed. In all groups the cows
were fed three times a day (on average every 8 h), using feed pushing. The composition of
the diet was similar in all herds (Table 1).

Table 1. Feed components and balancing of the diet of the genetic groups. Sample collection and
analytical methods. HF—Holstein-Friesian, BW—Black-and-White Lowland, SIM—Simmental.

Forage/Parameters
Breed Group

HF×BW HF SIM BW

Number of cows in the group (n) (20) (20) (20) (20)
Silage maize (kg) 8.73 3.98 5.04 4.86

Haylage (kg) 3.66 5.06 6.35 5.98
Ground cereals 1 (kg) 1.31 0.44 0.87 1.31

Supplementary feed Krowimix 18 DE (kg) 1.34 0.45 0.8 1.07
Ground rapeseeds (kg) 1.41 0.88 1.58 1.58

Straw (kg) 0.42 0.48 0.47 0.54
Hays (kg) 0.81 1.64 1.58 1.64

Mineral compound suplement (kg) 0.15 0.14 0.12 0.15
Limestone (kg) 0.10 0.12 0.12 0.11

Total protein (%) 14.2 13.7 13.2 13.8
Dry matter(%) 48.1 47.9 48.5 48.8

Acid detergent fiber (ADF) (%) 22.1 22.5 20.2 19.9
Neutral detergent fiber (NDF) (%) 34.8 34.4 33.5 32.4

Physically effective NDF (peNDF) (%) 14.1 13.9 13.4 13.8
Uneaten feed(%/day) 16.7 17.1 13.4 15.1

Energy (MJ NEL):
Request 128.5 132.6 125.8 121.5
Intake 112.6 112.8 115.6 110.9
Balace –15.9 –19.8 –10.2 –10.6

Dry matter intake (DMI) (kg/day) 15.7 15.1 16.2 15.9
1 barley to 50%, triticale to 20%, oats to 20%, rye to 10% of the participation; NEL—net energy for
lactation
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The average amount of uneaten feed in each group was determined based on weighing
five times a month. On this basis, the average dry matter intake (DMI) was calculated.
The average percentages of particle sizes in the diet (PSPS sieves) were as follows: >19 mm
(7%), 8–19 mm (52%), 4–8 mm (19%), and ≤4mm (22%). About two weeks before calving,
the cows received a preparatory diet. The animals did not show any disease symptoms,
e.g., perinatal diseases, ketosis, or acidosis, indicated by milk urea concentration or blood
BHBA. To rule out the effect of differences in the diet and housing conditions (farms), a
cluster analysis was performed, taking into account the actual energy intake and DMI,
considered to be the main factors inducing a negative energy balance (NEB). The analysis
showed a high similarity between the farms for these parameters: 0.682 to 0.921 in the case
of housing and 0.589 to 0.729 for the diets used on the farms.

2.2. Sample Collection and Analyses

Milk samples of about 250 mL were collected using a calibrated milk meter (DeLaval)
that simultaneously measured the amount of milk. Milk was collected on average on
the 7th day after the start of each SL and 7 days before the end of each SL. In total,
480 milk samples were collected (2 samplings × 3 SLs × 20 cows × 4 breeds). Milk from
morning and evening milking was mixed into one sample. The samples were stored in
refrigerated conditions (4 ◦C ± 0.5 ◦C). The content of protein, fat, lactose, dry matter,
and urea in the milk was determined using the Bentley Combi 150 (Bentley Instruments,
Chaska, MN, USA). The analysis was performed in a laboratory accredited by the Polish
Accreditation Centre.

The content of caseins was determined in skimmed milk (after centrifuging). Total ca-
sein was determined using the Kjeldahl method [20] after separating and purifying the
precipitate (casein) in buffer with pH 4.6. The content of κ-casein was determined by HPLC
(Varian Inc., Palo Alto, CA, USA). Preparation of the matrix additionally involved dissolv-
ing the purified casein precipitate in buffer with pH 8.0 and filtering it (nylon syringe filter;
0.25 μm/0.45 μm; Alchem, Poland). Casein proteins were separated on an XB-C18 column
(250 × 4.6 mm; Aeris Widepore, Phenomenex, US: 708385-2 S.N.) using carrier phases
A—TFA/Acetonitryl (0.1N) and B—TFA/H2O (0.1N).

The FA (fatty acid) profile of the milk fat was determined using GLC;Agilent 6890N
(Agilent Technologies., Wilmington, DE). The following FA groups were distinguished:
short-chain fatty acids (SCFAs), long-chain fatty acids (LCFAs), saturated fatty acids (SFAs),
monounsaturated fatty acids (MUFAs), polyunsaturated fatty acids (PUFAs), and unsatu-
rated fatty acids (UFAs). The share of non-esterified FAs (NEFAs) was based on the sum of
C16:0, C18:0, and C18:1 cis-9. Fat was extracted using the Röse-Gottlieb method [21]. Trans-
methylation of FAs to methyl esters (FAME) was at 70 ◦C ± 0.5 ◦C (Thermo heat block).
GLC modules: autosampler, split/splitless injector (split 1:5), flame ionization detector
(FID). Separation was carried out on a 100-m, 0.250-mm column (HP-88; SN:UST458414H,
Agilent Technologies Inc., US). Temperature program: injector and FID −250 ◦C; fur-
nace −95 ◦C (5 min), 120 ◦C (15 ◦C/min for 15 min), 210 ◦C (25 ◦C/min for 30 min),
250 (20◦ C/min for 5 min). Carrier gas flow (He): 5.0 mL/min. The identification of FAs
and determination of their percentages were based on retention times (reference Supelco
37.No:47885-U; Sigma Aldrich) in Agilent Tech GC Chemstation A09.03 software (Agilent
Technologies., Wilmington, DE). The content of oleic (C18:1) and palmitic (C16:0) acid were
the basic markers of a negative energy balance (NEB).

Blood for analysis was drawn before morning feeding from the jugular vein. Due to
the potential effect of stress on milk yield, blood was taken 24 h after milk was collected for
analysis. Blood was collected twice in each stage of lactation, for a total of 480 blood samples
(2 × 3 × 80). Test tubes with sodium fluoride and sodium heparin (Medlab-Products Ltd.)
were refrigerated. Blood for glucose determination was placed in ice. Glucose content in
the blood was measured using original Randox kits (Randox Laboratories Ltd., Crumlin,
UK) and a UV-Vis spectrophotometer (Varian Inc., Palo Alto, CA, USA). Samples for
determination of BHBA (β-hydroxybutyrate) were centrifuged at 1500× g at 4 ◦C for
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20 min. The supernatant was collected and stored at −75 ◦C until BHBA analysis using
original Randox kits (Randox Laboratories Ltd.) and a UV-Vis spectrophotometer (Varian
Inc., Palo Alto, CA, USA). The plasma samples were analyzed for leptin levels using a
bovine-specific ELISA kit (EIAab, Wuhan, China). All samples were measured in triplicate.

2.3. Statistical Analysis

Statistical analysis of the results was performed in Statistica 13.0 software. Analysis
of variance was carried out in a general linear model (GLM) with repeated measures.
The effect of diet and housing was verified by cluster analysis, using the k-means method.
The model included account the actual energy intake and DMI of the groups. The results
are presented as means (least-squares method - LSM) and standard error of the mean(SEM).
The significance of differences between means was estimated by Duncan’s test at p ≤ 0.05.
Correlations (r) between selected parameters were estimated using the Pearson correlation
model (p ≤ 0.05).

3. Results

HF and HF×BW cows reached the peak of lactation on average 11 days earlier than
SIM and BW cows. At the same time, they achieved higher daily milk production (DMP),
on average by 2.62 kg in the case of HF×BW and 4.65 kg for HF (p ≤ 0.05; Table 2).

Table 2. Average yield at the peak of lactation and parameters of energy metabolism in the breed
groups.

Parameters
Breed Group *

HF×BW HF SIM BW SEM

Number of samples (n) 120 120 120 120
Peak yield (kg) 33.8 a 35.8 b 31.5c 30.8 c 1.022

Day of lactation (day) 66 b 62 b 74 a 76 a 2.093
BCS 5th day (point) 2.98 a 2.93 a 3.04 b 3.11 b 0.04

BCS 99th day (point) 2.34 b 2.22 b 2.53 a 2.52 a 0.02
Loss of BCS (%) 21.5 a 24.2 b 16.8 c 16.7 c 0.43

Urea (mmol/L–1) 172 a 175 a 164 b 163 b 4.591
BHBA (mmol/L–1) 1.072 a 1.069 a 0.987 b 0.950 b 0.005
NEFA (μmol/L−1) 242.2 a 268.9 b 237.8 c 231.8 c 5.962
Leptin (ng/mL−1) 2.82 a 2.80 a 2.71 b 2.67 b 0.028
Glucose (mmol/L) 2.45 b 2.41 b 2.63 a 2.59 a 0.036

abc p ≤ 0.05; * number of cows in the groups—20; BHBA—β-hydroxybutyrate; NEFA—non-esterified
fatty acids (FAs).

The table presents body condition scores (BCS) and BCS loss (%) as an indicator of the
degree of mobilization of lipolysis. HF and HF×BW, with greater production potential,
were found to have greater losses of body condition. In these groups the BCS loss was 21.5%
and 24.2%. The differences in relation to groups SIM and BW ranged from 4.75% to 7.45%
(p ≤ 0.05). The milk of HF and HF×BW cows contained on average 10.5 mmol/L–1 more
urea. The blood of these groups contains more 0.103 mmol/L–1 BHBA and 32.9 μmol/L−1

NEFAs (p ≤ 0.05). The data (Table 2) show that the HF and HF×BW cows had a higher
leptin content in the blood, higher on average by 0.12 ng/mL−1 (p ≤ 0.05). Compared to
SIM and BW cows, HF and HF BW blood contained less glucose, lower on average by 0.18
mmol/L (p ≤ 0.05).

The milk of the breed groups did not differ substantially in terms of total protein
content (TP), though it was slightly lower in HF (Table 3). Differences were noted, however,
in the content of nutrients determining suitability for cheese making. The milk from the
HF and HF×BW groups had less casein than that of SIM and BW, on average by 1.4 p.p.
(p ≤ 0.05), and from 0.014 p.p. to 0.023 p.p. less κ-casein (p ≤ 0.05). Their milk usually
had a lower content of SCFAs, on average by 0.23 p.p., and higher content of LCFAs, on
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average by 0.78 p.p. (p ≤ 0.05). The content of palmitic acid (C16:0), which usually makes
up the largest share of SFA, can to some extent function as one of the markers of NEB at the
peak of lactation. The highest level of this acid was noted in the milk of HF cows (26.96%).
In comparison with the other genetic groups, in which the content of C16:0 was similar, the
differences ranged from 2.49 to 0.83 p.p. (p ≤ 0.05). The total content of the SFAs was 0.56
p.p. lower (p < 0.05) in the milk of SIM and BW (Table 3).

Table 3. Content of nutrients and main fatty acid fractions in the milk of the breed groups.

Parameters
Breed Group *

HF×BW HF SIM BW SEM

Number of samples (n) 120 120 120 120
Total protein (TP) (%) 3.41 3.37 3.45 3.42 0.454

Fat (%) 4.26 4.23 4.26 4.22 0.394
Casein (% of TP) 77.6 b 77.2 b 78.9 a 78.7 a 2.418
κ-casein (%) 0.369 cb 0.361 c 0.384 a 0.375 b 0.014
Lactose (%) 5.48 5.49 5.43 5.49 0.626

Dry matter (DM) (%) 13.19 12.97 13.14 13.14 0.939
SCFA (%) 9.52 b 9.61 b 9.82 a 9.77 a 0.051
LCFA (%) 59.71 a 59.91 a 58.78 c 59.28 b 0.127

Palmitic acid C16: 0 (%) 24.47 b 26.96 a 24.13 b 24.43 b 0.542
SFA (%) 69.22 a 69.52 a 68.56 c 69.05 b 0.198

MUFA (%) 28.18 b 27.85 c 28.67 a 28.29 b 1.258
Oleic acid C18: 1 (%) 2.57 b 2.86 a 2.39 c 2.33 c 0.154

PUFA (%) 2.59 c 2.61 c 2.77 a 2.66 b 0.033
PUFA n-3 (%) 0.42 a 0.41 a 0.45 b 0.42 0.008
PUFA n-6 (%) 2.17 c 2.20 bc 2.32 a 2.23 b 0.054

UFA (%) 30.77 b 30.47 c 31.44 a 30.94 b 1.133
SFA/UFA 2.25 b 2.29 a 2.18 c 2.23 b 0.678

MUFA/SFA 0.40 0.39 0.41 0.41 0.043
PUFA n-6/n-3 5.20 5.24 5.17 5.27 0.966

Cholesterol (mg/100mL) 20.53 a 20.32 a 19.61 b 19.89 b 1.319
abc p ≤ 0.05; * number of cows in the groups—20; LCFA—long-chain fatty acid; SCFA—Short-
chain FA; SFA—saturated FA; MUFA—monounsaturated FA; PUFA—polyunsaturated FA; UFA—
unsaturated FA.

In the case of MUFAs and PUFAs, the greatest differences were found between the
SIM and HF groups (p ≤ 0.05). The analysis of MUFA took into account oleic acid (C18:1),
which is the main deposit of adipocytes of fat reserves. It is considered a good marker of
NEB. Its content was highest in the milk of HF cows (2.86%) and lowest in the milk of BW
and SIM, 0.5 p.p. lower (p ≤ 0.05) on average. This may indicate that a greater reduction
in BCS was accompanied by more intensive lipolysis. The percentages of UFA fractions
were lower in the case of the milk from the SIM groups. Compared to the milk of HF cattle,
their content was 0.97 p.p. higher on average (p ≤ 0.05). The milk of HF cows had the
highest SFA/UFA ratio (Table 3). The difference was greatest in comparison to the milk of
SIM cows, at 0.11 (p ≤ 0.05). The milk of SIM cows also had one of the lowest values for
cholesterol content.

A significant factor influencing the metabolism of cows throughout lactation is the
dynamics of milk secretion up to the peak of lactation, and the animals’ ability to maintain
energy homeostasis is an important aspect of lactation persistence. Up to the peak of
lactation, an upward trend was observed in the content of urea in the milk (Table 4).
The average difference between stages of lactation (SL) was 14.5 mmol/L–1 (p ≤ 0.05). In the
initial stage of lactation (up to SL II), the more intensive increase in daily milk production
(DMP), amounting to 8.5 kg/day (p ≤ 0.05), was accompanied by lower production of
BHBA (0.362 mmol/L–1; p ≤ 0.05). However, somewhat less intensive lipolysis of fat
reserves was noted during this stage, as indicated by the difference in the content of NEFAs
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in the blood, amounting to 50.4 μmol/L−1 (p ≤ 0.05). The more intense lipolysis during
this stage is confirmed by the body condition results. The differences noted between stages
of lactation were greatest up to SL II. They averaged 0.39 BCS points and were 0.18 points
greater than in the later stage (p ≤ 0.05).

Table 4. Milk yield and parameters of energy metabolism in cows up to 100 days of lactation.

Parameters
Stage of Lactation (SL) *

I: 5–30 II: 31–60 III: 61–99 SEM

Number of samples (n) 160 160 160
Daily milk production (DMP)

(kg/day) 21.2 b 29.7 a 33.4 a 3.029

Urea (mmol/L–1) 152 c 168 b 181 a 5.324
BHBA (mmol/L–1) 0.613 c 0.975 b 1.503 a 0.008
NEFA (μmol/L−1) 196.9 c 247.3 a 288.6 b 3.634
Leptin (ng/mL−1) 2.58 c 2.80 b 2.87 a 0.026
Glucose (mmol/L) 2.61 a 2.43 b 2.39 b 0.029

Body condition score (BCS) (points) 3.02 a 2.63 b 2.42 c 0.124
abc p ≤ 0.05; * number of cows in the groups—80; BHBA—β-hydroxybutyrate; NEFA—non-
esterified FA.

In the period approaching the peak of lactation, in which the rate of increase in DMP
was lower (3.7 kg/day; p ≤ 0.05), the level of BHBA in the blood was higher, on average
by 0.528 mmol/L–1 (p ≤ 0.05). Interestingly, the level of NEFAs in the blood during this
stage decreased on average by 41.3 μmol/L−1 (p ≤ 0.05). This was most likely due in part
to the effect of leptin, an appetite regulator, of which the level in the blood increased more
rapidly up to SL II (0.22 ng/mL−1; p ≤ 0.05). During this time the synergistic effect with
the decreasing level of glucose in the blood, on average 0.18 mmol/L (p ≤ 0.05), may have
been conducive to lipolysis of fat reserves and production of NEFAs. After SL II, however,
when the increase in NEFAs was less dynamic, the level of glucose as a co-regulator of
energy homeostasis was relatively stable (0.05 mmol/L; p ≤ 0.05).

Analysis of the values of the NEB markers used in the study revealed the greatest loss
of BCS points (Table 4) up to SL II (0.39 points, p ≤ 0.05). This was accompanied by a larger
increase in the share of C16:0, on average by 2.02 p.p., and C18:1, on average by 1.27 p.p. In the
next 3rd SL, the loss of BCS was smaller, on average by 0.21 points (p ≤ 0.05), and the increase
in the content of C16:0 and C18:1 was 0.73 and 0.83 p.p., respectively (p ≤ 0.05; Table 5).

Up to the peak of lactation no significant changes were noted in the protein content
in the milk, which was 3.42% on average (Table 5). From SL II, however, the percentage
of casein was on average 1.4 p.p. lower (p ≤ 0.05). A similar tendency was observed for
fat, but the difference was much smaller (0.06 p.p.; p ≤ 0.05). It should be noted that in
the stage between SL II and III, there was also a reduction in leptin and glucose in the
blood (Table 4). In the initial stage after calving (up to SL II; Table 5) there was mainly
an increase in the level of LCFAs, by 2.74 p.p. on average (p ≤ 0.05), during this stage,
whereas level of SFAs increased on average by 2.51 p.p. (p ≤ 0.05). The changes were
accompanied by an increase in the amount of NEFAs and BHBA released into the blood
(Table 4), which explains the higher content of SFAs in the milk obtained after SL II. Up to
the second stage of lactation (SL II), the greatest change was noted in MUFAs, of which
the content decreased on average by 2.41 p.p. (p ≤ 0.05). In the case of PUFAs, although
the trend was similar, the average differences amounted to just 0.1 p.p. (p ≤ 0.05; Table 5).
Differences between SLs were also shown for n-3 and n-6 PUFA content (p ≤ 0.05; Table
5). However, no significant differences were shown for the n-6/n-3 ratio. The share of
these acids decreased, although only slightly, with the approach of the peak of lactation.
The results indicate that the SLs significantly influenced the reduction in UFA content.
Their share was lowest in SLs II and III. Compared to SL I, it was on average 2.51 p.p. lower
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(p ≤ 0.05; Table 5). The SLs were not shown to influence cholesterol content. The data in
Table 5 also did not indicate any influence of SL on the ratio of SFA to UFA and MUFA.

Table 5. Content of nutrients and main fatty acid fractions in milk up to 100 days of lactation.

Parameters
Stage of Lactation (SL) *

I: 5–30 II: 31–60 III: 61–99 SEM

Number of samples (n) 160 160 160
Total protein (%) 3.42 3.39 3.42 0.538

Fat (%) 4.28 a 4.23 b 4.22 b 0.428
Casein (% of TP) 79.2 a 77.9 b 77.7 c 1.232
κ-casein (%) 0.372 0.370 0.373 0.033
Lactose (%) 5.54 5.53 5.35 0.959

Dry matter (%) 13.26 13.17 12.99 0.879
SCFA (%) 9.84 a 9.80 a 9.41 b 0.082
LCFA (%) 57.59 b 59.87 a 60.79 a 0.191

Palmitic acid C16: 0 (%) 23.41 b 25.43 a 26.16 a 0.432
SFA sum (%) 67.43 b 69.67 a 70.20 a 0.174
MUFA (%) 29.85 a 27.70 b 27.19 b 1.255

Oleic acid C18:1 (%) 1.44 c 2.71 b 3.54 a 0.064
PUFA (%) 2.73 a 2.64 b 2.61 b 0.067

PUFA n-3 (%) 0.44 a 0.42 b 0.42 b 0.011
PUFA n-6 (%) 2.29 a 2.21 b 2.20 b 0.071

UFA (%) 32.58 a 30.34 b 29.80 b 1.121
SFA/UFA 2.07 2.30 2.35 0.653

MUFA/SFA 0.42 0.39 0.40 0.031
PUFA n-6/n-3 5.26 5.21 5.20 0.998

Cholesterol (mg/100mL) 19.58 19.46 20.01 1.289
abc p ≤ 0.05; * number of cows in the groups—80; LCFA—long-chain fatty acid; SCFA—Short-
chain FA; SFA—saturated FA; MUFA—monounsaturated FA; PUFA—polyunsaturated FA; UFA—
unsaturated FA.

The correlation coefficients (r) presented in Table 6 indicate that daily milk production
(DMP) and day of lactation (DL) are positively correlated with indicators of the intensity
of spontaneous lipolysis. Their values with NEFAs were 0.906 and 0.788, respectively
(p ≤ 0.05), and the correlations with BHBA were 0.777 and 0.885 (p ≤ 0.05). The NEFA ×
leptin correlation (0.416; p ≤ 0.05) indicates that a higher level of the appetite-reducing
leptin accompanied a higher concentration of NEFAs released during the energy deficit.
Moreover, there was also a negative correlation with glucose (−0.259; p ≤ 0.05) and glucose
with NEFA (−0.386; p ≤ 0.05).
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Table 6. Correlations (p ≤ 0.05) between selected parameters.

Indicators
BCS

(points)

Urea
(mmol/

L)

BHBA
(mmol/

L)

Fat
(%)

DL
(day)

DMP
(kg/day)

NEFA
(%)

Leptin
(ng/
mL−1)

Glucose
(mmol/

L)

BCS (points) - –
0.364

–
0.687 – –

0.715 –0.640 –
0.653

–
0.480 0.227

DL (day) –0.715 0.519 0.885 – – 0.785 0.788 –
0.441 –0.341

DMP (kg/day) –0.640 0.552 0.777 –0.233 0.799 – 0.906 0.417 –0.399
NEFA (%) –0.654 – – – – – – 0.416 –0.386

Leptin 0.480 – – – – – – – –0.259
SCFA (%) 0.216 – 0.282 0.323 0.289 0.399 0.274 – –
LCFA (%) –0.567 0.442 0.595 0.478 0.604 0.593 0.689 – –0.380

Palmitic acid (%) –0.302 0.308 0.381 –0.234 0.367 0.632 0.682 –
0.293 –0.289

SFA (%) –0.567 0.486 0.652 0.398 0.714 0.746 0.582 – –0.287

MUFA (%) 0.558 –
0.487

–
0.690 –0.299 –

0.733 –0.758 –
0.682 – 0.292

Oleic acid (%) –0.605 0.541 0.877 –0.232 0.789 0.871 0.865 –
0.428 –0.317

PUFA (%) – – –
0.231 – –

0.258 –0.271 – – –

PUFA n–3 (%) – – –
0.356 – – – – – –

PUFA n–6 (%) – – – – – – – – –

UFA (%) 0.568 –
0.482

–
0.708 –0.324 –

0.754 –0.761 –
0.687

–
0.352 0.293

BHBA—β–hydroxybutyrate; NEFA—non–esterified FA; DMP—daily milk production; DL—day of
lactation; LCFA—long–chain fatty acid; SCFA—short–chain fatty acid; SFA—saturated FA; MUFA—
monounsaturated FA; PUFA—polyunsaturated FA; UFA—unsaturated FA.

The correlation coefficients obtained for SFAs with parameters of lipid metabolism
indicate a negative effect of DMP and DL. The increasing milk production up to the peak
of lactation was positively correlated with the content of SFAs, which was confirmed
by r values from 0.289 to 0.746 (p ≤ 0.05; Table 6). The content of SFAs was correlated
positively with the NEFA concentration in the blood (0.274 to 0.689; p ≤ 0.05) and was
usually negatively correlated with that of glucose (−0.287 to −0.380; p ≤ 0.05). In the
case of UFAs, negative correlations were noted with DMP and DL, from −0.258 to –0.761
(p ≤ 0.05). While the significant relationship between BCS and DMP and BHBA and NEFAs
are confirmed by the negative correlation ranging from −0.640 to −0.686 (p ≤ 0.05).

UFAs were negatively correlated with NEFAs, from −0.145 to −0.687 (p ≤ 0.05), and
with BHBA, from −0.231 to −0.708 (p ≤ 0.05). Negative correlations were also shown
between UFAs in the milk and leptin in the blood: from −0.158 to −0.352 (p ≤ 0.05).
Palmitic acid (C16:0) and oleic acid (C18:1) were found to be correlated negatively with
BCS and positively with BHBA (Table 6). However higher values for these correlations
were found for C18:1.

4. Discussion

Selection for milk yield increases the demand for energy and intensifies energy
metabolism in dairy cows. One important factor in this case is the changes in the negative
energy balance (NEB) and content of nutrients in the milk. In this regard, concentrations of
NEFAs esterified to triglycerides and β–hydroxybutyrate (BHBA), as well as the release of
C18:1 from the adipocytes, remain the basic parameters of the metabolic profile of dairy
cows. Their content is linked to maintenance of energy homeostasis, which is associated
with the synthesis of FAs in the rumen and mammary gland [22]. In the early lactation
stage, increasing production is conducive to the appearance of NEB. Adipocytes then
release FAs that are usually unfavorable for the nutritional quality of milk fat. Ducháček
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et al. [14] showed that NEB increased the share of hypercholesterolemic FAs in the milk of
HF cows by 1.86 p.p. on average. Their study showed that NEB mainly leads to an increase
in MUFA, in which case the difference was 1.81 p.p. In the case of UFA the difference was
smaller, at 0.33 p.p. A similar tendency was observed in our study, but the milk of HF cows
had higher content of MUFA and lower content of PUFA than in the study cited. The milk
of the HF breed also had the highest content of C16:0 and C18:1, which is the main deposit
in the adipocytes. This may also suggest that diet did not directly influence the FA profile in
the milk. Additionally, Sobótka et al. [23] showed a significant influence of lactation phase
and breed on the content of FAs. However, significant correlations were found only in the
case of SFAs and PUFAs. This did not fully coincide with our results. Sobótka et al. [23] the
lowest content of C16:0 was found in the milk of HF cattle. More C16:0 has been found in
the Jersey breed and its HF hybrids. However, there was no effect associated with lactation
stage. However, it is interesting that the C16:1 released from adipocytes appeared in greater
amounts in the later stages of lactation. However, this can be explained by the greater
availability of energy for C16:0 synthesis in the mammary gland de novo [16]. Incomplete
compliance of our results with the studies by Sobótka et al. [23] may be explained by the
research of Poulsen et al. [24]. These researchers explained that environmental variation
affects individual FAs of milk differently, based on both breed and feed quality. The dietary
effect on FA composition is obvious, but as they suggest, an important factor is also the
source of origin of the feed ingredients. Furthermore, Samkova et al. [5] suggested that
the shaping of milk FAs may be affected to a large degree by cow individuality, but also
by the stage of lactation. According these studies, breed is a factor of lower significance.
Samkowa et al. [5] suggest that biochemical changes, especially biohydrogenation in the
rumen, should be studied in greater detail. In light of these studies [5,23,24], the obtained
FA profiles of milk in our experiment could have been shaped by other environmental
factors, as well as the production potential of the studied breeds and their reaction to the
formation of NEB. During early lactation it stimulates the content of non-esterified FAs
(NEFAs) generated from lipid tissue increases. It is usually proportional to the size of
the energy deficit [25,26]. This leads to an increase in long-chain FAs in the milk, which
enter the mammary gland with the blood. Craninx et al. [2] reported a lower content
of C16:0 in the milk of Holstein cows in a grazing trial. However, the diet used by the
authors, containing hay and silage from grass and maize, did not affect the content of
C18:1. This may suggest that the diet does not directly affect the share of C16:0, which is
influenced by NEB. Craninx et al. [2] showed that in early lactation, the milk of cows with
higher yields and with higher fat content had a lower share of FAs, with less than 15 carbon
atoms. In our study, this was confirmed by the positive correlations between the level of
long-chain FAs (LCFAs) and C16:0 and milk yield (0.593, 0.632; p ≤ 0.05) and NEFA content
(0.689 and 0.682; p ≤ 0.05). A study by Vanbergue et al. [26] showed that spontaneous
lipolysis was mainly dependent on the breed of cows and season of production. The study
did not confirm the effect of the feeding intensity or its interaction with breed on the course
of lipolysis. Although the authors found that the influence of breed on SFA and MUFA was
greater, feeding intensity was also found to have a minor effect. This effect, however, varied
depending on the production season. In cows with high postpartum milk production, we
noted higher concentrations of BHBA and NEFAs in the blood. At the same time, the blood
glucose levels were usually lower.

Lipomobilization in high-producing dairy cows up to the peak of lactation could
reach a pathological range, disturbing the liver’s morphological and functional efficiency.
Diokovic et al. [12] demonstrated that in the early-lactation cows, there is a rapid increase
of fatty acids in the liver. The authors observed growth the lipomobilisation markers,
especially the serum β–hydroxybutyrate and free fatty acid concentrations. According to
the authors, the liver steatosis was affected, which disturbed the synthesis of hepatocyte.
Consequently, it led to weaker concentrations of glucose and an increase in triglycerides.
This effect has induced some cellular lesions, as evidenced by significant increases in
the serum albumin and bilirubin concentrations. Šamanc et al. [27] showed that an NEB
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is conducive to excess accumulation of fat in the hepatocytes. This situation may be a
major cause of endocrine disorders, including secretion leptin. This may result in impaired
gluconeogenesis and reduced glycaemia. In comparison with our results, Vargová et al. [28],
who studied the hormone profile of Slovak Pied Cattle, reported higher blood glucose
concentrations. However, up to nine weeks postpartum they observed a downward
trend in NEFAs and BHBA, accompanied by a decrease in body condition score (BCS). The
authors [28] noted a positive correlation between BCS and leptin (0.360; p ≤ 0.001). Contrary
to the studies by Vargová et al. [28], in our study we showed a negative correlation between
BCS and leptin (−0.480; p ≤ 0.05) and a positive correlation between daily milk production
and leptin (0.417; p ≤ 0.05). As demonstrated in our studies, the NEFA × leptin correlation
(0.416; p ≤ 0.05) indicated that a higher level of leptin led to a higher concentration of
NEFAs released during the energy deficit. This may be related to decreased appetite.
In consequence, reduced feed intake may result in a lower glucose concentration in the
blood. This is explained by the negative leptin × glucose (−0.259; p ≤ 0.05) and NEFA
× glucose (−0.386; p ≤ 0.05) correlations. This may indicate that the level of the appetite
regulator leptin is linked to the production potential of the breed. In our study, a lower
leptin concentration was usually noted just after calving, but it was higher in the groups
reaching the peak of lactation with a higher yield. The obtained values of the correlation
coefficient with leptin were relatively low, but they may suggest that the stronger appetite
in individuals with lower leptin levels may prolong feed intake. In effect, this may be
linked to better energy availability and to energy conversions that are beneficial for FAs.
This indicates more rapid induction of lipolysis due to reduced appetite in cows with
higher yields [27,28]. Reduced appetite and higher production potential may also explain
the lower glucose level in the blood of animals during the peak of lactation and reaching
this peak with a higher yield. According to authors such as Lock and Garnsworthy [16],
a greater energy deficit associated with milk production may reduce direct absorption of
cis–9–C18:1 in the small intestine and limit processes involving desaturase in the mammary
gland. Liefers et al. [29] reported a lower leptin content in the blood of cows that produced
more milk, as in our study. They also showed lower DMI in cows with a negative energy
balance. Our results were not confirmed in this case, as the content of C18:1 as an indicator
of NEB was usually lower in cows with lower leptin levels. This relationship is confirmed
by the correlation of C18:1 × leptin (–0.428; p ≤ 0.05). Buttchereit et al. [30] also showed
that strong mobilization of energy from lipid tissue is not only conducive to more intensive
production of long-chain FAs, but can also reduce the protein content in milk. This is
consistent with the tendency observed by Pupel et al. [31] and with our results regarding
levels of κ–casein. Our results for the content of the main FA fractions are in agreement with
those reported by Petit and Côrtes [32]. They found the highest BHBA level (on average 748
μmol/L) in milk with a higher content of fat and SFAs. The exception was a group whose
diet included ground flaxseed. The milk of this group had the highest content of BHBA
(1512 μmol/L) and high levels of MUFAs and PUFAs. In this case, the effect was explained
by the greater availability of energy reaching the mammary gland, in which a considerable
portion of these fractions is generated de novo. In this group of cows, Petit and Côrtes [32]
also showed the highest content of non-esterified FAs in the blood (337 μmol/L), although
the production level in this case was one of the lowest (29.5 kg/d). The cows in this group,
however, had the lowest glucose level in the blood, which in our study was negatively
correlated with NEFA (−0.386, p ≤ 0.05). Puppel et al. [31] showed very strong negative
correlations between the BHBA level in the blood and the content of CLA–9 and –10. Our
results are consistent with those reported by Vanbergue et al. [26], who studied the milk of
Holstein and Normande cows up to the peak of lactation. The share of SFAs ranged from
61.8% to 73.5% and that of MUFAs from 23.0% to 34.7%. Vanbergue et al. [26] also noted
more intensive lipolysis of fat reserves and 1.1% to 5.6% higher content of cis–9 in the milk
of cows fed less intensively. Adamska et al. [4], in comparison to our study, reported a
higher content of SCFAs (15.99 g/100g FAs) and a similar content of PUFAs (2.53 g/100g
FAs) in the milk of Simmental and HF cows. However, the milk of the Simmental breed
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usually had a more beneficial composition, and also contained more branched-chain FAs.
The milk of HF cows, on the other hand, had the most LCFAs (52.11 g/100g FAs) and
MUFAs (26.32 g/100g FAs). The results of our study also correspond with those reported
by Król et al. [33], in which the milk of Simmental cows contained on average 30.53% SFA,
which was on average 4.1 p.p. less than in the milk of HF cows. In the milk of Simmental
cows, Król et al. [33] showed higher levels of MUFAs and PUFAs, at 27.13%and 3.43%,
respectively. Such large differences were not observed in our study, which can be explained
by the use of a similar diet (TMR) in all breed groups.

5. Conclusions

The information gathered here suggests that the metabolic reactions of the breed
groups were mainly linked to the level of production at the peak of lactation. Breed groups
that reach the peak of lactation earlier and with greater daily milk production (DMP) had a
greater loss of BCS, on average by 22.8% (p > 0.05), and more pronounced changes in NEB
markers. These groups, in contrast with cows with lower DMP and a later lactation peak,
had higher values for BHBA, on average by 0.102 mmol/L−1, and for NEFA, on average by
21.15 μmol/L−1 (p ≤ 0.05). These changes were accompanied by a higher content of FAs
C18:1 and C:16:0, released during NEB from adipocyte deposits. The relationships linking
BCS and DMP with NEB markers were confirmed by the correlation coefficients, which
ranged from −0.302 to −0.640 (p ≤ 0.05) and from 0.632 to 0.906 (p ≤ 0.05), respectively.
The significant influence of DMP is also indicated by changes in the NEB indicators in the
stage up to the peak of lactation. Despite lower DMP in the first stage of lactation, the
values for parameters characterizing NEB, including C16:0, were usually higher. This may
indicate that the increases in DMP and NEB are more closely linked to the physiology of the
breed groups and mainly result from their production potential. The tendencies observed
indicate that factors that should be taken into account are leptin and glucose, co-regulators
of appetite and NEB, which were negatively correlated (−0.259; p ≤ 0.05). However,
changes in these parameters in the analyzed groups and stages of lactation, as well as the
correlations with BCS, DMP, and C18:1, indicate that they have a relatively strong influence
on NEB and lipolysis. The knowledge obtained on the production potential of the breeds
can be used to model production adjusted to the environmental conditions of farms.
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23. Sobotka, W.; Miciński, J.; Matusevičius, P.; Staniškienė, B.; Sobiech, M.; Zwierzchowski, G.; Fiedorowicz, E.; Pietrzak–Fiećko,

R. The effect of cattle breed and lactation stage on nutrient concentrations in milk and the fatty acid profile of milk fat. Vet. ir
Zootech. 2014, 65, 85–90.

24. Poulsen, N.A.; Gustavsson, F.; Glantz, M.; Paulsson, M.; Larsen, L.B.; Larsen, M.K. The influence of feed and herd on fatty acid
composition in 3 dairy breeds (Danish Holstein, Danish Jersey and Swedish Red). J. Dairy Sci. 2012, 95, 6362–6371. [CrossRef]

25. van Knegsel, A.T.M.; Van den Brand, H.; Dijkstra, J.; Tamminga, S.; Kemp, B. Effect of dietary energy source on energy balance,
production, metabolic disorders and reproduction in lactating dairy cattle. Reprod. Nutr. Dev. 2005, 45, 665–688. [CrossRef]

26. Vanbergue, E.; Delaby, L.; Peyraud, J.L.; Colette, S.; Gallard, Y.; Hurtaud, C. Effects of breed, feeding system, and lactation stage
on milk fat characteristics and spontaneous lipolysis in dairy cows. J. Dairy Sci. 2017, 100, 4623–4636. [CrossRef] [PubMed]
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Simple Summary: In high-yield cows, most production diseases occur during transition periods.
Alpha-tocopherol, the most biologically active form of vitamin E, declines in blood and reaches
the lowest levels (hypovitaminosis E) around calving. Hypovitaminosis E is associated with the
incidence of peripartum diseases. Therefore, many studies which have been published for more than
30 years have investigated the effects of α-tocopherol supplementation. This α-tocopherol deficiency
was thought to be caused by complex factors. However, until recently, the physiological factors
or pathways underlying hypovitaminosis E in the transition period have been poorly understood.
In the last 10 years, the α-tocopherol-related genes expression, which regulate the metabolism,
transportation, and tissue distribution of α-tocopherol in humans and rodents, has been reported in
ruminant tissues. In this paper, we discuss at least six physiological phenomena that occur during
the transition period and may be candidate factors predisposing to a decreased blood α-tocopherol
level and hypovitaminosis E with changes in α-tocopherol-related genes expression.

Abstract: Levels of alpha-tocopherol (α-Toc) decline gradually in blood throughout prepartum,
reaching lowest levels (hypovitaminosis E) around calving. Despite numerous reports about the
disease risk in hypovitaminosis E and the effect of α-Toc supplementation on the health of transition
dairy cows, its risk and supplemental effects are controversial. Here, we present some novel data
about the disease risk of hypovitaminosis E and the effects of α-Toc supplementation in transition
dairy cows. These data strongly demonstrate that hypovitaminosis E is a risk factor for the occurrence
of peripartum disease. Furthermore, a study on the effectiveness of using serum vitamin levels
as biomarkers to predict disease in dairy cows was reported, and a rapid field test for measuring
vitamin levels was developed. By contrast, evidence for how hypovitaminosis E occurred during
the transition period was scarce until the 2010s. Pioneering studies conducted with humans and
rodents have identified and characterised some α-Toc-related proteins, molecular players involved in
α-Toc regulation followed by a study in ruminants from the 2010s. Based on recent literature, the
six physiological factors: (1) the decline in α-Toc intake from the close-up period; (2) changes in the
digestive and absorptive functions of α-Toc; (3) the decline in plasma high-density lipoprotein as
an α-Toc carrier; (4) increasing oxidative stress and consumption of α-Toc; (5) decreasing hepatic
α-Toc transfer to circulation; and (6) increasing mammary α-Toc transfer from blood to colostrum,
may be involved in α-Toc deficiency during the transition period. However, the mechanisms and
pathways are poorly understood, and further studies are needed to understand the physiological
role of α-Toc-related molecules in cattle. Understanding the molecular mechanisms underlying
hypovitaminosis E will contribute to the prevention of peripartum disease and high performance in
dairy cows.

Keywords: alpha-tocopherol/vitamin E-related gene; calving; colostrum; high-yield dairy cows;
inflammation; health; lactation; liver; mammary gland; oxidative stress
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1. Introduction

Calving is an unavoidable event in the production of milk and young cattle in dairy
farms. However, during the transition period (from three weeks before calving to three
weeks after calving), high-yield dairy cows experience severe energy and nutrient defi-
ciencies [1,2], metabolic and endocrine changes [3,4], peripartum stress [2], and inflamma-
tion [5]. This leads to an imbalance between pro-oxidants and antioxidants, eventually
resulting in oxidative stress [6] and immune dysfunction [7], which increases the risk
of peripartum diseases. Indeed, most production diseases (mastitis, ketosis, digestive
disorders, and laminitis) occur before and soon after calving [8,9].

Vitamin E (VE) has essential antioxidant functions and is an important nutrient for
cows. It is well known that blood VE levels decline gradually throughout prepartum,
reaching the lowest levels (hypovitaminosis E) after delivery [2,10–13]. Several studies
have documented that lower blood VE concentrations are associated with the incidence
of peripartum diseases such as mastitis [14], retained foetal membranes [15] and left
displaced abomasum [16]. The effect of VE supplementation, as a practical measure to
counter hypovitaminosis E and the high risk of peripartum diseases, have been often
controversial in published literature for more than 30 years. To the best of our knowledge,
many detailed reviews reported in the last 30 years, focused primarily on the disease
risk and the effect of VE supplementation on the health of dairy cows and heifers in
transition period (two databases, PubMed and Web of Science were searched using key
words: vitamin E, dairy cows, tocopherol, 1990–2021, and reviews were picked up whose
full-text is currently available online; 1990s: [17–22], 2000s: [1,23–27], 2010s: [28–32]). This
VE deficiency may be caused by complex factors, such as changes in VE intake and its
transfer into colostrum around calving [26]. However, the physiological factors underlying
hypovitaminosis E in the transition period of high-yielding dairy cows were less well
understood until recently. In the last 10 years, several studies have shown evidence that
the ovine [33,34] and bovine [35] liver may play an important role in the regulation of VE
disposition because of the high expression of VE-related molecules. In addition, other
peripheral tissues showed unique expression patterns for VE-related molecules and VE
accumulation properties in cattle [2,35–38]. These findings indicate that the expression of
VE-related genes in the liver and non-hepatic tissues may be involved in the regulation of
VE status in cows. Therefore, it is necessary to explore and discuss the physiological factors
underlying hypovitaminosis E in dairy cows based on the latest reports on the expression
of VE-related genes in bovine tissues. Especially during peripartum period in dairy cows,
dramatic changes in lipid metabolism [39], physiological stress and inflammation may lead
to hepatic injury, dysfunctions [40] and hepatocyte apoptosis [41]. Furthermore, during
the onset of lactation, the mammary gland undergoes dramatic functional and metabolic
changes during the transition period [42]. Novel knowledge about the changes in the
expression of VE-related genes in the liver and mammary glands of transition dairy cows
is compelling.

Thus, the current study aimed to understand the occurrence of hypovitaminosis E
during the transition period, and contribute to the development of an effective feeding
system for the health and high performance of dairy cows. Therefore, the aims of this
review are: (1) to summarise the basic information about VE and VE-related molecules
from the latest literature; (2) to re-evaluate the physiological roles of VE and the relationship
between the risk of peripartum diseases and hypovitaminosis E in transition dairy cows;
and (3) to discuss the physiological factors underlying hypovitaminosis E in relation to
changes in the VE-related genes expression levels, especially in the liver and mammary
gland from late pregnancy to early lactation.

2. Vitamin E and VE-Related Molecules

2.1. Vitamin E (α-Tocopherol)

In 1922, Evans and Bishop [43] discovered VE as an essential micronutrient for repro-
duction in rats. Subsequently, considerable research has been conducted on VE function
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and metabolism globally during the last one-hundred years. Vitamin E is considered the
most effective, fat-soluble trace compound and chain-breaking antioxidant, which protects
cell membranes from peroxidative damage [44]. It also plays specific roles beyond its an-
tioxidant function, such as cellular signalling and regulation of gene expression [45,46]. The
clinical importance of VE is significantly increasing to prevent various diseases in humans;
VE deficiency can lead to neurological abnormalities, such as ataxia [47] and blindness [48].
The importance is also well recognised in animal production and medicine to maintain the
health of livestock. Vitamin E cannot be synthesised in the mammalian body and must
therefore be provided through food or supplementation. The VE family is composed of
four tocopherols and four tocotrienols (α, β, γ and δ). Tocopherols have a saturated phytyl
side chain, whereas tocotrienols have a three-fold unsaturated isoprenoid side chain [44].
Unlike other nutrients, the body cannot interconvert among these forms. In the plasma
and tissues of humans and animals, one form, α-tocopherol (α-Toc), is the predominant
congener and the most biologically active form of VE [44] because other tocopherols and
tocotrienols are usually found at very low-levels compared to α-Toc. Alpha-tocopherol
regulates key cellular events by mechanisms unrelated to its antioxidant properties, such
as the inhibition of protein kinase C activity [44]. Furthermore, the expression of many
genes has been found to be under the non-antioxidant control of α-Toc [45,49], suggesting
the high availability of α-Toc in protection against disease in humans and animals.

Natural α-Toc (RRR-α-Toc (2,5,7,8-tetramethyl-2R-(4′R,8′R,12-trimethyltridecyl)-6-
chromanol)) has the highest biological activity and is maintained at the highest level in
plasma and tissues of humans and animals [50]. However, most of the α-Toc used for
supplementation of food and feed is synthetic in origin, designated as all-rac-α-Toc (2,5,7,8-
tetramethyl-2RS-(4′RS,8′RS,12-trimethyltridecyl)-6-chromanol). All-rac-α-Toc (dl-α-Toc)
has three asymmetric carbons at positions 2, 4′ and 8′ and consists of an equimolar mixture
of eight stereoisomers (RRR, RRS, RSS, RSR, SRR, SSR, SRS and SSS). The measurement
of α-Toc activity in terms of IU was based on fertility enhancement by the prevention of
spontaneous abortions in pregnant rats [51]; 1 IU of α-Toc is defined as 1 mg of all-rac-
α-tocopheryl acetate, as 0.74 mg of RRR-α-tocopheryl acetate, and as 0.67 mg of RRR-
α-Toc. Data from cows comparing the bioavailability of various Toc stereoisomers are
contradictory, and insufficient consistent data are available to determine IU conversion
factors for VE for ruminants [52]. However, Meglia et al. [53] showed that RRR-α-Toc was
the most predominant stereoisomer, constituting more than 86%, whereas the remaining
part of α-Toc was made up of three synthetic 2R isomers, while the 2S isomers contributed
less than 1% of the total α-Toc in plasma and milk from dairy cows supplemented with
all-rac-α-tocopheryl acetate. Jensen et al. [54] showed that after a single dose injection of
all-rac-α-tocopheryl acetate, the RRR-α-Toc was retained in plasma for the longest time
and secreted into milk at the highest concentration followed by RRS-, RSS-, and RSR-
α-Toc leaving the Σ2S-α-Toc to be retained in plasma for the shortest time and secreted
into milk at the lowest concentration. In dairy cows during early lactation, the serum
concentrations (nM) of γ-Toc, α-, β-, γ- and δ-tocotrienol were far lower than those of
α-Toc (approximately 1/56, 1/214, 1/3947, 1/5000 and 1/2500, respectively) [55]. Among
the naturally occurring forms of the VE family, α-Toc only meets VE requirements and
α-Toc stereoisomers have different bioactivities because α-Toc transfer protein (αTTP) has
a different affinity for VE (described in Section 2.2.1) and play an important role in the
circulation and disposition of α-Toc in cattle. Throughout this review, the terms “VE” and
“α-Toc” are used interchangeably and the plasma/serum concentrations of α-Toc is unified
and expressed in “μg/mL” (1 μM = 0.43 μg/mL).

2.2. Alpha-Tocopherol Transfer Protein and Other α-Toc-Related Molecules

Alpha-tocopherol shows tissue-specific distribution in animals [56], and this property
may affect the α-Toc potencies for each tissue. However, until recently, the molecular mech-
anisms underlying this tissue distribution and the action of α-Toc were poorly understood
in cattle. Pioneering studies from the 1990s conducted with humans and rodents have
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identified and characterised some α-Toc-related proteins, molecular players involved in
α-Toc regulation, followed by a study in ruminants from the 2010s.

2.2.1. Alpha-Tocopherol Transfer Protein

A cytosolic protein that specifically binds to α-Toc was purified from rat and human
liver [57], and the full-length cDNA sequence of the rat and human homolog has been
reported [58,59]. The protein is called α-Toc transfer protein (αTTP) encoded by the
TTPA gene, which is classified as a member of the Sec14 like protein family, which has
a CRAL-TRIO lipid-binding domain. Humans carrying mutations in the TTPA gene
revealed a low α-Toc level in plasma and neurological disorders associated with elevated
oxidative stress termed as ataxia with VE deficiency (AVED), indicating the importance of
αTTP in regulating plasma α-Toc levels [60,61]. In agreement with this fact, αTTP-/- mice
demonstrated AVED-like symptoms [48]. Arita et al. [62] reported that α-Toc secretion
was markedly stimulated when αTTP was overexpressed in a cultured rat hepatocyte
cell line. These reports indicate that hepatic αTTP regulates α-Toc secretion from the
liver into the circulation. In intracellular transfer mechanisms, αTTP binds to α-Toc in
the endosomal membrane and enables its transport to the plasma membrane, where the
αTTP interacts with phosphatidylinositol-4,5-bisphosphate [PI(4,5)P2] or [PI(3,4)P2] for the
release of α-Toc and its incorporation into the plasma membrane [63]. Mutations in the TTPA
prevent its binding with the membrane PIPs and transfer α-Toc to the membrane [63–65].
Alpha-tocopherol transfer protein translocate to the hepatic endosomal compartment to
transfer available α-Toc [66–68], and the intracellular localisation of αTTP in hepatocytes
is dynamic and responds to the presence of α-Toc [67]. Moreover, the regulation of TTPA
expression in tissues in response to α-Toc supplementation is unclear, with complicated
reports on rodents genes. Concerning the effect on TTPA mRNA expression in the liver,
there were conflicting reports that α-Toc supplementation in rats was up-regulated [69],
down-regulated [70] and showed no [71] effective actions on gene expression. Recently,
higher expression of TTPA mRNA in chicken liver, in response to dietary α-Toc content,
was reported, and the result may suggest its crucial role in the transport of α-Toc in chicken
liver [72]. The αTTP, which is mainly expressed in the liver, regulates α-Toc secretion from
the liver into circulation, and is also observed in other peripheral tissues and/or cells, such
as mouse uterus [73], human leukocytes [74], human placental trophoblast cells [75], mouse
lung [76], chicken small intestine, intestinal mucosal layer and adipose tissues [72].

Molecular cloning and characterisation of the full-length cDNA of ovine and bovine
TTPA genes were conducted [33,77], which contained 2740 nucleotides, and the open
reading frame contained 846 bp encoding 282 amino acids with 88% identity with the
human genes. Bovine and ovine αTTP have an additional five amino acids (GEEVT) at the
C terminus, which goat, bison, deer, dolphin, and killer whale αTTPs contain, whereas
human, mouse, and rat αTTPs do not have, suggesting that the C-terminal sequences of
αTTP are specific to Cetartiodactyla animals [77]. Zuo et al. [78] demonstrated the expression
of TTPA mRNA in non-hepatic ovine tissues, including the heart, spleen, lung, kidney,
and muscle. Haga et al. [35] reported the distribution of TTPA mRNA expression in 20
major tissues in calves, including metabolic, reproductive, endocrine, immune, digestive,
and absorptive tissues. Furthermore, the hepatic [2,55,79] and mammary [2] TTPA mRNA
expression in dairy cows was also investigated (described in Section 4). These reports
suggest that αTTP is expressed not only in the liver, but also in various non-hepatic
tissues in cattle, and may also play a crucial role in regulating α-Toc circulation and local
α-Toc status.

2.2.2. Afamin

Another potential candidate protein for α-Toc binding and transport to plasma and
extravascular fluids is afamin (AFM) encoded by the AFM gene [80,81]. Afamin belongs
to the albumin (ALB) gene superfamily, which comprises ALB, α-fetoprotein, and vita-
min D-binding protein [82] and has multiple binding sites for both α-Toc and γ-Toc [80].
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Afamin is primarily expressed in the liver [82] and secreted into circulation, where it is
partially associated with apolipoprotein A1 (ApoA1), which contains high density lipopro-
tein (HDL) subfractions in human plasma [81]. In women, nearly a two-fold increase
in serum AFM concentrations was observed during uncomplicated pregnancy [83] and
the elevated serum concentrations were associated with the presence of metabolic syn-
drome [84]. These findings suggest that plasma/serum AFM concentrations have the
potential to serve as predictive markers for various medical conditions. However, AFM
and α-Toc concentrations are significantly correlated in follicular and cerebrospinal fluids,
but not in plasma or serum [81,85,86]. The expression of AFM has also been confirmed
in other organs such as the human kidney [83], and Kratzer et al. [87] reported that AFM
is synthesised by brain capillary endothelial cells and mediates α-Toc transport into the
central nervous system across the blood-brain barrier. According to these reports, AFM
might be a specific binding/transport protein contributing to α-Toc circulation and its
status in various local tissues.

Haga et al. [35] reported the distribution of AFM mRNA expression in the liver, renal
cortex, testis, thymus, duodenum, and jejunum tissues of calves. Although hepatic and
mammary AFM mRNA expression in dairy cows was investigated, the AFM transcript in
mammary gland tissue was not detected [2]. The understanding of the physiological role
of AFM in ruminants is minimal. However, in dairy cows, 3% of plasma α-Toc was not
associated with the lipoprotein fractions in circulation [88]; thus, AFM might be involved
in α-Toc transportation in plasma and extravascular fluids.

2.2.3. Tocopherol-Associated Protein

Studies have reported the identification of tocopherol-associated protein (TAP/
SEC14L2) in the cytosol of bovine liver, and TAP has a sequence that is homologous
to the proteins with the CRAL-TRIO structural motif in common with αTTP [89,90]. Re-
combinant human TAP could bind only to α-Toc but not to other tocopherols, as shown by
ligand competition analysis and α-Toc-dependent nuclear translocation and transcriptional
activation properties in transfected COS-7 cells [91]. This report suggested that TAP might
be associated with intracellular metabolism, non-antioxidative function, and the regula-
tion of gene expression of α-Toc [92]. However, TAP, expressed in mouse mast cells, was
predominantly localised in the cytoplasm and its subcellular localisation was not changed
by α-Toc [93]. These results suggest that the physiological role of TAP in mast cells is not
α-Toc-related, while as an α-Toc binding protein, TAP can promote α-Toc retention and
thus increase its concentration in breast cancer cells [94]. SEC14L2 mRNA has also been
observed in various human tissues [89,90]; however, the biological roles of TAP in each
tissue are still poorly understood.

Haga et al. [35] reported the distribution of bovine SEC14L2 mRNA expression in 20
major tissues of calves. Furthermore, the hepatic [2,55] and mammary [2] SEC14L2 mRNA
expression in dairy cows was also investigated (described in Section 4).

2.2.4. Scavenger Receptor Class B, Type I

Some lipoprotein receptors and transporters might also be important for the control
of α-Toc distribution in tissues because HDL, low density lipoprotein (LDL), very low-
density lipoprotein (VLDL), and chylomicron (CM) are the major carriers of α-Toc in the
bloodstream because of the hydrophobic properties of α-Toc [95]. Several studies using
knock-out mice and over-expressing cells [95], and specific antibodies and a chemical
inhibitor in enterocytes [96], have suggested that selective cholesterol ester uptake from
HDL by scavenger receptor class B, Type I (SRBI), rather than endocytosis (Ex. VLDLs
and LDLs), are important factors for α-Toc delivery into cells. Scavenger receptor class
B, Type I, encoded by the SCARB1 gene, is a member of a multiligand family that plays a
well-established role as an HDL receptor [97]. In SRBI-deficient mutant mice, there was a
significant increase in plasma α-Toc that was mostly distributed in HDL-like particles and a
significant decrease in the α-Toc concentrations in bile and several tissues, including ovary,
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testis, lung, and brain, but not in the liver, spleen, kidney, or white fat [95]. These reports
suggest that SRBI plays an important role in transferring α-Toc from plasma lipoproteins
to specific tissues and the nervous system [98]. In addition, SRBI was also shown to
mediate α-Toc efflux from the cytosolic compartment of Caco-2 cells to the apical medium,
suggesting a potential regulatory role in α-Toc absorption [96].

In cattle, HDL is the major lipoprotein in the plasma and follicular fluid [99,100], and
α-Toc is mainly located in HDL among lipoproteins [37]. Rajapaksha et al. [101] sequenced
bovine SCARB1 cDNA, which contains 509 amino acids. The changes in SCARB1 mRNA
levels were evaluated in developing bovine ovarian cells; however, the relationship between
the mRNA level and α-Toc concentration in follicular fluid is unknown [99,100]. By contrast,
Higuchi et al. [37] clarified that the upregulation of SCARB1 mRNA in neutrophils in cattle
supplemented with α-Toc and the cellular α-Toc contents were decreased after anti-SRBI
treatment. These results suggest that SRBI is a crucial receptor in bovine neutrophils for the
uptake of HDL-associated α-Toc. A study investigating the distribution of SCARB1 mRNA
in six tissues from cows demonstrated that their levels were high in the adrenal cortex and
corpus luteum [101] because these organs take up large amounts of cholesterol from the
bloodstream HDL to synthesise steroid hormones. Haga et al. [35] also reported high α-Toc
accumulation in the adrenal gland and testis, with the highest expression levels of SCARB1
mRNA among the 20 tissues in calves. These results suggest that the high expression of
SRBI in these tissues may take up some α-Toc along with HDL.

2.2.5. ATP-Binding Cassette Transporter A1

ATP-binding cassette transporter A1 (ABCA1/ABCA1) is a cholesterol efflux regula-
tory protein. It is known that ABCA1 is involved in the regulation of cholesterol efflux
from cells, and mutations in ABCA1 genes cause HDL deficiency [102]. In hepatocytes,
lipid-free apoA1 is secreted to ABCA1, which localises on the plasma membrane and into
intracellular sites, and nascent HDL (preβ-HDL) particles are formed [103,104]. It was also
reported that ABCA1 mediates cellular secretion of α-Toc because hepatic α-Toc secretion is
suppressed by ABCA1-RNAi or probucol (inactivator of ABCA1) in a rat hepatoma cell line
and C57BL/6Cr mice in vivo [105]. Kono and Arai [66] demonstrated that αTTP transports
α-Toc to the plasma membrane, where it is picked up by ABCA1 and excreted from the
hepatocyte. The expression profile of human ABCA1 mRNA in different tissues has been
previously reported [106,107]. In non-hepatic cells, forced expression of ABCA1 markedly
stimulated α-Toc efflux in baby hamster kidney cells [108]. Therefore, the regulation of the
transportation and distribution of α-Toc must be closely linked to the complex mechanisms
of cholesterol, lipoprotein and especially HDL metabolism via ABCA1.

Sequence analysis of bovine ABCA1 cDNA revealed that the open reading frame
of this gene consists of 6786 bases and encodes a protein of 2261 AA with a predicted
molecular weight of 254 kDa [109]. Haga et al. [35] reported that the ABCA1 mRNA level
in Japanese Black beef calves was the highest in the liver, followed by heart muscle, lung,
adipose, spleen and adrenal gland, which did not agree with the report of Farke et al. [109],
who detected the highest mRNA level in the lungs of an adult lactating Holstein–Friesian
cow. This discrepancy might be attributable to the differences in the bovine breeds and
the life stages of the animals because of the different lipid metabolisms. In particular, the
differences in cholesterol status may affect the distribution of ABCA1 mRNA expression in
tissues because ABCA1 transcript activity is reportedly regulated by the liver X receptor and
sterol regulatory element-binding protein (SREBP) 2, which are key proteins in cholesterol
metabolism [102,110]. Hepatic gene expression in transition dairy cows has been reported
in recent studies [2,111,112]. Furthermore, it is notable that the expression and localisation
of ABCA1 in the bovine mammary epithelial cells, mammary gland, and milk fat globules
have an important role in cholesterol homeostasis and milk fat synthesis [36,112–116]. The
mammary expression of ABCA1 may be involved in the regulation and mechanism of
α-Toc transfer into colostrum and milk.
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2.2.6. Cytochrome P450 Family 4, Subfamily F, Polypeptide 2

Cytochrome P450 family 4, subfamily F, polypeptide 2 (CYP4F2/CYP4F2), is a member
of the CYP4F subfamily ω-hydroxylate leukotriene B4 [117–119]. In addition, tocopherols
and tocotrienols are also metabolised by side chain degradation initiated by CYP4F2-
catalyzed ω-hydroxylation, followed by β-oxidation, mainly in the liver [120]. The resulting
water-soluble metabolites, carboxyethyl hydroxychromans (CEHC), are excreted in the
urine [121,122]. Cytochrome P450 family 4, subfamily F, polypeptide 2 exhibited markedly
higher catalytic activities for γ-Toc than α-Toc, resulting in preferential physiological
retention of α-Toc and elimination of γ-Toc [120]. In particular, sesamin potently inhibited
tocopherol-ω-hydroxylase activity exhibited by CYP4F2 [120], and dietary sesame seeds
elevated α-Toc concentrations in the brain, liver and serum, and lowered the oxidative
stress marker, thiobarbituric acid reactive substance (TBARS), in the brain of rats [123].
These data also emphasise the importance of CYP4F2 in α-Toc metabolism. The α-Toc
levels in the body may be influenced by changes in the mRNA expression and enzyme
activity of CYP4F2. In fact, the reduced expression of hepatic TTPA, AFM and CYP4F2
genes probably leads to decreased plasma α-Toc levels and elevated α-Toc levels in the
liver of streptozotocin-induced type 1 diabetes rat models [124]. Sterol regulatory element-
binding proteins can transactivate CYP4F2 transcription in hepatocytes [125], and decrease
SREBP-1 proteins expression, resulting in reduced expression of CYP4F2, which slows the
breakdown of α-Toc in experimental non-alcoholic fatty liver disease model mice [126].

In calves, the CYP4F2 mRNA level was the highest in the liver, followed by the testis,
adrenal gland, duodenum, and jejunum, which have high α-Toc accumulation [35]. The
CYP4F2 mRNA in lactating Holstein cows was significantly higher in the kidney than in the
liver, lung, mammary gland, heart, skeletal muscle, spleen and uterus [38]. Furthermore,
the hepatic [2,55] and mammary [2] CYP4F2 mRNA expression in transition dairy cows
was investigated (described in Section 4). The contribution of CYP4F2 to circulating α-
Toc concentrations in transition dairy cows is not yet well understood. However, it is
believed that the evidence of α-Toc metabolism by CYP4F2, similar to the metabolism of
polyunsaturated fatty acids, can provide information regarding the physiological factors
underlying hypovitaminosis E and the importance of CYP4F2 in the maintenance of dairy
cow health [127].

As described above, in bovine species, the expression of TTPA, AFM, SCARB1, ABCA1,
SEC14L2 and CYP4F2 genes in various tissues may play important roles in the regulation
of α-Toc disposition (metabolism, transportation, and tissue distribution) (Figure 1). These
genes may not be the whole explanation of α-Toc disposition mechanism [128–130]; how-
ever, the evidence of the expression of these α-Toc-related genes has the potential to help
understand the physiological factors underlying hypovitaminosis E in the transition period
of high-yielding dairy cows.
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Figure 1. The possible mechanism of α-Toc disposition (metabolism, transportation, and tissue distribution) with the
expression of α-Toc-related genes in cattle. Abbreviations: α-Toc, α-tocopherol; α-CEHC, α-carboxyethyl hydroxychromans;
αTTP, α-tocopherol transfer protein; TAP, tocopherol associated protein; AFM, afamin; SRBI, scavenger receptor class B,
Type I; ABCA1, ATP-binding cassette transporter A1; CYP4F2, cytochrome P450 family 4, subfamily F, polypeptide 2; CM,
chylomicron; HDL, high density lipoprotein; VLDL, very low-density lipoprotein; LDL, low density lipoprotein; MFG, milk
fat globules.

3. Hypovitaminosis E in Transition High-Yield Dairy Cows

3.1. Changes in α-Tocopherol Status in Transition Dairy Cows

It is well known that the plasma/serum concentrations of α-Toc in high-yield dairy
cows gradually decrease throughout prepartum, starting from several weeks before calving,
reaching a nadir at calving, and remaining at lower levels during the puerperal period
(about 3–7 d), and increasing thereafter [2,10–13]. According to the fundamental research
conducted by Weiss in 1990s [11,12,21,131–133], others [10,134] and NRC [52], based on
disease risk and immune function in dairy cows, plasma/serum concentrations of α-Toc
should be more than approximately 3 μg/mL in peripartum period; below this cut-off
level is an α-Toc deficiency namely hypovitaminosis E. From 2000s to 2020s, the occur-
rence of hypovitaminosis E around calving has been still reported [2,13,15,16,79,135–138].
According to the NRC [52] recommendation to maintain this cut-off value, dry cows and
heifers fed stored forages during the last 60 d of gestation require approximately 1.6 IU of
supplemental α-Toc/kg BW (1120 IU/d for cows weighing 700 kg BW or approximately 80
IU/kg of DMI). However, the effect of supplementation and optimal dose may be far from
certain. In cows supplemented with 1000 IU α-tocopheryl acetate per day (approximately
108 IU/kg of DMI) from 30 d prepartum to two weeks postpartum, the occurrence of
hypovitaminosis E around calving was observed but with a lower decrease in plasma α-Toc
concentration. However, when compared to the group with no α-Toc supplementation, the
plasma α-Toc concentration was regained earlier after calving [135]. Hypovitaminosis E
after calving also occurred in cows that were administered 1000 IU α-tocopheryl acetate
per day (approximately 110 IU/kg of DMI) from 60 d prepartum to calving [139]. In
agreement with these reports, the serum α-Toc concentration in high-yield dairy cows fed
approximately 97 mg of α-toc/kg of DM from five weeks prepartum to calving, was less
than 3 μg/mL during the prepartum period and approximately 1.5 μg/mL after calving [2].
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By contrast, high-dose VE supplementation (3000 IU/day/cow) from eight weeks before
the predicted calving date was sufficiently high to prevent hypovitaminosis E [140].

3.2. Disease Risk in Hypovitaminosis E and the Effects of α-Toc Supplemantetion in Transition
Dairy Cows

To our knowledge, numerous detailed reviews about the disease risk of hypovita-
minosis E and the α-Toc supplementation effect on the health of transition dairy cows and
heifers have been published in the last 30 years (two databases, PubMed and Web of Science
were searched using key words: vitamin E, dairy cows, tocopherol, 1990–2021, and re-
viewed full text is currently available online, 1990s: [17–22], 2000s: [1,23–27], 2010s: [28–32]).
Based on three recent reviews published in the last 10 years [30–32], α-Toc supplementation
has the potential to affect the incidence of mastitis, including milk somatic cell count (SCC)
values, and retained foetal membranes (RFM). Some studies suggest that α-Toc supplemen-
tation at the level 1000 to 4000 IU/day/cow during the dry period can reduce the frequency
of intramammary infection and the occurrence of clinical mastitis, as well as the levels of
SCC in milk [17,133,141], suggesting that α-Toc deficiency may be a critical risk factor for
the increased frequency of infection and duration in mammary glands during the transition
period. Many studies have provided evidence suggesting that α-Toc supplementation can
mitigate the immune dysfunction that occurs during the transition period [21,142–146].
The overproduction of reactive oxygen species (ROS) may contribute to several metabolic
disturbances, resulting in the appearance of RFM [147]. The meta-analysis [148], performed
to consolidate the results of studies that have evaluated the effect of α-Toc supplementation
during the dry period on the incidence of RFM and found that α-Toc supplementation
was associated with a decrease in the incidence of RFM. However, there are insufficient
studies which have evaluated the effect of α-Toc alone on RFM, and much of the apparent
significant benefit of α-Toc may be mediated by Se. The results of published studies were
equivocal, and further work is required to assess α-Toc supplementation.

Next, we focus on relevant papers published in the last 10 years and present some
novel data about the disease risk of hypovitaminosis E and α-Toc supplementation effects
in transition dairy cows.

3.2.1. Left Displaced Abomasum

Left displaced abomasum (LDA) occurs in multiparous cows during the first month
of lactation as part of the peripartal disease complex. Hasanpour et al. [149] reported that
cows with LDA had approximately 42% lower serum α-Toc concentrations than healthy
cows as control (2.7 vs. 4.7 μg/mL, respectively), and suggested use of supplementary α-
Toc with Se for the LDA cattle. Qu et al. [16] investigated a retrospective case-control study
to determine whether the lower serum α-Toc concentrations precede or remain after LDA
in the transition period. Seven multiparous Holstein cows diagnosed with LDA between
days 6 and 32 postpartum and 10 healthy cows from the same herd were analysed. Before
calving, all 17 cows were visually healthy. These cows fed a TMR contained supplemental
all-rac-α-tocopheryl acetate at 167 and 24.5 IU/kg DM before and after calving, respectively.
Each cow in LDA had other diseases before LDA diagnosis (five cows had ketosis, four
cows had metritis, two cows had milk fever, and one cow each retained placenta after
twins, mastitis, or laminitis). Most cows had diseases after LDA correction (until day
49 postpartum: four cows had ketosis, one cow had mastitis, and one cow died from an
intestinal ulcer 2 d after LDA diagnosis at day 34 postpartum). Serum α-Toc concentrations
decreased dramatically in the first week postpartum in all cows; however, the nadir α-Toc
concentration at day 7 postpartum in LDA cows was lower than that in controls, and the
level (about 2.2 μg/mL) was diagnosed as hypovitaminosis E. Furthermore, cows with
LDA during the first month postpartum (for 28 days) had, on average, lower serum α-Toc
concentrations than the cut-off value. In control cows, α-Toc concentrations returned to
prepartal concentrations (approximately 6.0 μg/mL) by four weeks postpartum, while
serum α-Toc in cows with LDA remained lower than controls during the entire postpartum
sampling period (seven weeks postpartum). A lower DMI might be a probable causative
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factor for the lower serum α-Toc concentrations in LDA cows, however, there was an
absence of DMI data in the study [16]. The authors suggested that these findings indicate
that lower serum α-Toc concentrations are a potential early indicator for the development
of LDA in multiparous cows.

3.2.2. Retained Foetal Membranes, Stillbirth, and Reproductive Performance

Retained foetal membranes are an established risk factor for other peripartum diseases
and fertility. Multiple physical, endocrine, and cellular factors are involved in RFM, and
the immune and antioxidant potential before calving are important predisposing factors.
Qu et al. [15] investigated the risk indicators of RFM using a nested case-control design
and compared multiparous dairy cows that developed RFM with cows that remained
healthy or cows that developed other diseases (metritis, mastitis, ketosis, or laminitis) in
early lactation (each n = 32). These cows fed a TMR contained supplemental VE at 167
and 24.5 IU/kg DM as all-rac-α-tocopheryl acetate before and after calving, respectively.
During the three weeks pre-calving, RFM cows had lower serum α-Toc concentrations than
healthy cows. In addition, RFM cows tended to have lower serum α-Toc concentrations
between three and two weeks prepartum than cows that developed other diseases. After
calving, the α-Toc concentrations in RFM and other diseased cows were lower than the
cut-off values (<3 μg/mL). Pontes et al. [150] evaluated the effects of injectable α-Toc
supplementation during the last three weeks prepartum on the incidence of RFM and
stillbirth, and reproductive performance in cows fed limited amounts of dietary α-Toc.
During the prepartum period, cows were fed with less than 500 IU of supplemental dl-
α-tocopherol per day. Cows were randomly assigned to remain as untreated controls
(n = 441) or to receive three intramuscular injections of 1000 IU each of dl-α-tocopherol
administered at three, two, and one week before calving (VitE group, n = 449). The serum
α-Toc concentration at three weeks prepartum was similar between the control (n = 75)
and VitE (n = 66), with an average of 2.97 μg/mL. The results showed that treatment with
injectable α-Toc decreased the RFM rate from 20.1% to 13.5% and, decreased the incidence
of stillbirth from 14.9% to 6.8%. In addition, cortisol is known to suppress leukocyte
function in cattle, and its serum levels in cows receiving α-Toc were lower than those in
control cows at 1 week before calving. The authors suggested that improved immune-cell
function, through either antioxidant effects or other cellular signalling pathways activated
by α-Toc, is likely to underlie the reduction in the incidence of RFM. Cows with VitE also
tended to have improved pregnancy per insemination at first AI (36.7 vs. 30.1%) because of
decreased pregnancy loss than control cows. Despite a similar insemination rate, VitE cows
had a 22% higher pregnancy rate than control cows. The authors concluded that feeding
dairy cows with less than 500 IU of VE per day during the last weeks of gestation may
result in an inadequate level of plasma α-Toc that leads to compromised-peripartum health
and subsequent reproduction.

3.2.3. Udder Health (Mastitis and SCC Values) and Milk Yield

Politis et al. [14] investigated the relationship between the incidence of clinical mastitis
and blood α-Toc levels during dry off and calving. All cows (n = 146) were supplemented
with all-rac-α-Toc at a rate of 3000 and 50 IU/cow per day during the dry period and
lactation, respectively. According to the blood α-Toc concentrations, three groups at dry off
were created: high (>6.25 μg/mL), medium (4.25–6.25 μg/mL), and low (<4.25 μg/mL). In
addition, three groups at calving were created: high (>3 μg/mL), medium (2–3 μg/mL),
and low (<2 μg/mL). No differences were observed in the incidence of mastitis between
the three α-Toc groups during the dry-off period, however, the incidence of mastitis was
four times lower in the high- (>3 μg/mL) and medium- (2–3 μg/mL) α-Toc groups than
that in the low-α-Toc group (<2 μg/mL) at calving. In fact, cows with mastitis had lower
concentrations of α-Toc (1.9 μg/mL) than healthy cows (2.74 μg/mL) at calving. These
results also suggest that supplementation with all-rac-α-Toc at a rate of 3000 IU/cow per
day during the dry period cannot always prevent hypovitaminosis E around calving.
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Several other factors affect α-Toc availability and its physiological functions in cows,
including the source of the α-Toc active substance, other fat-soluble nutrients in feeds,
timing and period of supplementation, inclusion of Se, α-Toc content of the basal feeds,
and method of administration (e.g., ruminal pellets or premixes in diet, or iv, sc and im
injection). Moghimi-Kandelousi et al. [151] evaluated the effects of α-Toc supplementation
on the serum level, milk yield, and SCC values of transition cows by considering a large
set of variables that might influence the responses to α-Toc supplementation. To conduct
a comprehensive meta-analysis of α-Toc supplementation effects during the transition
period, after a broad search in journals and databases with keywords related to transition
cows supplemented with VE and appropriate filtering of the results, 36 papers including
53 trials were selected from 528 publications (from 1979 to 2018), and their data were
extracted into a database. Overall, 22 studies were conducted on Holstein cows, and the
rest used other breeds. In 10 studies, primiparous and multiparous cows were studied,
whereas in the remainder, treatments were applied only to multiparous cows. Six papers
(12 independent trials) were used in the meta-analysis of milk yield, in which eight trials
reported positive effects of VE supplementation. Furthermore, meta-regression showed
that breed, Se supplementation, number of days treated prepartum, parity, and method of
administration did not alter the effect of VE administration on milk yield in the first month
of lactation. By contrast, the overall results of the meta-analysis showed non-significant
changes in milk SCC with VE supplementation. The meta-analysis and meta-regression also
showed that VE supplementation improved the reproductive performance of transition
cows, such as shorter days open, reduced the number of services per conception, and
decreased the odds of RFM. In conclusion, the authors suggested that up to 3600 IU/day
of VE as an oral supplement during the transition period affects the milk production and
reproduction performance of cows with Se supplementation.

As mentioned above, relevant papers published in the last 10 years with novel data
indicated that hypovitaminosis E in the transition period is a risk factor for peripartum
disease and lower performance in dairy cows. Alpha-tocopherol supplementation is
an important method for the effective prevention of peripartum disease in high-yield
dairy cows, although supplementation during the dry period cannot always prevent
hypovitaminosis E around calving.

4. Physiological Factors Underlying Decreased Blood α-Toc Level and
Hypovitaminosis E in Transition Period

The α-Toc deficiency may be caused by complex factors such as changes in the amount
of α-Toc intake, increased oxidative stress and lipid peroxidation, and transfer of α-Toc into
colostrum around calving. However, until recently, the physiological factors or pathways
underlying hypovitaminosis E in the transition period of high-yielding dairy cows have
been less well understood. Dramatic changes in lipid metabolism [39], endocrine sta-
tus [3,4], physiological stress [2] and inflammation [5] occur and may damage the hepatic
functions [40,41], playing a crucial role in the metabolism and disposition of α-Toc [33–35]
during peripartum in dairy cows. Therefore, we discuss the candidate physiological factors
underlying decreased blood α-Toc levels and hypovitaminosis E during late pregnancy to
early lactation period.

4.1. The Decline in α-Toc Intake by Decreasing DMI from Close-Up Period to Calving

In dairy cows, daily intake of DM gradually decreases during the dry period, especially
during the close-up period, and the DMI drops sharply to a nadir level at calving and
increases thereafter toward early lactation [53,152,153]. It is believed that the major cause
of the decline in DMI may be reduced rumen volume and capacity beyond the space
requirement of developing foetuses in the close-up period, and physical and physiological
stress-induced parturition. Decline in DMI is an unavoidable physiological phenomenon
in dairy cows. If the α-Toc content in the feed is not different during this period and no
supplementation is provided, its intake amount decreases with the decline in DMI [2].
Thus, to determine whether the decrease in serum α-Toc concentrations reflects the decline
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in α-Toc intake due to decreasing DMI around calving, Haga et al. [2] compared the
rate of change between the serum α-Toc concentrations and its intake using monitoring
data from high-yield Holstein cows (n = 28). During the close-up period, the α-Toc
intake gradually decreased, declining at calving. After calving, DMI and α-Toc intake
progressively recovered and increased with time. The serum concentrations of α-Toc
decreased during the close-up period, reaching a nadir after parturition until 0.5 week
after parturition. A comparison of the changes in α-Toc intake levels and serum α-Toc
concentrations around the calving period (−2 to 2 weeks relative to parturition) revealed
that, in prepartum, the decreasing α-Toc rates were similar between intake and blood;
however, after calving, increasing serum α-Toc levels were significantly delayed compared
to the recovery of α-Toc intake. These results suggest that decreased α-Toc intake levels
may be one of the causes that strongly influence the decrease in serum α-Toc concentrations
until pre-calving, but not the only influencer during post-calving.

4.2. Changes in the Digestive and Absorptive Functions of α-Toc with Change in the Expression of
α-Toc-Related Genes

It was reported that all-rac-α-tocopheryl acetate was stable in the rumen of high-
yielding dairy cows [154]. However, these cows are at the risk of subacute ruminal acidosis
(SARA; diagnosed when reticulo-ruminal pH is <5.6 for more than three hours per day)
during the periparturient period [155]. The stability of α-Toc under SARA conditions is
not well known.

Blood was sampled through a trial from sheep with a ligated pylorus that received
α-Toc, suggesting that no significant amount of α-Toc was absorbed from the preintestine
region to the blood stream in ruminants [156]. This finding was indirectly supported
by Haga et al. [35], who investigated the expression of α-Toc-related genes and α-Toc
accumulation in weaned calves with and without oral administration of α-Toc. These
results indicated that, in the gastrointestinal (GI) tract (rumen to the colon), the jejunum
and duodenum had high α-Toc content and expressed high levels of SRB1, AFM, TAP and
CYP4F2 mRNA. The functions of αTTP and TAP in the GI tract have not been clarified,
however, these results suggest that the expression of α-Toc-related genes is involved in the
regulation of absorbed dietary α-Toc in the GI tract. Thus, these small intestine regions may
be the major oral α-Toc absorption sites in cattle. However, to the best of our knowledge,
there has been no detailed investigation of the changes in the digestive and absorptive
function of α-Toc in the GI tract of high-yield dairy cows during the transition period,
although there may be a possibility of changing the function with changes in the expression
of α-Toc-related genes. Although challenging, further studies investigating in detail about
the changes in the digestive and absorptive function of α-Toc, with α-Toc-related genes
expression, in the GI tract of high-yield dairy cows are needed.

4.3. The Decline of Plasma HDL Level as an α-Toc Carrier from Close-Up Period to Calving

Alpha-tocopherol, a fat-soluble vitamin, requires a carrier system for bloodstream
transportation. Herdt and Smith [88] investigated the distribution of α-Toc and cholesterol
among the various lipoprotein density fractions in the blood of lactating Holstein cows; the
percentage of total plasma α-Toc and cholesterol were VLDL (2% and 2%), LDL (17% and
22%), and HDL (77% and 72%, respectively). In addition, the α-Toc:cholesterol ratios were
not significantly different among the lipoprotein fractions. These results indicated that α-
Toc and cholesterol were distributed in equal proportions among lipoprotein fractions and
HDL is a major lipoprotein carrier of α-Toc in the plasma of dairy cows. These results were
supported by Higuchi et al. [37]. During the transition period, plasma HDL, VLDL, LDL,
and cholesterol levels in dairy cows gradually decreased throughout prepartum, reaching
a nadir at calving, and increasing thereafter [2,112,157]. This decline in lipoproteins may be
caused by (1) the reduced DMI intake [2,53,152,153]; (2) changes in lipid metabolism and
increased plasma NEFA and BHBA [39,158]; (3) the impaired hepatic export mechanism
with reduced secretion of ApoB100 (decreased mRNA) and apoA1 [159], and (4) enhanced
transfer of these compounds into the fat rich-colostrum [112]. Based on the changes
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monitored in blood α-Toc/HDL ratio, which assesses the rate-limiting levels of HDL
concentration as an α-Toc carrier, from −2 to 2 weeks relative to parturition, Haga et al. [2]
confirmed that the α-Toc/HDL ratio was significantly lower during the post-calving
period than during the pre-calving period. These results suggest that remaining at lower
serum α-Toc concentrations after calving might not result in lower HDL concentrations. It
appeared that other causes might determine the lower serum α-Toc concentrations during
the first week after calving in addition to changes in the levels of α-Toc intake and plasma
HDL concentrations.

4.4. Increasing Systemic Oxidative Stress and Consumption of α-Toc as Antioxidant
around Calving

Oxidative stress in living organisms is generated when free radical production ex-
ceeds the capacity of antioxidant mechanisms. Considerable evidence [2,14,160–163] and
reviews [6,164] suggest that high-yield dairy cows experience severe oxidative stress
around calving and during the onset of lactation. Bernabucci et al. [165] reported that
dairy cows with higher BCS and higher body condition losses are more prone to oxidative
stress during the periparturient period. It was confirmed that the increase in systemic
oxidative stress around calving roughly coincided with a decrease in blood α-Toc con-
centration [2]. Furthermore, mRNA expression of the major antioxidant enzymes in the
liver was markedly downregulated at calving [2]. Since α-Toc is considered an important
antioxidant, these results suggest that both systemic and hepatic antioxidative/oxidative
balance may be lower, and the consumption of α-Toc increases around calving. In fact, sup-
plementation with α-Toc could reduce the markers of oxidative damage, serum/plasma
malondialdehyde (the product of lipid peroxidation) [139,166] and heat shock protein
70 [139].

4.5. Decreasing Hepatic α-Toc Transfer to Circulation with Change in the Expression of
α-Toc-Related Genes

The study on bovine tissues distribution [35] demonstrated that the liver may play a
central role in the regulation of α-Toc disposition, as inferred by the high hepatic expression
of six α-Toc-related genes (see Section 2.2 about the information and references). However,
high-yield dairy cows experience physiological stress [2], systemic inflammation [5], ox-
idative stress [139,160,167], hepatic endoplasmic reticulum (ER) stress [2,168], hepatocyte
apoptosis [41], hepatic injury (necrosis-like cell death) [79] and development of fatty liver
resulting in severe negative energy balance (NEB) because of high milk production imme-
diately after calving [41,159,169]. Thus, liver function will be changed and substantially
inhibited around calving.

Gessner et al. [168] showed the upregulation of ER stress-induced genes of the un-
folded protein response (UPR) markers in the liver at one week postpartum compared
to three weeks prepartum. The expression levels of these genes decreased from 1 week
postpartum to later lactation. Sadri et al. [55] reported that the hepatic TTPA and TAP
mRNA in dairy cows during the transition period tended to be lower than those during
the peak lactation period (105 d relative to parturition), although the changes in these
gene expressions were not observed during the transition period (day −21, 1 and 21 d
postpartum). However, using consecutive liver tissue biopsies in the peripartum period
(−4, −1, 0, 1 and 4 weeks postpartum) [2] demonstrated that TTPA, AFM and TAP mRNA
expression were strongly downregulated immediately after calving. In the experiment, the
expression of ALB mRNA, a negative acute-phase protein that plays the most basal hepatic
function, was also downregulated, and hepatic ER stress-induced UPR and acute-phase
response occurred at calving. After the first week postpartum, when the mRNA expres-
sion of TTPA, AFM, TAP and ALB recovered, the elevated UPR markers and haptoglobin
mRNA expression decreased. These results suggest that α-Toc transfer from the liver into
the bloodstream may be suppressed in the first days after calving because of temporal
downregulation of TTPA and AFM. Ongoing research [79] showed that the hepatic mRNA
expression levels of TTPA and ALB were continuously downregulated at least during the
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3 d after calving. These changes in the hepatic expression of α-Toc-related genes might
be associated with the maintenance of lower serum α-Toc concentrations during the first
week after calving. However, there is insufficient knowledge about the hepatic expression
of α-Toc-related genes and proteins in transition high-yield dairy cows. More studies are
needed to delineate the relationship between hepatic α-Toc transfer and metabolism and
the occurrence of hypovitaminosis E around calving.

4.6. Increasing Mammary α-Toc Transfer from Blood to Colostrum with Change in the Expression
of α-Toc-Related Genes at Calving

It is well known that in multiparous dairy cows the α-Toc concentration in colostrum
is approximately 5- to 8-fold higher than that in mature milk [13,170]. Alpha-tocopherol
is a lipid-soluble micronutrient and its concentration is strongly affected by the level of
milk fat; however, the α-Toc concentrations in colostrum, which were normalised by the
milk fat value, were also approximately five- to eight-fold greater than those in mature
milk [2,137]. The calculated α-Toc efflux with milk (concentration × milk yield) was highest
in colostrum and declined in transition milk (2–3 d relative to parturition), reaching nadir
levels in mature milk after one week relative to parturition [2]. In addition, the estimated
mammary extraction ratios [137,171,172] of α-Toc after calving (colostrum) and at 6 weeks
lactation (mature milk) were at 1.3 and 0.05%, respectively [2]. These estimations suggest
that α-Toc uptake during colostrum production might be more than 20-fold greater than
that in mature milk production. Furthermore, α-Toc did not accumulate in precolostrum
(at one week before parturition) [2]. These results indicate that high α-Toc concentration in
colostrum might be caused by the presence of a mechanism that temporarily augments a
specific α-Toc transfer from the blood to colostrum across the mammary gland at calving,
which might be a mechanism contributing to a lower serum α-Toc concentration at calving.

To test the possibility of this mechanism, Haga et al. [2] measured the mRNA expres-
sion levels of α-Toc-related genes in biopsied mammary gland tissues. SRBI and ABCA1
play pivotal roles in cholesterol transport, milk-fat globule synthesis and these secretions
from the mammary gland [36,114,115,173]. These genes might also contribute to blood
α-Toc transfer into colostrum or mature milk. However, SCARB1 mRNA expression in
mammary gland tissues was downregulated after calving. In various mouse tissues, there
are SRBI-dependent and -independent pathways for tissue α-Toc uptake [95]. These ob-
servations suggest that further studies are needed to investigate the expression of other
receptors, such as LDL-R and Niemann-Pick C1-Like 1 [129,173], which may be involved in
α-Toc uptake in bovine mammary glands. The ABCA1 mRNA [113,114] and protein [115]
levels in bovine mammary glands during the dry-off period were higher than those during
lactation. In agreement with these findings, in the transition period, ABCA1 mRNA levels
declined after calving [2]. By contrast, Mani et al. [115] demonstrated that the subcellular
distribution of ABCA1 changed throughout the pregnancy-lactation cycle, and ABCA1
was present in milk-fat globule membranes isolated from fresh mature milk. It has been
reported that key acceptors of cholesterol and α-Toc efflux by ABCA1, apoA1, were present
in milk-fat globule membranes and the protein level was significantly higher in milk fat
globule membranes prepared from colostrum than in mature milk [174]. These results
suggested that ABCA1 proteins could share a function in the regulation of α-Toc transfer
through localisation in the basal, apical membranes, and cytoplasm of mammary epithelial
cells. The expression of TTPA, SEC14L2 and CYP4F2 mRNA in bovine mammary gland
tissue and the changes in these gene expression levels during peripartum were observed [2].
The functions of αTTP and TAP in mammary epithelial cells have not been clarified, how-
ever, these results suggest that α-Toc-related genes expressed in mammary gland tissues
may play an important role in the transfer of α-Toc from blood to colostrum. Further
investigation to explore the physiological function of these genes in mammary glands
during peripartum is needed.

A comparison of blood α-Toc profiles between mastectomized and intact dairy cows
can determine the cause of decreasing blood α-Toc because the metabolic demands of
colostrum production and lactation are eliminated, with only the calving effect remaining.

208



Animals 2021, 11, 1088

Goff et al. [152] demonstrated that mastectomies reduced but did not eliminate loss of
plasma α-Toc around calving, and strengthening the mammary transfer to colostrum does
not exclusively affect the blood α-Toc concentration.

Based on recent literature, six physiological factors may be involved in α-Toc deficiency
and hypovitaminosis E during the transition period of high-yielding dairy cows (Figure 2).
However, the mechanisms and pathways are less well understood, and further studies are
needed to understand the physiological role of α-Toc-related molecules in the GI tract and
mammary gland.

Figure 2. Six candidate physiological factors causing decreased blood α-tocopherol (α-Toc) level and hypovitaminosis E in
transition high-yield dairy cows. Abbreviations: DMI, dry matter intake; TTPA, α-tocopherol transfer protein gene; AFM,
afamin gene; HDL, high density lipoprotein.

5. Foresight

Many reviews on α-Toc and dairy cows, until Politis [30], focus primarily on the effects
of supplementation on health and performance, and the utility of α-Toc as a biomarker
for periparturient cow diseases has not yet been thoroughly considered. However, Qu
et al. [16] indicated that lower serum α-Toc concentration is a potential early indicator
for the development of LDA in multiparous cows. The same group [15] also implied
that the best predictive indicators for disease were lower serum α-Toc concentrations and
higher NEFA and BHBA concentrations during the prepartum period. Most recent studies
on biomarkers for disease risk and milk production in periparturient dairy cows [138]
performed a longitudinal, herd-based epidemiologic investigation of serum β-carotene,
retinol, and α-Toc concentrations in dairy cattle on five commercial farms at three spe-
cific time points through the non-lactating and early lactation periods. The serum α-Toc
concentrations, from dry-off to close-up, decreased (p < 0.01; LSM ± SE, 4.69 ± 1.09 to
3.00 ± 1.09 μg/mL) and then further decreased from close-up to early lactation (p < 0.01;
3.00 ± 1.09 to 1.44 ± 1.09 μg/mL). Higher α-Toc concentrations were associated with
greater ME305 (305-d mature-equivalent milk yield), especially among cows in parity 1.
Higher α-Toc concentrations were associated with decreased odds of disease among cows
in parity 1, but were associated with increased odds of disease among cows in parity 2.
The mechanism behind this finding is unknown, but may be associated with the increased
stress cows’ parity 1 experience in the peripartum period. No vitamins were significantly
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associated with lameness or mastitis in multivariable models. The authors suggested that
future studies should further investigate the association between serum concentrations
of lipid vitamins and periparturient cow diseases to establish serum ranges at which
these biomarkers indicate increased disease risk. According to a recent study [175], whole
blood samples can be directly used, and the measurement of lipid vitamin levels can be
performed effortlessly in less than 5 min, even at the cow-side, using a field-portable
fluorometer/spectrophotometer (iCheck) without further sample preparation. Based on
this new development, the concentrations of VE, β-carotene, and vitamin A in the blood
can be used as nutritional biomarkers to directly optimise nutritional interventions at the
farm, together with stakeholders such as veterinarians, farmers, nutritional advisors, and
feed consultants. Thus, the wave of the future, using serum vitamin concentrations as
biomarkers for disease risk during the periparturient period, in addition to monitoring
dietary supplementation, may prove to be an effective tool for improving animal health.
Furthermore, a better understanding of the physiological factors underlying the cause of
hypovitaminosis E in the transition period will improve the utility of α-Toc as a biomarker
for periparturient high-yield dairy cow diseases.

6. Conclusions

Numerous studies and reviews about the disease risk of hypovitaminosis E
(<3 μg/mL) and the effect of α-Toc supplementation on the health and performance
of transition dairy cows and heifers have been published in the last 30 years. However, the
risk and supplemental effects are controversial because several factors affect the availability
of α-Toc and its physiological functions in cows. In the current review, we focused on
relevant papers published in the last 10 years and presented some novel data about the
disease risk of hypovitaminosis E and the effects of α-Toc supplementation in transition
dairy cows. These data strongly demonstrate that hypovitaminosis E in the transition
period is a risk factor for the occurrence of peripartum disease and lower performance
in dairy cows. Alpha-tocopherol supplementation of more than 3000 IU/day during the
prepartum period can be important for the effective prevention of peripartum disease
in high-yield dairy cows. Furthermore, a study on the effectiveness of using serum vi-
tamin levels as biomarkers to predict disease in dairy cows was reported, and a rapid
field test (cow-side assay) for measuring vitamin levels using whole blood was developed.
By contrast, evidence for how hypovitaminosis E occurred during the transition period
was scarce until the 2010s. Pioneering studies conducted with humans and rodents have
identified and characterised some α-Toc-related proteins, molecular players involved in
α-Toc regulation, from the 1990s, followed by a study in ruminants from the 2010s. Based
on the recent literature, six physiological factors may be involved in α-Toc deficiency and
hypovitaminosis E during the transition period of high-yielding dairy cows. However,
the mechanisms and pathways are less well understood, and further studies are needed
to understand the physiological role of α-Toc-related molecules in cattle. In the future,
understanding the molecular mechanisms underlying hypovitaminosis E will contribute to
the prevention of peripartum disease and high performance in dairy cows.
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Simple Summary: The time around parturition is a challenging period in the lactation cycle of
high-yielding dairy cows as it is characterized by several endocrine, metabolic, and physiological
changes. Among those challenges, calcium demands are rapidly increased to support colostrogenesis
and lactogenesis during a time of reduced dry matter intake; invariably, some cows may suffer from
clinical and subclinical hypocalcemia. Oral calcium supplementation is a common preventative
strategy adopted in the postpartum of high-yielding dairy cows to minimize the negative impact
of suboptimal blood calcium concentration during this period. Despite a great number of studies
evaluating the effects of oral calcium supplementation in postpartum Holstein cows, very limited
information is available for the Jersey breed. This study aimed to evaluate the effect of an oral
Ca supplementation strategy in the first 24 h after parturition on health and production outcomes
in multiparous Jersey cows. Overall, treatment did not improve milk production or reproductive
performance compared to control cows. Additionally, treatment had no effect on early lactation
culling. A tendency for a minor impact on the odds of mastitis was evident though it depended on
the parity of the cows.

Abstract: The objectives of this study were to evaluate the effects of a postpartum oral calcium
supplementation strategy in multiparous Jersey cows on (1) the odds of clinical mastitis in the first
60 days in milk (DIM); (2) the odds of culling up to 60 DIM; (3) the risk of pregnancy in the first
150 DIM; (4) milk production in the first 15 weeks of lactation. A randomized clinical trial was
performed in a dairy herd located in west Texas, United States. A total of 809 cows were used in the
final analyses. Overall, postpartum oral calcium supplementation did not influence milk production,
reproductive performance, or culling. Among second parity cows, oral calcium supplementation
tended to decrease the odds of clinical mastitis in the first 60 DIM compared to controls; however, no
differences were observed for cows in parities three and greater. To date, data evaluating the effect
of postpartum oral calcium supplementation in multiparous Jersey cows are limited. In our study,
oral calcium supplementation tended to reduce clinical mastitis in second parity cows. No positive
benefits based on the reduction of culling, and improvement of milk production and reproductive
performance were evident for the herd included in this study.

Keywords: dairy cow; Jersey; oral calcium bolus; calcium; hypocalcemia; mastitis; culling; milk
production; reproduction
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1. Introduction

The time around parturition is a challenging period in the lactation cycle of high-
yielding dairy cows. Maladaptive responses to the increased nutrient requirements
and stressors in the transition to lactation can impact lactation performance. Daily cal-
cium (Ca) requirements increase approximately 1.6 times from late prepartum to early
postpartum [1,2], highlighting the importance of Ca in the transition of the non-lactating
to lactating state; those changes are due to the onset of colostrogenesis and lactogenesis.
Invariably, suboptimum Ca concentration is common within 12 to 24 h after calving and
can extend to a few days in lactation [3–5]. In order to meet the increased Ca requirements,
the activation of homeostatic and homeorhetic mechanisms such as renal reabsorption,
bone resorption, and intestinal absorption are essential [1]. Despite that, some cows fail in
this process and may experience clinical or subclinical hypocalcemia in the postpartum
period.

Clinical hypocalcemia (CH) is characterized by an acute reduction in blood Ca con-
centration below 1.4 mmol/L, and it is usually detected within 72 h after parturition [6].
Improvement of nutritional strategies applied in the prepartum period has helped to reduce
CH over the years [7,8]. As an example, an acidogenic diet applied in the prepartum as a
preventative dietary strategy against CH became popular and is proven to be an effective
method [9–11].

Subclinical hypocalcemia (SCH) has caught more attention over the last decade
because of its difficulty to diagnose and high prevalence among U.S. and European
herds [7,12,13]. Even though it does not present evident signs, it has an important economic
impact on dairy farms due to negative effects on dry matter intake at the beginning of
lactation [14]. In addition, SCH has been associated with negative health outcomes such
as retained placenta, metritis, impaired reproductive performance [15], displaced aboma-
sum [16], increased culling rate [17], and impaired immune function [18]. Unfortunately,
acidogenic diets have not been demonstrated to be as effective for SCH prevention as
for CH [7]. Therefore, strategies to mitigate the potential effects of SCH via postpartum
oral Ca supplementation are still widely adopted. In the U.S. for instance, 80% of the
large farms used some combination of injectable, drench, or oral Ca as a preventative
strategy to postpartum diseases [19]. The use of oral Ca supplementation increases blood
Ca concentration [20], though the data evaluating the benefits of oral Ca are inconsistent
across cows; some groups can benefit from it (e.g., high milk producers, lame cows) while
others do not (e.g., first parity cows) [8,21]. Data evaluating the effect of postpartum oral
Ca supplementation in health and production outcomes are limited for the Jersey breed.

The current literature is limited when evaluating the effect of postpartum oral Ca
supplementation in Jersey cows, and results obtained in studies performed in Holstein
cows may not directly apply to the Jersey breed. Jersey cows are well known for having
an increased susceptibility to CH [6,22]; they mobilize more Ca into milk [23] and have a
lower abundance of 1,25-dihidroxyvitamin D3 receptors in their intestine [22] which can
contribute to a reduced dietary intestinal Ca absorption capacity. A study evaluating the
effect of postpartum oral Ca supplementation for Jersey and Jersey–Holstein crossbreeds
demonstrated an increase in blood Ca levels and a lower prevalence of SCH in treated
cows [24]. The effect of postpartum oral Ca supplementation on milk yield was conditional
to cow-level factors such as previous lactation length and calving locomotion score [25].
More studies evaluating the benefits of postpartum oral Ca supplementation in health,
production, and reproductive outcomes for purebred Jersey cows are warranted.

The objective of our study was to determine the effect of an oral Ca supplementation
strategy applied to multiparous Jersey cows (one bolus given soon after parturition fol-
lowed by a second bolus 12–24 h after) on health outcomes, reproductive performance,
and milk production. We hypothesized that postpartum oral Ca supplementation would
decrease the odds of clinical diseases and improve milk production and reproductive
performance. Our study was designed to mimic how postpartum Ca supplementation is
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commonly performed in U.S. dairy farms (blanket treatment) to better inform veterinarians
and producers on the potential benefits of this strategy for the Jersey breed.

2. Materials and Methods

2.1. Study Design and Data Collection

A randomized clinical trial was conducted from July 2018 to April 2019 at a commercial
dairy farm in west Texas milking 3800 Jersey and Jersey–Holstein crossbred cows. A sample
size calculation determined that at least 788 cows were necessary for a study with 80%
power and significant differences declared at α = 0.05 assuming an expected difference of at
least 1.0 kg of milk per day between treated and control cows, with a daily milk production
SD of each group being of 5.0 kg, and an equal number of cows among groups (k = 1).

A more detailed description of herd demographics, average milk production, repro-
ductive program used, and total mixed ration offered to the close-up and fresh cows can
be found in Menta et al. (2021) [5]. Of note, prepartum cows were fed a negative dietary
cation-anion diet. Cow enrollment occurred from July to December 2018; for this study, only
purebred multiparous Jersey cows entering their 2nd or greater lactation were randomly
assigned to the treatment or control group. The farm was provided with randomized
enrollment sheets blocked by parity groups (2nd vs. 3rd and greater) prepared by the
research group beforehand, and cows were sequentially enrolled by calving date and
time by farm personnel. The treated cows received two doses of a commercial oral Ca
bolus (Bovikalc®, Boehringer Ingelheim Vetmedica, Inc., St. Joseph, MO, USA) containing
calcium chloride and calcium sulfate (43 g of Ca per bolus); the first dose was administered
by farm personnel within 1 h after calving in a chute at the maternity area. The 2nd dose
of the Ca bolus was administered by the research personnel the day after parturition,
which occurred approximately 21 h and 20 min after calving (SD = 6 h) while cows were
restrained in headlocks after the morning milking. In total, 852 multiparous cows were
enrolled. Cows that had twins or that aborted (gestation length < 260 days) were not
included in the study.

Milk yield was recorded by the research group weekly. Milk records were logged
using a manually portable device (Pocket CowCard, Valley Agricultural Software, Tulare,
CA, USA) which was automatically downloaded into the herd management software
(DairyComp 305, Valley Agricultural Software, Tulare, CA, USA). Disease event data were
recorded by farm personnel in DairyComp 305 using disease definition protocols accorded
before the start of the study. Retained placenta (RP) was defined as the failure to expel
fetal membranes within 12 h of parturition [26]. Clinical hypocalcemia (CH) was defined
as a cow that was recumbent within 72 h of parturition accompanied by cool extremities
and reduced ruminal contractions [27]. Displaced abomasum (DA) was defined as a
classical resonant sound (indicating the presence of gas) during concurrent auscultation
and percussion in an imaginary line from the coxae to the olecranon of the left/right flank
region [27]. Mastitis was defined as any abnormalities during milk secretion, such as
in color and clots, with or without local visible signs of inflammation in the udder [27].
Dystocia was defined as any human intervention during parturition. Body condition score
(BCS) was evaluated at 4 DIM by the first author, who was blinded to treatment groups,
using a 5-point scale [28].

2.2. Statistical Analyses

Cow-level data including health events, reproduction, and milk production were
extracted from DairyComp 305 into Microsoft Excel (Microsoft Corp., Redmond, WA, USA)
before statistical analyses in SAS v9.4 (SAS Institute Inc., Cary, NC, USA). Descriptive
statistics were performed using the UNIVARIATE, FREQ, and MEANS procedures. For the
binary and continuous outcomes, the GLIMMIX and MIXED procedures were used, respec-
tively. Continuous data were evaluated for distribution of the residuals and homogeneity
of variance after model fitting.
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A binary variable representing calving-related problem(s) was created to characterize
cows that suffered from dystocia (i.e., any cow requiring human intervention for calf
extraction) and(or) had a stillbirth. Body condition score was categorized to represent
thin (BCS ≤ 2.75), normal (BCS between 3.0 and up to 3.5), and over-conditioned cows
(BCS ≥ 3.75). Parity was dichotomized to represent 2nd versus ≥3rd parities. Calving
season was considered as a dichotomous variable (warmer months: cows calving from July
to September 22, 2018; cooler months: calvings occurring from September 23 to December
2018). Average temperature for the warmer and cooler months were 26.4 ◦C (SD: 3.4 ◦C)
and 11.7 ◦C (SD: 6.8 ◦C), respectively, according to temperature records retrieved from
the National Weather Service database (National Oceanic and Administrative Association,
United States Department of Commerce, Silver Spring, MD, USA) and based on the herd’s
ZIP code.

Univariable analyses were performed to screen variables associated with the outcomes
at p ≤ 0.20 before inclusion to the multivariable models. A manual backward stepwise
selection procedure was used, and variables at p ≤ 0.05 were retained as main effects. If a
variable caused more than 20% change in one or more estimates, it was maintained as a
confounder. The effect of treatment was forced in all models as it was the main predictor
of interest. Parity was considered a confounder a priori and, therefore, included in all
models regardless of the significance value. Potential 2-way interactions were tested in
the final models between significant variables and the predictor of interest. Potential
predictors considered in the models were calving-related problems, calving season, BCS
score (mastitis, culling, pregnancy to 150 DIM, and milk yield models), mastitis up to
60 DIM (culling model), weekly milk test number, and previous gestation length (milk
production model). As the studied herd did not participate in a Dairy Herd Improvement
program, previous lactation 305 mature equivalent data were not available to be used as a
covariate in the milk production model.

For health parameters, the odds of mastitis in the first 60 DIM was the sole outcome
evaluated. Clinical hypocalcemia, RP, and DA had very low incidences during the study.
Metritis diagnosis was not consistently performed across all cows in the herd and was,
therefore, not evaluated. To evaluate the effect of treatment on the odds of mastitis and
culling, a multivariable logistic regression model was fitted to the data using the GLIMMIX
procedure. The LSMEANS option was used to calculate the least square means and
standard error of the mean to report proportions. Cox’s proportional hazard model was
fitted using the PHREG procedure for pregnancy up to 150 DIM. Cows were left-censored
if not diagnosed as being pregnant before being culled or if they died within the survival
time. A generalized linear mixed model was fitted for the milk production data using
the MIXED procedure while accounting for the repeated measurements within cow. To
appropriately account for within-cow correlation, the error term was modeled by imposing
a Toeplitz heterogenous covariance structure as it yielded the smallest Akaike’s information
criterion from the ones tested. For all models described above, statistical significance was
declared if p ≤ 0.05, and a tendency was considered if 0.05 < p < 0.1.

3. Results

A total of 852 cows (treatment: 418 and control: 434) were initially enrolled in the
study. Of the total number of enrolled cows, 27 and 16 cows in the treatment and control
groups, respectively, were excluded. Exclusion of cows in the treatment group were for the
following reasons: 3 cows were first parity, 9 were Jersey–Holstein crosses, 3 cows were
diagnosed with mastitis at 0 DIM, and 12 did not receive their second bolus. Exclusion
of cows in the control group were for the following reasons: two cows were first parity,
four were Jersey–Holstein crosses, 3 cows were diagnosed with mastitis at 0 DIM, one cow
had uterine prolapse, and six were treated with a Ca bolus by mistake. Thus, 809 cows
(treatment: 391 and control: 418) remained in the experiment for final analyses; 310 (38%)
were of second parity and 499 (62%) of third and greater parities. Descriptive statistics data
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depicting incidences of early lactation disorders for the cows included in the final analyses
can be found in Table 1.

Table 1. Early lactation disorders in a randomized clinical trial evaluating the effects of an oral postpar-
tum calcium supplementation strategy in multiparous Jersey cows (n = 809) in a dairy in west TX.

Item
Control (n = 418) Treatment (n = 391)

Parity 2 Parity ≥ 3 Parity2 Parity ≥ 3

Dystocia 4 8 6 15
Stillbirth 4 10 4 5

Clinical hypocalcemia 1 1 4 0 8
Retained placenta 0 3 0 1

Left displaced abomasum 1 1 0 1
1 Clinical hypocalcemia diagnosis occurred within 24 h after calving.

3.1. Mastitis

A parity by treatment group interaction was found in the final model evaluating the
odds of clinical mastitis in the first 60 DIM (p = 0.02). Among second parity cows, treatment
tended to reduce the odds of clinical mastitis (OR = 0.49; p = 0.07) compared to controls.
The same was not true among third and greater parity cows; there was no difference in the
odds of clinical mastitis when treated cows were compared to controls (OR = 1.45; p = 0.49).
The other variable retained in the final model was the effect of a calving-related problem
(p = 0.49). Table 2 presents the odds ratio for the parity by treatment group interaction for
the mastitis model.

Table 2. Odds of clinical mastitis in the first 60 DIM by parity in a randomized clinical trial evaluating
the effect of an oral postpartum calcium supplementation strategy in multiparous Jersey cows
(n = 809) in a dairy in west TX.

Comparison Estimate Odds Ratio 95% CI 1 p-Value

Parity 2: treatment versus control −0.71 0.49 0.18–1.33 0.07
Parity ≥ 3: treatment versus control 0.37 1.45 0.74–2.83 0.49

1 Confidence interval.

3.2. Culling

Treatment was not associated with the odds of culling in the first 60 DIM (p = 0.72).
Variables remaining in the final model were parity (p = 0.001), and calving-related problems
(p = 0.01). Culling incidence in the first 60 DIM for the treated and controls cows were 8.7
and 9.3%, respectively. Table 3 presents the final logistic regression model evaluating the
effect of postpartum oral Ca supplementation on the odds of culling in the first 60 DIM.

Table 3. Final logistic regression model evaluating the effect of an oral postpartum calcium supple-
mentation strategy with culling in the first 60 DIM in a randomized clinical trial in multiparous Jersey
cows (n = 809) in a dairy in west TX.

Variable Estimate SE 1 p-Value

Intercept −3.07 0.30 <0.001
Postpartum Ca supplementation

Control Ref 2 – –
Treatment −0.09 0.25 0.72

Parity
2 Ref 2 – –
≥3 1.01 0.31 0.001

Calving problem 3

No Ref 1 – –
Yes 0.94 0.38 0.01

1 Standard error. 2 Reference category (i.e., the value to which the variable level is being compared to while
controlling for the effect of the other predictors in the model). 3 Calving problem: variable representing cows that
suffered from dystocia and(or) that had a stillbirth.
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3.3. Reproductive Performance

The Cox proportional hazards model revealed no effect of treatment on time to preg-
nancy (p = 0.67). Other variables retained in the final model were the effect of parity (p
= 0.91) and calving-related problems (p = 0.16). The effect of calving season violated the
assumption of proportional hazards over time and was included in the STRATA statement.
Table 4 presents the final Cox proportional hazards model.

Table 4. Cox proportional hazards model evaluating the effect of an oral postpartum calcium supplementation strategy
with reproductive efficiency in a randomized clinical trial in multiparous Jersey cows (n = 809) in a dairy in west TX.

Variable Estimate SE 1 p-Value Hazard Ratio Hazard Ratio CI

Postpartum Ca supplementation
Control Ref 2 – – – –

Treatment 0.04 0.10 0.67 1.04 0.86–1.27
Parity

2 Ref 2 – – – –
≥3 −0.01 0.10 0.91 0.99 0.8–1.20

Calving problem 3

No Ref 2 – – – –
Yes −0.37 0.26 0.16 0.69 0.41–1

1 Standard error. 2 Reference category (i.e., the value to which the variable level is being compared to while controlling for the effect of the
other predictors in the model). 3 Calving problem: variable representing cows that suffered from dystocia and(or) that had a stillbirth.

3.4. Milk Production

Treatment had no effect on milk production for the first 15 weeks of lactation (p = 0.73).
On average, treated and control cows produced 33.5 kg/d (SEM ± 0.59) and 33.3 kg/d
(SEM ± 0.36), respectively. Other variables included in the model were the effect of parity
(p = 0.22), BCS score (p = 0.25), calving season (p = 0.02), gestation length (p = 0.0001), and
week of milk measurement (p < 0.0001). The final milk model is presented in Table 5.

Table 5. Final linear mixed model evaluating the effect of an oral postpartum calcium supplemen-
tation strategy with milk production within 15 weeks of lactation in a randomized clinical trial in
multiparous Jersey cows (n = 809) in a dairy in west TX.

Variable Estimate SE 1 p-Value

Intercept −9.62 10.83 0.35
Postpartum Ca supplementation

Control Ref 2 – –
Treatment 0.24 0.69 0.73

Parity
2 Ref 2 – –
≥3 0.50 0.41 0.22

Test number – – <0.001
Calving season 3

Warm Ref 2 – –
Cool −0.97 0.40 0.02

Gestation length (days) 0.15 0.04 <0.001
Body condition score

Thin Ref 2 – –
Normal 0.76 0.72 0.29

Over-conditioned 1.64 0.99 0.10
1 Standard error. 2 Reference category (i.e., the value to which the variable level is being compared to while
controlling for the effect of the other predictors in the model). 3 Calving season (warm: cows calving from 19 July
to 22 September 2018; cool: cows calving from 23 September to 9 December 2018).
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4. Discussion

Currently, studies evaluating the effect of postpartum oral Ca supplementation fo-
cusing on health, production, and reproduction in purebred Jersey cows are lacking. The
objectives of this study were to evaluate the effect of an oral postpartum Ca supplementa-
tion strategy comprised of 43 g of calcium salts administered within 1 h after parturition,
followed by a second dose the day after parturition, on the odds of clinical mastitis and
culling within 60 DIM, as well as on milk production and reproductive efficiency in multi-
parous Jersey cows. Subclinical hypocalcemia is a risk factor for early lactation diseases,
impaired reproduction, and culling in dairy herds [21,29,30]. It is a common belief among
dairy farmers that oral Ca supplementation postpartum decreases the incidence of some
postpartum diseases, and can potentially reduce culling and improve milk production
and reproductive efficiency. Our results showed no effects of the oral Ca supplementation
strategy in multiparous postpartum Jersey cows on early-lactation culling, milk production,
or reproductive efficiency. There was a tendency for oral Ca supplementation in second
parity cows to have reduced odds of mastitis in the first 60 DIM; the same was not true for
third and greater parity cows.

The use of postpartum oral Ca supplementation in Holstein cows has been associated
with improved cow performance. A study done comparing the effect of two different doses
(43 and 86 g) of oral Ca supplementation showed that both treatments were able to increase
the concentration of ionized Ca in the blood [31]. Additionally, the same study showed that
oral Ca supplementation improved reproductive performance in multiparous cows only,
while having a detrimental effect in primiparous cows. When oral Ca supplementation
is administrated to specific groups of cows, it seems to have a more relevant impact on
health [8,32]. Leno et al. (2018) demonstrated in Holstein cows that a single dose of Ca
oral supplementation within 24 h postpartum improved health status for cows of greater
parity and BCS, and lame cows [33]. Additionally, a recent study done in Jersey and Jersey–
Holstein crosses showed that the effects of the treatment were dependent on cow-level
factors and had minimal impacts on group-level assessments [25]. A limitation of our study
is the absence of lameness information (data not collected by our group) and previous
lactation milk yield (herd not participating in Dairy Herd Improvement program) which
limited our ability to explore some cow-level dependent effects.

We evaluated the effect of oral Ca supplementation on the odds of clinical mastitis
within 60 days after parturition and found that the results depended on parity; among
second parity cows, treatment tended to decrease the odds of mastitis. Suboptimum Ca
concentration in the blood is associated with a reduced concentration of Ca in the cytosol of
leukocytes and a reduced immune response [34]. A study done on Jersey–Holstein crosses
demonstrated improved neutrophil phagocytosis and oxidative burst when cows were
supplemented with two oral Ca (50g) boluses in the first 24 h after parturition [35]. Domino
et al. (2017) found that the postpartum administration of Ca boluses decreased the risk of
mastitis in multiparous Holstein cows within the group of cows with a high relative herd
rank only (a metric that was based on previous lactation milk production) [36]. However,
other studies evaluating the effect of oral Ca boluses on health outcomes reported no effect
of treatment on the risk of mastitis [8,31].

Treatment had no impact on the odds of culling in the first 60 DIM. Milk production
and reproduction are two main factors affecting culling in dairy herds [37,38]. No treatment
effect was found for milk production in the first 15 weeks of lactation or reproductive
efficiency up to 150 DIM; therefore, it is not surprising that oral Ca supplementation also
did not have any impact on the odds of culling. We are unaware of any studies reporting
an association of postpartum oral Ca supplementation and decreased culling.

No effect of treatment on time to pregnancy was found. The current literature does not
report any beneficial effect of postpartum prophylactic Ca administration on reproductive
performance in Holstein and Jersey cows as a blanket support therapy [25,39,40]; Martinez
et al. (2016) administered Ca boluses to Holsteins cows considered to be of high and
low risk to develop metritis in a randomized block design and found a benefic impact
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on reproduction outcomes for cows in the high-risk metritis block [31]. No effect of oral
Ca treatment was found in pregnancy at first service in a previous Jersey study [25].
The literature is inconsistent when evaluating low concentrations of Ca in the blood as
a risk factor for impaired reproduction [5,30,37,41]. While we did not measure serum
Ca dynamics in early postpartum, Valldecabres et al. (2021) demonstrated that Jersey
cows with Ca ≤ 1.94 mmol/L within the first hours postpartum had decreased risk of
pregnancy [41]. On the other hand, Menta et al. (2021) demonstrated no association of
blood Ca levels in the first 3 d postpartum and pregnancy to first service [5]. Although we
did not find positive effects of oral Ca boluses in Jersey cows with most outcomes evaluated,
we cannot rule out that some cow subpopulations could benefit from this strategy. One
potential limitation of our study is that we did not measure blood Ca concentrations
following oral Ca supplementation to confirm the rise in systemic Ca levels post-treatment.
However, we used a commercial product that has been used in previous studies and proven
to increase blood Ca concentrations [31,36].

No effect of postpartum oral Ca was found on milk yield in the first 15 weeks after
lactation. This result agrees with previous research conducted in Holstein cows [33,42,43].
Oetzel and Miller (2012) found a positive effect of Ca boluses for lame and high-producing
cows only [8]. Our results are consistent with those of Valldecabres and Silva-del-Rio (2021),
which was conducted in a population of Jersey and Jersey–Holstein crossbred cows [25].
A recent study done by our research group evaluated the association of Ca concentration
in the first 3 DIM with milk production and found that Jersey cows with reduced Ca
concentrations at 1 (≤1.84 mmol/L) and 2 DIM (≤2.04 mmol/L) had increased milk yield
in the first 9 weeks after calving [5]. Therefore, further research evaluating how different
oral Ca supplementation protocols that vary the timing of bolus administration relative to
calving are warranted.

5. Conclusions

In summary, our randomized clinical trial demonstrated that prophylactic postpartum
Ca supplementation to multiparous Jersey cows had no effects on culling, milk yield, and
reproduction. Second parity cows that were supplemented with oral Ca boluses tended to
have reduced odds of mastitis compared to non-supplemented cows; however, no treatment
effect was evident for third and greater parity cows. This is one of the few large randomized
clinical trials evaluating the effects of postpartum Ca supplementation in Jersey cows. Our
data do not support blanket oral Ca supplementation in Jersey cows as the effects were
minimal to none; however, targeted oral Ca supplementation for subpopulations of cows
and at different times relative to parturition remain to be investigated.
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Simple Summary: Our study aimed to develop the unsupervised clustering model based solely on
selected markers to investigate the association between calving conception interval length, subclin-
ical endometritis, and endometrial gene expression. An algorithmic analysis of endometrial gene
expression showed a higher predictive ability to identify cows exhibiting excellent fertility than
previously used methods, highlighting the correlation between INHBA/INHA and calving–conception
interval length.

Abstract: After parturition, the uterus undergoes significant reconstruction, allows the endometrium
to create an environment for subsequent embryo development. Here, we used an unsupervised
algorithmic approach to select characteristic endometrial mRNA expression patterns of proposed
markers and investigate each marker’s role as an individual indicator of reproductive success.
Clinically healthy cows at a sixth week postpartum were examined, the percentage of neutrophils
(PMNs%) in the cytological smear was calculated, and an endometrial biopsy was taken for qPCR.
Based on pregnancy examination, cows were divided into three groups: Pregnant before 100 days
postpartum (P100, n = 11), pregnant between 100–200-day (P200, n = 14), and culled (C, n = 10).
Animals were also classified based on two PMNs% thresholds > 5% PMNs and > 10% PMNs. The
expression of IL1B, IL6, CXCL8, and IL17A was higher in >10%PMNs. The expression of PTGS1 was
higher in the P200 compared to P100. Upregulation of inhibin A subunit (INHA) and downregulation
of inhibin β A subunit (INHBA) were observed in the P100. INHBA/INHA ratio was the most accurate
linear predictor of the calving-to-conception interval. The application of the k-means algorithm
allowed the identification of five unique expression patterns. The sensitivity and specificity of
predicting allocation to P100 were 81% and 79%. We also documented the low efficiency of genes
associated with subclinical endometritis and PMNs% in determining reproductive capability. These
results suggested the presence of distinctive expression patterns in 6 weeks postpartum, correlated
with cows’ reproductive capacity. Furthermore, we proposed the INHBA/INHA ratio as an indicator
of calving-to-conception interval length.

Keywords: postpartum diseases; activin; inhibin; cytokines; endometrium; subclinical endometri-
tis; cow
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1. Introduction

The uterus undergoes involution after parturition that finishes around day 40–50
postpartum (PP). Endometrial return to the condition before pregnancy may be delayed
due to uterine inflammatory processes such as metritis, clinical (CE), and subclinical (SE)
endometritis or other causes related to calving ease, breed, metabolic status, and age of
the cows [1]. Thus, the development of diseases in the postpartum period is considered
the primary risk factor for an increased period between parturition and following concep-
tion (CCI) [2]. Minimizing the length of CCI could increase cow’s milk yield relative to
parturition and feed cost, increase calves’ number, reduce culling and cost of recurrent
insemination [3]. Therefore, the development of a forecasting tool for CCI’s length is highly
anticipated by veterinarians and farmers.

Subclinical endometritis is described as an inflammation of the endometrium man-
ifested by an elevated level of neutrophils in the absence of purulent vaginal discharge.
Generally, SE’s effect on reproduction performance was evaluated based on the days diag-
nosed relative to parturition, increasing with time and neutrophils’ threshold. Subclinical
endometritis diagnosed at day 20–33 PP increased median days open from 112 in healthy
cows to 141, from 100 to 162 when diagnosed at day 34–47 PP [4], and from 118 to 206 when
diagnosed at day 40–60 PP [5]. A recent study predicting the pregnancy status using the
percentage of polymorphonuclear leukocytes (PMNs%) evaluated between 42- and 49-days
PP as a diagnostic method revealed a sensitivity of 36.9, 39, and 53.6% for day 100, 150,
and 200, respectively. The percentage of PMNs showed the highest sums of sensitivity and
specificity along with the lowest hazard ratio and odds ratio as a predictor of pregnancy
status up to 100-day PP (compared to transrectal palpation measurement of the cervical
diameter, ultrasonographic measurement of the fluid in uterus score, vaginoscopic detec-
tion of external uterine orifice hyperemia, vaginal discharge score). The PMNs percent,
together with other tested predictors, shows a low predictive value to detect cows able to
implant embryo before 100 days PP [6].

The diagnosis of metritis or CE is straightforward due to the visible discharge from
the vagina and fluid presence in the uterus lumen during an ultrasound examination [2].
However, in the absence of clinical symptoms, evaluation of endometrial conditions is
difficult, time-consuming, and almost impossible at a farm site. A commonly-used method
to evaluate the status of the endometrium is to count the number of neutrophils infiltrating
the mucosa layer done by a cytobrush [4], low-volume uterine lavage [5], cytotape [7],
or uterine secretions [8]. Nevertheless, these listed diagnostic tools allow to collect and
evaluate only superficial cells and mucus. Thus, a better method to investigate ongoing
molecular changes during the endometrium’s late postpartum recovery is a biopsy [9–11],
as well as further research is needed to determine the association between biopsy findings
and reproductive performance of the cows [12]. Currently used diagnostic methods fo-
cus on finding indicators describing the ongoing inflammatory process and correlations
between PMNs and inflammatory mediators. Determination of the tissue markers of the
cow’s likelihood to become pregnant would allow the creation of tools for monitoring both
the health of the individual cow as well as herd level.

Expression of inflammatory mediators, including cytokines, chemokines, is altered in
the endometrium after parturition and during SE and CE. Previous studies showed that a
high number of PMNs is associated with increased expression of interleukin 1 beta (IL1B),
Interleukin 6 (IL6), Interleukin 8 (CXCL8), and Tumor Necrosis Factor between the fifth and
eighth-week PP [13,14]. Increased expression of cytokines and chemokines in this period is
not associated with SE or CE at week 4 PP but with an ongoing inflammatory process. The
same authors also suggested that an excessive immune response in the late puerperium
may cause poor reproduction performance in dairy cows [15]. Therefore, it is crucial to
investigate the association of increased interleukins expression in the late postpartum
period with the probability of cows becoming pregnant.

Endometrial production of prostaglandins (PGs) plays an essential role in pregnancy,
parturition, and subsequent uterine involution. Production of PGs is controlled mostly by
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prostaglandin-endoperoxide synthase 2 (PTGS2) and prostaglandin-endoperoxide synthase
1 (PTGS1), which provide substrates for the downstream reactions. Prostaglandin F and
E synthases (PRXL2B, PTGES) are responsible for prostaglandins F (PGF) and E (PGE)
synthesis. They are essential for the correct progression of the estrus cycle and return to
physiological cyclicity after parturition [16]. Cows with increased PMNs in endometrial
smear had lower PGF concentrations and higher PGE than healthy cows in the fourth week
postpartum, and the ratio of PGE to PGF production may be one of the causes of delayed
involution or endometrial restoration [17].

Another group of factors potentially associated with involution and endometrial
tissue remodeling is the activin and periostin (POSTN) pathways [18,19]. Two Inhibin βA
subunits (INHBA) form activin A, while the INHBA subunit and the inhibin α subunit
(INHA) form inhibin A, which, together with follistatin (FST) are antagonists of activin
A [20]. Until now, studies confirmed a regulatory role of activins and inhibins in ovarian
function, folliculogenesis, and crucial role in the proper function of the female reproductive
tract [21,22]. Studies on other species underlined the importance of activin A and its
subunit as a monomer in the inflammatory response, wound healing, scar formation,
and organ fibrosis [23,24]. There are limited data relating to the endometrial expression
levels and their local function. Salilew-Wondim [18] suggested INHBA among 28 other
genes as a potential marker of endometrial inflammation, including change of INHBA
expression as a potential mechanism of molecular dysregulation of uterine receptivity and
homeostasis [18].

Hence, we hypothesized that both subclinical endometritis as a disease and markers
proposed for its diagnosis are useful predictors of future reproductive performance. In
this study, we aimed to use an unsupervised algorithmic approach to select characteristic
endometrial mRNA expression patterns of proposed markers in 6 weeks postpartum and
investigate the role of each marker as an indicator of reproductive success.

2. Materials and Methods

2.1. Ethic Statement

The Local Ethics Committee for animal experiments in Olsztyn approved the research
by resolution No. 49/2016.

2.2. Animals and Study Design

The study was performed on one dairy farm with Polish Holstein-Friesian cows. The
cows ranged from the first to the fifth lactation with an average 305 d milk production over
9000 kg/cow. The cows were housed in a free-stall barn and fed with a partial mixed ration.
Animals were milked by means of a voluntary milking system and artificially inseminated
by a single AI technician after 60 days of voluntary waiting period at every visible heat
until pregnancy detection or culling. Heat detection was performed three times a day for
30 min by one observer. The outcome of each insemination was noted for the estimation
of bulls’ fertility. The quality of bulls’ semen did not differ and met standards for the
production of frozen bovine semen. Daily milk yield for the first 60 days of lactation was
obtained from the DeLaval ALPRO database (Supplementary Materials Table S1).

The first vaginoscopy was performed between 21 to 29-day PP. Cows that showed
any signs of clinical endometritis (CE) or received treatment for mastitis, lameness, and
pneumovagina were excluded from the study. Forty-three remaining animals were re-
examined between day 35 and 42 postpartum. Based on inspection of the tail, vulva, and
vaginoscopy, five cows were diagnosed as CE and treated with intrauterine antibiotics;
therefore, they were excluded from the study (3/5—clear mucus containing flecks of white
pus, 1/5—<50% pus in mucus, 1/5—>50% pus in mucus). Ultrasound examination of
the genital tract was done to exclude cows with ovarian cysts (n = 1), estrus at the time of
examination (n = 2). The diameter of the cervix and uterine horns was measured (Table S1).
Finally, thirty-five cows were included in the study cohort. Blood was collected from
the coccygeal vein to determine the cow’s metabolic condition at the time of sampling
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(Table S1). Progesterone concentration in serum was measured to assess the influence of
active corpus luteum on endometrial gene expression.

2.3. Sample Collection

Blood samples were collected from the coccygeal vein using the VACUETTE blood
collection system (VACUETTE® TUBE 9 mL CAT Serum Clot Activator, Greiner Bio-
One, Kremsmünster, Austria). Collected tubes were placed on ice and transported to
the laboratory. Blood serum was separated by centrifugation at 4000 rpm at 4 ◦C for
20 min (Beckman Coulter, J-6 MC, Brea, CA, USA). The serum was transferred to 2 mL
Eppendorf tubes, placed in the ultra-freezer, and stored at −80 ◦C until further analysis. The
concentration of total cholesterol (TC), triglyceride (TG), non-esterified fatty acids (NEFA),
β-Hydroxybutyrate (BHB) was measured using a biochemical analyzer (Cormay Group,
ACCENT-200, Łomianki, Poland). Progesterone levels in the samples were measured using
the Radio Immuno Assay method in the β-radiation counter (Pharmacia, Wallace 1410,
Finland) (Table S1).

Uterine cytology samples were obtained at the second examination by the cytobrush
method (Cervical Brush, Zarys International Group, Zabrze, Poland). Briefly, the brush
was mounted on the mandrel and inserted into a sterile metal catheter. For the protection
of the brush from vaginal contamination, the sterile gloves for rectal examination were
used. The entire setup was inserted into the cow’s genital tract and passed through the
cervical canal under the second hand’s control placed in the rectum. At the uterine end of
the cervix, the glove protecting catheter was punctured. The catheter was carefully inserted
into the uterus’ right horn, and the sample was taken by clockwise rotation of the rodded
brush. After sample collection, the brush was pulled into the catheter, and the complete
setup was gently drawn back from the cow’s genital tract. The brush was pushed from the
catheter, and cytological material was transferred on the glass slide by rolling on it.

Uterine biopsy sample collection was obtained with biopsy forceps six weeks post-
partum (Kevorkian’s uterine biopsy forceps, Hauptner Herberholz, Solingen, Germany).
Sterile forceps were placed into a rectal glove and passed in the same manner as a catheter
into the uterine horn. Forceps were opened, and the uterine wall was gently pressed into
the jaw that was closed. Endometrial tissue samples were obtained by quick retraction
of the forceps from the uterus and immediately placed into tubes for low-temperature
storage. Subsequently, at the farm, tubes were dipped into liquid nitrogen and stored.
Next, the samples were placed in the ultra-freezer and stored at −80 ◦C until further
analysis. Samples weighed around 50 mg. Only one tissue fragment was taken to minimize
the influence of biopsy on the reproductive performance of cows. Ultrasound pregnancy
diagnosis (Honda HS-1500 Ultrasound, Toyohashi, Japan) was performed every fourth
week by a single veterinarian after sample collection until 200 days postpartum or the cow
was culled.

2.4. Cytological Examination

The smear was fixed by air dry and dyed with Romanowski type staining (Hemavet,
Kolchem, Łódź, Poland). The percentage of neutrophils was calculated based on the
examination of 300 cells at 400× magnification under the light microscope. One observer
evaluated all samples.

2.5. RNA Isolation

Endometrial samples were taken from the storage in tubes kept at −80 ◦C and ho-
mogenized using a ceramic mortar in liquid nitrogen to a form of fine tissue powder.
Subsequently, samples were moved into a 1.5 mL Eppendorf tube with 400 microliters
of phenozol, stored for 30 min, vortexed for 1 min, and centrifugated. According to the
producer’s protocol, total mRNA from endometrial samples was isolated with the Total
RNA Mini Plus kit (A&A Biotechnology, Gdynia, Poland, #036-100). The isolated product
was stored at −80 ◦C. Quantity and quality of the isolated total mRNA were measured
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with the NanoDrop spectrometer. The same amount (1000 ng) of mRNA from each sam-
ple was reverse transcribed using Maxima First Strand cDNA Synthesis Kit (Thermo
Fisher, Waltham, MA, USA, #K1641). Reverse transcription was done according to the
manufacturer’s protocol. cDNA was frozen at −20 ◦C until further analysis.

2.6. Real-Time PCR

For Real-time PCR analysis, ABI Prism 7900 sequence detection system (Applied
Biosystems, Life Technologies, Foster City, CA, USA) was used with Maxima SYBR
Green/ROX qPCR Master Mix (2X) (Thermo Scientific, Waltham, MA, USA, #K0222).
The samples’ preparation was done according to the manufacturer’s protocol using 15 ng
cDNA per well in a total of 10 microliters of the reaction mix. PCR was performed in
duplicates for every sample using 384-well plates (MicroAmp™ Optical 384-Well Reaction
Plate with Barcode, #4309849). Two reference genes (C20RF29, SLC30A6) were used to
normalize and calculate arbitrary gene relation units [25]. The primers were designed with
web-based software Primer BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast).
The size of the amplified fragments and sequences of primers are presented in Supple-
mentary Material Table S2. Miner software (http://miner.ewindup.info) was used for the
relative quantification of mRNA.

2.7. Statistical and Machine Learning Analysis of Reproduction Success Based on
mRNA Expression

Collected data were analyzed using Python 3.7 programming language (Python
Software Foundation, https://www.python.org/) and R 3.6.0 (R Core Team, 2017, https:
//www.r-project.org/).

For the supervised data analysis approach, two thresholds of the neutrophil percent-
age of 5% [26] (n = 35, <5% PMNs = 20 and >5% PMNs = 15) and 10% [4] (n = 35, <10%
PMNs = 26 and >10% PMNs = 9) were selected to check the effect of subclinical endometri-
tis (SE) on mRNA expression. The normality assumption of studied parameters was tested
using the Shapiro–Wilk test, and Levene’s test was used to evaluate the equality of vari-
ances. A non-parametric Mann–Whitney U test was used to compare mRNA expression
differences in the thresholds mentioned above.

Correlation between gene expression data, calving-to-conception interval (CCI), and
PMNs percent in smears were calculated using the SciPy library spearman r function.
Matplotlib and seaborn libraries were used to create a graphical representation of the
data. Differences between groups were presented as fold difference between medians of
normalized mRNA expression.

In order to check the differences in mRNA expression related to pregnancy outcomes,
animals were divided: Pregnant animals up to 100 days (P100, n = 11), pregnant between
100- and 200-days PP (P200, n = 14) and other animals as culled (C, n = 10, including two
cows sold to another farm at day 70 and 92 postpartum, two cows culled at 145 and 173
because of lameness and six not pregnant after 200 days).

Multivariable cox proportional hazards regression (package survival, function coxph)
was used to determine the association of mRNA expression of selected genes with preg-
nancy risk to 200 days in milk. First, the model containing all selected genes was established,
and variables with p < 0.2 were retained in the analysis. Next, using manual stepwise back-
ward elimination variables with a p < 0.05 established model characterized by the lowest
Akaike information criterion. The Schoenfeld residuals were used to check assumptions
for cox proportional hazards regression (R package survival, function cox.zph).

The linear regression model (Python package SciPy) was performed using the log2
transformed mRNA expression for P100 and P200 groups predicting CCI. The minimalistic
and highly accurate linear regression model was established based on the Akaike infor-
mation criterion, correlations between mRNA expression, and studied genes’ biological
function. A simple model including a low number of genes increases the applicability of
current study in veterinary practice by reducing the analysis’s expense and duration.
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Logistic regression (R function glm) was performed to predict pregnant animals up to
100 days after parturition. The backward elimination method (R function step) was used
to select a model representing the lowest Akaike information criterion (R function AIC)
and has the highest sensitivity and specificity. The forward elimination method was used
to choose a model characterized by a small number of variables while maintaining high
sensitivity and specificity.

Unsupervised data analysis was used to identify specific mRNA expression patterns
of selected genes and link them to future reproductive performance. The analysis was
carried out in two stages with machine learning algorithms (K-nearest Neighbor Clustering
+ Hierarchical Clustering and Random Forest Clustering + Hierarchical Clustering).

A K-nearest neighbor clustering (K-means, R function kmeans) algorithm was per-
formed in 10,000 iterations on a matrix of all studied cows and log2 mRNA genes in a
range of 2–10 clusters. The optimal number of clusters was determined using the elbow
method and the Silhouette method. Initial clustering validation allows as to narrow k
ranged to 3–6. Then, hierarchical clustering (R function hclust) was done in 1000 itera-
tions until consensus was achieved to create dendrograms. 1-Pearson correlation distance
(R function distanceMatrix) was used to calculate the distance matrix followed by the
Complete-linkage clustering algorithm. Clusters were automatically divided into those
that predict reproductive success in more than or equal to 50% of animals and those below
50% to determine the effectiveness of predicting cows’ pregnancy up to 100 days after
parturition. This approach allowed calculating the sensitivity and specificity of the mod-
els. The Least Significant Difference (LSD) test was used to determine which genes were
particularly crucial in assigning the animal to the cluster for the model with the highest
sensitivity, specificity, and low akaike information criterion (AIC). The clustering results
for the best-suited model were presented in the form of an mRNA expression heatmap (R
package ComplexHeatmap). Belonging to the pregnancy group and the 5% and 10% SE
thresholds were added after clustering analysis as descriptive data and presented next to
the heatmap for each cow taking part in the experiment.

Random Forest algorithm (R function randomForest) was run in unsupervised mode
and 10,000 trees to generate the proximity matrix. The optimal number of cuts was
determined using the “elbow” method and the Silhouette method. The hierarchical tree
was cut in the range of 3–6 branches, narrowed based on initial clustering validation. Next,
the proximity matrix was converted to the distance matrix. Hierarchical clustering (R
function hclust) was done in 1000 iterations until consensus was achieved using the wards
method. Clusters were divided into those that predict pregnancy in the same method
presented in K-means, and sensitivity and specificity were calculated. The importance of
each mRNA gene expression in Random Forest was investigated by a mean decrease in the
Gini index.

3. Results

Descriptive data including a diameter of the cervix, a diameter of left and right uterine
horns, mean daily milk yield for the first 60 days of lactation, and concentrations of total
cholesterol, triglycerides, non-esterified fatty acids, β-Hydroxybutyrate across all studied
groups are presented in Table S1. There were no significant differences between the studied
groups in the presented biochemical parameters. There was no significant difference in the
fertility of used bulls measured in the whole-farm population and the study population.

3.1. Expression of Selected Genes
3.1.1. mRNA Expression of IL1B, IL6, CXCL8, and IL17A

The mRNA expression of IL1B, IL6, CXCL8, and IL17A was significantly different
between <10% PMNs and >10% PMNs groups (p < 0.05). IL1B and IL6 expression were
2-fold higher in >10% PMNs group, and transcription of CXCL8 and IL17A were 3.5-fold
and 3-fold higher for >10% PMNs group.
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There were no significant differences between groups using the threshold of 5% of
PMNs (p > 0.05) as well as pregnant and not pregnant (p > 0.05) (Figure 1B).

Figure 1. (A) Heat map of mRNA expression divided into 5 clusters. Cows with a similar expression pattern of marker
genes were cluster together. Belonging to the pregnancy group, the 5% and 10% SE thresholds are presented next to the
heatmap for each cow (row). (B) Median mRNA expression fold-change relative to the P100 group. * p < 0.05, ** p < 0.01.

3.1.2. mRNA Expression of INHA, INHBA, FST, and POSTN

Comparing the expression of INHA and INHBA in the P100 and P200 groups, sig-
nificant differences were observed (p < 0.05). Transcription of INHA in group P100 was
1.3-fold higher compared to group P200 (p < 0.05), while a 2-fold lower expression was
observed in the P100 group for INHBA compared to P200 (p < 0.05). The expression of
FST and POSTN did not differ between groups. INHBA/INHA ratio was 3.5-fold lower in
group P100 compared to P200 (p < 0.05) (Figure 1B).
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INHBA, INHA, FST, and POSTN expressions were similar for 5% and 10% of PMN’s
thresholds (p > 0.05).

3.1.3. mRNA Expression of PRXL2B, PTGDS, PTGES, PTGS1, and PTGS2

The expression of PTGS1 was 1.3-fold higher in the P200 group compering to P100
(p < 0.05). The mRNA expression of PRXL2B, PTGDS, PTGES, and PTGS2 was similar,
either using pregnancy or both cytological thresholds for group comparison (p > 0.05)
(Figure 1B).

3.1.4. Correlation Analysis

The percentage of PMNs was correlated with the expression of CXCL8, IL17A, and
IL1B. The rest of the analyzed genes were not significantly correlated with PMN’s in the
sixth week postpartum. CCI was negatively correlated with INHA while positively corre-
lated with INHBA and PTGS1 expression. Expression of IL1B and CXCL8 was positively
correlated with all interleukins’ genes, while IL6 and IL17A were correlated with other
interleukins but not with each other (Table 1).

Table 1. Spearman rank correlation (upper triangle) and p-values (lower triangle) for the mRNA expression of studied mark-
ers.

IL1B IL6 CXCL8 IL17A INHA INHBA FST POSTN PRXL2B PTGDS PTGES PTGS1 PTGS2 PMNs% CCI

IL1B IL1B 0.500 0.834 0.590 0.504 0.380

IL6 0.002 IL6 0.437 0.383 0.457

CXCL8 0.001 0.009 CXCL8 0.484 0.374 0.522

IL17A 0.001 0.003 IL17A 0.430

INHA INHA 0.356 −0.491

INHBA 0.023 INHBA −0.449 0.510 0.654

FST 0.007 FST 0.400 −0.396 0.434

POSTN 0.002 POSTN

PRXL2B 0.017 PRXL2B −0.395

PTGDS 0.019 PTGDS

PTGES 0.036 0.019 PTGES −0.417

PTGS1 PTGS1 0.480

PTGS2 0.002 0.006 0.027 0.009 0.013 PTGS2

PMNs% 0.024 0.001 0.010 PMNs%

CCI 0.013 0.001 0.015 CCI

3.2. Conventional Models and Unsupervised Clustering
3.2.1. Multivariable Cox Hazard Proportional Regression and Linear Regression

Cox hazard proportional regression indicates that higher endometrial mRNA expres-
sion of INHBA and PTGS1 decreases the risk of being pregnant given day PP, while INHA
and POSTN increase the risk of being pregnant (Table 2). Using INHBA/INHA in linear
regression, we could predict CCI with R2 = 0.575 (Figure 2, Table 3).
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Table 2. Results of the multivariable Cox hazard proportional model in the studied population (n = 35) showing the effects
of mRNA gene expression on the time to pregnancy to 200 DIM (backward elimination method).

Model β HR SE 95% CI p-Value

0.025 0.975

INHA 1.2528 3.5001 0.5778 1.1280 10.8609 0.030

INHBA −1.1534 0.3156 0.321 0.1676 0.5941 <0.001

POSTN 0.7849 2.1923 0.2880 0.4561 1.2467 0.006

PTGS1 −0.7929 0.4525 0.4039 0.2051 0.9988 0.049

Concordance = 0.778, Likelihood ratio test = 26.76, Wald test = 17.45, Score (logrank) test = 21.33, Akaike information criterion = 97.25,
Bayesian information criterion = 102.13.

Figure 2. Relationship between calving conception interval and mRNA expression ratio of INHBA/INHA established using
linear regression analysis.

Table 3. Linear regression model for calving conception interval prediction (INHBA/INHA ratio).

Model Stand. β Unstand. β SE. 95% CI p-Value

0.025 0.975

Intercept 80.9842 6.9968 66.5102 95.4582 <0.001

INHBA/INHA 0.7583 15.1439 2.7147 9.5281 20.7598 <0.001

R: 0.76, R2: 0.57, Adjusted R2: 0.56, RMSE: 19.22, Model p-value < 0.001.

237



Animals 2021, 11, 236

3.2.2. Logistic Regression and Clustering

The most accurate model in predicting pregnancy up to 100 days PP used mRNA ex-
pression of INHA, INHBA, FST, POSTN, IL1B, IL6, CXCL8, and PTGES achieved sensitivity
and specificity equal 100%. Whereas the model using the forward elimination method
consisting of INHA, INHBA, and POSTN achieved a 73% sensitivity and a specificity of
87% (Table 4).

K-means and random forest analysis gave similar predicting accuracies. The op-
timal mRNA expression pattern clusters estimated by elbow and Silhouette methods
for both algorithms was 3, while the highest sensitivity and specificity were achieved
by dividing into 4 clusters for random forest and 5 clusters for K-means. An addi-
tional increase in cluster numbers over five significantly increases the Akaike informa-
tion criterion (Table 4). Mean decrease in Gini index for 4 clusters random forest was
IL1B—2.81, CXCL8—2.79, PTGS2—2.78, INHBA—2.70, IL6—2.69, FST—2.64, PTGES—2.64,
IL17A—2.62, POSTN—2.58, PRXL2B—2.57, PTGDS—2.56, PTGS1—2.55, and INHA—2.55.
The highest sensitivity—81%, and specificity—79%, were noted by the K-means algorithm,
presented in the form of a heatmap (Figure 1A).

Table 4. Comparison of sensitivity, specificity, and precision of logistic regression, K-means clustering (k = 3–6), and random
forest clustering (k = 3–6) in predicting allocation to P100.

Model AIC BIC Sensitivity Specificity Precision

Logistic regression

INHA 37.46 40.57 0.45 0.87 0.63

INHA + INHBA 35.00 39.67 0.55 0.87 0.66

INHA + INHBA + POSTN 31.94 38.17 0.73 0.87 0.73

INHA+ INHBA+ FST+ POSTN+ IL1B+ IL6+ CXCL8+ PTGES 18.00 31.99 1 1 1

K-Means Clustering

K3 360.17 420.17 0.36 0.87 0.57

K4 356.89 437.77 0.36 0.87 0.57

K5 360.70 461.80 0.81 0.79 0.64

K6 365.19 486.51 0.81 0.79 0.64

Random Forest Clustering

K3 380.27 440.93 0.27 0.87 0.5

K4 363.66 444.54 0.82 0.71 0.66

K5 364.87 465.97 0.82 0.75 0.53

K6 374.94 496.26 0.73 0.79 0.73

AIC: Akaike information criterion, BIC: Bayesian information criterion, AUC: Area under the curve.

Cluster 1 had the lowest expression of PTGS2, IL1B, IL6, low expression of CXCL8,
and IL17A, no cow had >10% PMNs SE (0/12), and 4/12 had >5% PMNs SE. It was also
characterized by high expression of INHBA and PTGES. Nevertheless, the low PMNs% did
not turn into high fertility up to 100 days PP (2 pregnant/12).

Cluster 2 and 3 were characterized by the highest IL1B, IL6, CXCL8, and PTGS1,
lowest expression of INHA, and the small number of cows pregnant up to 100 days PP
(0 pregnant/9). Cluster 2 includes animals with the highest IL17A and a higher proportion
of cows at risk of >10% PMNs SE (3/5). Cluster 3 consisted of animals with the highest
expression of INHBA and PTGS1.
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Cluster 4 and 5 were characterized by the highest INHA expression, lowest INHBA and
PTGS1 expression, and highest number of cows pregnant up to 100 days PP (9 pregnant/14).
Cluster 4 includes animals that had low IL1B, IL6, and lowest IL17A, CXCL8 expression,
and a low likelihood of >10% PMNs SE (1/7). Cluster 5 consisted of animals with high
IL1B, IL17A, and CXCL8 expression but lower IL6 expression, then cluster 2 and 3 and an
elevated risk of having >10% PMNs SE (4/7).

4. Discussion

Expression of selected genes as an indicator of future reproduction performance and
subclinical endometritis.

Markers that were evaluated in the present study were combined in three groups:
(1) Interleukins, (2) enzymes responsible for prostaglandins metabolism, and (3) factors
involved in tissue restoration—taking into consideration two levels of PMNs (5% and 10%)
for the diagnosis of SE and prediction of future reproduction performance.

(1) It was found that all examined interleukins were significantly higher in cows with
a threshold of 10%, indicating a more robust inflammatory response. The present study
agreed with previous findings showing increased expression of interleukins and its signifi-
cant correlation with the number of immune cells in the endometrial biopsy or the evaluated
cytological smear [15,27,28]. Correlation between PMNs% and interleukins expression
was also confirmed when K-means clustering data were analyzed. Cows characterized by
higher interleukins expression and >10% PMNs tend to cluster together. Formerly the dif-
ference in expression of IL1B between healthy and SE cows was not always manifested and
depended highly on the experimental design or postpartum time [12,13,26,27]. While in
agreement with the previous studies, we have found that a higher PMNs% in endometrial
smear during SE is correlated with increasing endometrial expression of CXCL8. These
data prove the usefulness of CXCL8 mRNA expression measurement as a marker of linear
change in tissue infiltration by neutrophils [13–15,29]. Interleukin 17A also proved to be
a promising marker of SE and increased PMNs%. Johnson [30] showed the increased
expression of interleukin 17A in animals with SE compared to the healthy, and the same
significant relationship was observed in the present study for animals with >10% PMNs.
Elevated expression of Interleukin 6 in the group of >10% PMNs was also observed in
the current study what agrees with previous results analyzing variations between healthy
and SE cows [14,30,31]. Our goal was to select specific interleukins that could serve as
potent and certain markers validating the condition of subclinical endometritis, which
undoubtedly succeeded. On the other hand, we were surprised by the absence of an
apparent link between subclinical endometritis at the level of interleukin expression and
future reproductive performance. This discrepancy could be easily noticed by clustering
where cows with low interleukin expression were grouped at the same time, showing
no signs of increased fertility (cluster 1), and on the contrary, a group of cows with high
interleukin expression and PMNs% could have been pregnant before 100 days PP (cluster
5). The presented data indicate that interleukins are excellent markers of the ongoing
inflammatory process or PMNs%. Nevertheless, low expression of interleukins or increase
during disease and subsequent decrease due to the healing could not be used as a marker
of future reproduction success. Therefore, our results could justify at mRNA expression
level why cytobrush PMNs% used as a predictor of pregnancy status up to 100-day PP had
low diagnostic performance (sensitivity 36.9%) [6] and indicates the need to select new and
more accurate forecasting methods.

(2) There is a lack of agreement in the literature about whether the expression of
enzymes involved in prostaglandin metabolism could be used as a valid marker of in-
flammation in subclinical endometritis. PTGS1 is rarely examined in the endometrium
because its role in physiological regulations of the bovine estrous cycle and pregnancy
is limited, and its expression is almost not changed [16]. Studies have not confirmed
significant differences in PTGS1 expression between healthy and cows with SE at 4, 5,
and 6 weeks PP [15], which agrees with our findings. While the results obtained in our
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research show that animals pregnant before day 100 postpartum had lower PTGS1 mRNA
expression in the 6th-week postpartum. A change in the prostaglandin E synthesis pathway
may explain the positive correlation between CCI and PTGS1 expression, initiating an
imbalance in prostaglandin E to F production [17]. Under physiological status, endometrial
PTGS2 expression is positively correlated with PTGES expression in the endometrium
during the estrous cycle and early pregnancy [16]. In the present study, the correlation was
negative. The observed result might indicate that in the late stage of the uterus involution
or under pathological status (i.e., subclinical endometritis), the endometrial expression
pattern of PTGS2 is different than during the physiological estrus cycle. It has been found
previously that mRNA PTGS2 is highly expressed only in the clinical form of endometri-
tis [15]. In contrast, Ledgard [32] showed that higher PTGS2 expression had an outcome of
a greater pregnancy rate after embryo transfer. Similarly, higher expression of PTGS2 was
observed at 20-day of pregnancy comparing to 20-day of the estrus cycle in the caruncular
endometrium [33]. In the present study, we found numerically higher levels of this gene ex-
pression in animals pregnant before 100-day postpartum and significantly lower expression
in the first k-means cluster associated with subfertility. This variation was not correlated
with the presence of SE but might contribute to infertility. A similar relationship was found
in repeat breeder cows where control cows had higher PTGS2 mRNA expression [34].

(3) Studies conducted by Salilew-Wondim [18] indicated the possibility of POSTN
being a candidate gene that allows distinguishing healthy animals from cows with SE due
to its role in tissue remodeling and fibrosis tissue formation. POSTN is also suggested
as a potential mediator of conceptus elongation and recognition of the embryo in small
ruminants by a dam [35]. POSTN expression remains high during epithelial inflammation
or prolonged wound healing [36]. On the other hand, the level of POSTN is rapidly growing
and subsequently falls equally quickly to a low level in quickly healing wounds or non-
inflammatory tissue [37]. We considered this gene as a possible indicator of normal uterine
involution. We did not find significant changes in the expression level between P100 and
P200 groups, only numerically higher expression in P200 animals. Using logistic regression
to predict animals pregnant before day 100 postpartum and linear regression predicting
CCI POSTN showed a significant contribution to models. However, the highest-efficiency
models’ main components, both linear and binomial, in predicting future reproductive
performance were INHBA and INHA expression. So far, there has been no research on
the possibility of using INHA and INHBA as an indicator of normal or delayed uterine
involution. Being aware that calving can damage uterine tissue and specific bacteria
enter uterine lumen at that time. We hypothesized that the uterus during involution
might use similar molecular mechanisms to wound healing. The role of activin in tissue
remodeling during wound healing is extensively studied. Inhibition of activin action by
over-expression of follistatin causes a delay in wound repair while reducing scar tissue
formation [38]. Therefore, higher expression of INHBA may indicate the ongoing active
remodeling of the tissue. Microarrays revealed INHBA as one of the most profoundly
altered genes in the endometrial inflammation caused by lipopolysaccharides (LPS) [18].
The present study showed that animals ready to get pregnant before day 100 PP had lower
endometrial mRNA expression of INHBA than the subfertile group, which may signal
the termination of histological involution and return of endometrium to the status before
pregnancy. Increased expression of INHA occurring in animals with higher reproduction
performance can cause competition for the INHBA subunit. Thus, the switching mechanism
between these two expression patterns may limit the formation of activin A in favor of
Inhibin A working as a “molecular clock” of endometrial restoration. Highlighting the gap
in knowledge and possible limitations of the study. More research is needed to determine
the exact function of analyzed genes, the level of their protein products, the role of inhibin
A and activin A in the endometrium after delivery and throughout the whole involution
period, as well as validation of the findings on a large number of animals and farms. Using
the proposed hypothesis at the mRNA expression level, we suggest that the INHBA/INHA
ratio (Figure 2) is a far better indicator of the present status of the endometrium than the
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use of INHBA and INHA separately. Obtained results show that this parameter can be
applied as an indicator of endometrial restoration, and we found a linear relationship
between INHBA/INHA ratio and future reproductive performance, namely lower ratio
characterized cows exhibiting excellent fertility and shorter CCI.

Prediction of gene expression patterns associated with future reproduction perfor-
mance using Machine Learning Algorithms.

In this study, the logistic regression model (INHA, INHBA, FST, POSTN, IL1B, IL6,
CXCL8, and PTGES) identified by the backward elimination method had sensitivity and
specificity equal to 100%. This highly accurate prediction is burdened with high bias.
Conventional statistics, especially binomial logistic regression, has many limitations when
analyzing correlated data. When applied to the new dataset, models created in that
way frequently show far lower predictive abilities. The selection of machine learning
algorithms has been proposed to interpret correlated data [39]. Until now, models take into
consideration qualitative features in the form of mixed [40] or binomial models, bringing
additional effort and cost of data collection. Our model is based solely on gene expression.
The decision to use unsupervised algorithms was directed to find characteristic mRNA
gene expression patterns of selected markers occurring six weeks after delivery and identify
which of them are associated with improved and reduced fertility. K-means and random
forest clustering approaches had similar sensitivity and specificity with the superiority of
the first one. K-means method in the present study resulted in 5 distinct gene expression
groups in sixth-week PP. The unsupervised division of cows confirmed the usefulness of
endometrial gene expression as a prospective reproductive indicator. Two clusters were
associated with high reproduction performance, a 3 cluster with reduced fertility. Extended
validation of our result can offer a new way to assess information about the endometrial
condition and the ability for embryo reception.

5. Conclusions

We provided evidence that lower expression of INHBA and higher INHA expression in
the sixth week postpartum characterized cows showing better reproduction performance,
and usefulness of INHBA/INHA ratio to predict CCI length. The k-means algorithm
application allowed identifying five unique expression patterns of the studied genes at
6th-week postpartum, of which two were characterized by high reproduction performance.
We also documented the low efficiency of gene markers associated with SE and PMNs% in
determining reproductive capability.
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Simple Summary: High-yield dairy cow farms have implemented high technified management
for the last few decades, aiming at optimizing productions with the best animal welfare canons.
A key point to achieve this is the reproductive performance. Around 12% of cattle suffer pregnancy
loss during the late embryonic/early foetal period (between 28 and 110 day of pregnancy). Thus,
our objective was to study the pregnancy losses occurring in eight different Spanish high-yielding
Holstein dairy herds, in locations with severe heat stress during the summer, to examine the link
between pregnancy loss and different management factors. Some factors, previously confirmed as
significant ones, such as the technician who performed artificial insemination (AI), fixed-time or after
observed oestrus AI, the bull used, type of semen or season, did not affect pregnancy loss in our study.
Moreover, older cows (compared to heifers), first artificial inseminations (compared to ≥2nd ones)
and pregnancies after fixed-time-AI (compared to AI after observed oestrus and natural breedings)
were definitively associated to higher pregnancy loss. Therefore, farmers and consultants should
adapt their prevention strategies relating to pregnancy loss, particularly, to the parity of the cattle and
to type and rank of AI.

Abstract: The objective of this retrospective study was to investigate the prevalence of pregnancy
loss (PL; between 28–110 pregnancy days) and its relationship with factors: farm, year (2015–2018),
season, artificial insemination (AI)-rank, parity, AI-type (fixed-time vs. oestrus-AI), previous PL, days
in milk (DIM), fixed-time-AI protocol, AI-technician, bull, and semen-type (sexed vs. conventional).
Data of 19,437 Holstein cattle AIs from eight Spanish farms were studied. Overall conception rate
was 34.3% (6696/19,437) and PL 12.3% (822/6696). The PL was more likely to occur in primiparous
(10.8%, odds ratio (OR) = 1.35; p = 0.04) and multiparous (15.3%; OR = 2.02, p < 0.01) than in heifers
(PL = 6.9%, reference). Pregnancies achieved with AI after observed oestrus and natural breedings
were associated with less PL than pregnancies after fixed-time-AI (12.7 vs. 11.9%; OR = 0.12, p = 0.01).
First AIs related to higher PL than ≥2nd AIs (PL = 13.8% vs. 11.2; OR = 0.73, p < 0.01). The factors
season, fixed-time-AI protocol, DIM, bull, AI-technician, or type of semen were not significantly
associated with PL. Therefore, farmers and consultants should adapt their preventive strategies
relating to PL, particularly, to the parity of the cattle.

Animals 2020, 10, 925; doi:10.3390/ani10060925 www.mdpi.com/journal/animals245
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1. Introduction

Pregnancy loss (PL) during the late embryonic and early fetal phases of pregnancy is a major
cause of infertility in dairy cows and a crucial factor for dairy cattle farms’ economy [1,2]. Embryonic
losses are categorized as early or late before and after day 25, respectively [1], the average rate of late
embryonic loss being 10–12%, with this rate ranging broadly among farms from 3.5% to 26.3% [3].

Some studies have focused on possible predictors to forecast pregnancy loss [4], while other
studies have concentrated on contributing factors. The following PL risk factors have been observed
in epidemiological studies: parity, with multiparous showing higher PL than younger cows [5,6];
individual bulls [1,7–9]. Progesterone level at AI and during the first days of pregnancy has also
been related to PL [10–12]. Similarly, the serum concentration of pregnancy-associated glycorproteins
(PAGs) [13,14] is correlated to PL probability; the intensity of oestrus at AI [12,15], season at AI [16,17],
the protocol for timed AI (FTAI) [18,19], twin pregnancy [9], and ovulation number [12]. Some other
factors were not associated with pregnancy loss, such as the rank of AI [16], extended lactation [20],
calving-AI interval [16], corpus luteum, and uterine blood flow at first pregnancy diagnosis observed
with ultrasonography [10]. However, information is contradictory, and there are other studies that did
not outline significant links between these factors and pregnancy loss [21,22].

In light of these observations, it is generally accepted that pregnancy loss in high-producing dairy
cows is multifactorial, yet the exact underlying mechanisms remain unknown [3,23,24]. Previous reports
have described the incidence and pattern of pregnancy loss in dairy cattle [25], but several of these
studies assessed a limited number of cows or included the phases of pregnancy loss (from fertilization
to pregnancy term) without clearly separating them [6,12,26]. Therefore, further information on this
topic—clarifying factors and pregnancy phases, including a large number of pregnancies and exploring
new risk issues—would be welcome, and even crucial, in helping us to find answers to practical
questions, and guide management strategies towards improving reproductive efficiency in dairy farms.
The hypothesis of the authors is that having lost a previous pregnancy is not a risk factor for future
PL, while other factors such as farm, season, or AI rank play a key role. Therefore, the objective
of this observational, retrospective study was to examine, in an extensive sample of pregnancies
in high-yielding dairy cows, the relationship between pregnancy loss prevalence and the different
factors described.

2. Materials and Methods

2.1. Ethics Statement

This is an observational, retrospective study based on data provided by collaborating veterinarian
consultants relating to AIs and natural breedings performed at eight high-yielding, intensively managed
dairy cattle farms located in different Spanish regions. No experimental intervention was performed,
and farms carried out all their activities according to the EU Directive about the protection of animals
in animal production [27].

2.2. Herds and Management

The study included a total of 19,437 AIs from dairy cattle and heifers (Holstein breed), performed
during the period 2015–2018, from eight different intensively managed Spanish farms located in central
and eastern Spain, where heat stress during the summer (June to August) is severe. Data taken from
farm computers was provided by veterinary consultants. Data on heifers was provided only by
Farms 4, 7, and 8.
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Average milk yield and farm size were 34.8 ± 2.3 L/cow/day (range of 31.3 to 37.9 L/cow/day)
and 746 ± 571 cows/herd (range of 253 to 1950 cows/herd). All herds were managed under similar
conditions, being milked three times per day, with ad libitum access to water, and fed twice daily with
a total mixed ration that was balanced to meet or exceed nutrient recommendations for lactating dairy
cows. All farms are located in areas with severe heat stress during the summer, and cooling methods,
such as fans with sprinkler systems on feeding and resting barns, were counted.

Reproductive management varied across farms, but in general, the farms used one long
synchronization protocol for first AIs (Presynch-Ovsynch, Double Ovsynch, or G6G), and AI after
observed oestrus for subsequent AIs if possible. If not detected in oestrus, all farms applied shorter
synchronization protocols for 2nd or subsequent AIs (Ovsynch, 5d-Ovsynch, 5d-Cosynch, and
5d-Cosynch with intravaginal progesterone device). Pregnancy diagnoses were performed in all farms
with ultrasound at 28–35 days for first pregnancy diagnosis, and between 100 and 110 days for second
pregnancy diagnoses by the same experienced veterinarians at each farm. A positive diagnosis of
pregnancy was made if the allantochorion and embryo in the uterine lumen were visualized and a
heartbeat was detected, with ovaries being scanned only if problems arose when imaging the conceptus.
On Farm 8, natural breeding was used for “repeating cows” with more than five AIs. In the case of
heifers, farms implemented oestrus synchronization protocols with intravaginal progesterone device,
maintained during 7 d with GnRH administration at the day of IPD insertion and prostaglandin at the
day of IPD removal, or with prostaglandin injections 7 d apart, and AI after observed oestrus. Farm 8
included a natural service for repeating heifers after two failing AIs. Detailed information regarding
farm, protocol, and AIs is summarized in Tables 1 and 2.
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2.3. Recorded Data

The following information was recorded for each AI or service: Farm (1 to 8); animal identification;
year of AI; AI date (seasonality at service); rank of AI (1st to 11th); lactation order of the cow from 0 to
7th lactation and categorized as heifer, primiparous, or multiparous; reproductive strategy; days in
milk; type of AI (fixed time AI with hormonally controlled follicle development vs. AI after observed
oestrus and natural service, with natural follicle development (FTAI vs. OE + NS)), AI-technician,
type of semen (conventional or sexed shorted seminal doses) and bull. Finally, in all AIs included,
the factor if a pregnancy loss had occurred in the same lactation prior to the AI under consideration
(previous PL in the same lactation, yes or not), and if the animal had suffered PL at least once before
when considering all subsequent AIs, during the same and following lactations (previous PL during its
lifetime, yes or no) was studied. Days in milk at service was logically only available in cows (40 to
848 d for first and further AIs); AI technician and type of semen (if sexed or conventional semen was
used) was available only in farms 7 and 8; 9829 AIs); age at service in heifers was available only for
heifers’ AIs from farm 4 (716 services; 399 to 668 d of age);

The number of AIs included in the study was 812/19,437 from Farm 1 (4.2%); 710/19,437 from
Farm 2 (3.7%); 1865/19,437 from Farm 3 (9.6%); 4103/19,437 from Farm 4 (21.1%); 1530/19,437 from
Farm 5 (7.9%); 588/19,437 from Farm 6 (3.0%); 3368/19,437 from Farm 7 (17.3%); and 6461/19,437 (33.2%)
from Farm 8.

Synchronization protocols recorded for timed AI (FTAI) were as follows:
PRES or Presynch-Ovsynch protocol, as described by Moreira et al. [28]. In brief, cows received

2 injections of PGF2α administered 14 d apart beginning 26 d before initiation of Ovsynch-FTAI
protocol, which consists of GnRH1 on day 0, PGF2α on Day 7, GnRH2 on day 9 and FTAI 16 h after
last GnRH. The authors included the modification of two prostaglandins 24 h apart before the last
gonadotropin-releasing hormone or GnRH2; (total of FTAIs included n = 544; 2.8%); DOV: Double
Ovsynch described by Souza et al. [29]. Briefly, treatment with GnRH, followed 7 d later by PGF2α,
then 3 d later a GnRH treatment, and finally by the Ovsynch-FTAI protocol. Authors included
the modification of two prostaglandins 24 h apart before the last GnRH (total of FTAIs included
n = 4534; 2.3%); G6G described by Bello et al. [30]. In short, this protocol included presynchronization
with PGF2α, followed 2 d later with GnRH, and then 6 d later with the first GnRH injection of the
Ovsynch-FTAI protocol. Again, authors included the modification of two prostaglandins 24 h apart
before the last GnRH [31] (total of FTAIs included n = 3332; 17.1%); OVS: classical Ovsynch [32],
described before, with the modification of two prostaglandins 24 h apart before the last GnRH [33];
(total of FTAIs included n = 2490; 12.8%); OVS-IPD: classical Ovsynch with insertion of an intravaginal
progesterone device between days 0 and 7 of the synchronization [34]; (total of FTAIs included n = 455;
2.3%); 5dCO or 5 d Cosynch, following Santos et al. [35]. Briefly, d 0 GnRH, d 5 and 6 PGF2α, d 9
GnRH and FTAI; (total of FTAIs included n = 401; 2.1%); 5dCO-IPD or 5 d Cosynch, identical to the
previous protocol, with insertion of an intravaginal progesterone device between d 0 and 5 of the
synchronization [36]; (total of FTAIs included n = 560; 2.9%); 5dOVS: 5 d Ovysnch or short Ovsynch.
In brief, d 0 GnRH, d 5 and 6 PGF2α, d 7 GnRH and TAI 16 h after the last GnRH [35,37] (total of FTAIs
included n = 587; 3%).

Natural service (NS; total services included 245; 1.3%) and AIs after observed oestrus (OE; total AIs
included 10,370; 53.4%) were included as further reproductive strategies. Therefore, ten reproductive
strategies were included in the analysis, the eight firstly described for FTAI, the natural service, and AI
after OE.

Average Days in Milk (DIM) at first FTAI in cows was 86.13 ± 39.33 d, and the average age of
heifers at first service was 438 ± 27.9 d. Average DIM at any service was 149.9 ± 87.75 d, ranging
among farms from 114 ± 51.4 in Farm 2 to a maximum of 166 ± 103.7 in Farm 8, and the average age of
heifers at service (716, all from farm 4, the only one to provide this data) was 459 ± 44.7 d.

A total of 7094 services/AI were first AIs (36.5%), and 12,346 were 2nd or subsequent AIs, of which
3277 (16.9%) were 5th or subsequent AIs. A total of 8822/19,437 were FTAI, and 10,615/19,437 were AI
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after observed oestrus and natural services. The AIs were performed in animals with different lactation
orders, with 2557 services/AIs having been in heifers (13.1%), 5965 in primiparous cows (30.7%), and
the rest (10,936 AIs; 56.2%) in multiparous cows (with lactation order up to 7th). From the total of
2557 services performed on heifers, 867 (34%) came from Farm 4, 716 (28%) from Farm 7, and 974 (38%)
from Farm 8. All farms provided data on services on primiparous and multiparous animals, including
data on lactation order 0 (heifers) to the 7th lactation.

A total of 14,629 breedings/AIs (75.3%) were performed during the cool season (September to
May) and 4808 (24.7%) during the hot season (June, July, and August). The breakdown during the
period of study was 2282/19,437 (11.7%) in 2015; 10,442/19,437 (53.7%) in 2016; 5443/19,437 (28%) in
2017; 1270/19,437 (6.5%) during 2018.

Frozen semen from 216 different bulls was used in the different farms, plus the four bulls used
for natural mounting (Farm 8). From the total of 9829 AIs with information regarding if sexed or
conventional semen was used, 1026 AIs were performed using sexed, frozen, commercial semen.
A total of 16 experienced AI technicians/veterinarians performed all AIs during the time of data
recording. Tables 1 and 2 show the breakdown of the AIs and services provided by farm, reproductive
strategy followed, and animal type (heifer, primiparous, or multiparous).

Wiltbank et al. [3] described four pivotal periods of pregnancy when studying pregnancy loss
from fertilization failure to fetal loss. In brief, the first period occurs during the first week after
breeding with the absence of fertilization or death of the early embryo, with 20–50% of dairy cows
experiencing pregnancy loss during this period. Key factors here are oocyte quality and progesterone
concentrations during the preovulatory phase (with issues such as heat stress, inflammatory diseases,
body condition being essential). The second pivotal period (days 8 to 27), covers embryo elongation
and the maternal recognition of pregnancy, with losses around 30%, with a huge variation between
farms. Maintenance of the corpus luteum (CL) of pregnancy is the key factor here. The third pivotal
period (days 28 to 60), with losses of 12%, seems to depend on delays or defects in placentomes or
embryo. The fourth period covers the third month of pregnancy and show a reduced pregnancy loss
incidence (2%), that can be high in cows carrying twins in the same uterine horn. The current study
aims to include pregnancy losses occurring in pivotal periods 3 and 4, corresponding to the phases of
“late embryonic and early fetal losses” described in previous studies [5]. Consequently, we included all
PL cases documented after a positive pregnancy diagnosis (>28 and <35 d of pregnancy) and with a
further negative pregnancy diagnosis at days >70 and <110 after AI/service.

In order to determine whether a cow which had previously lost its pregnancy showed a different
probability of getting pregnant and losing pregnancy during the rest of its life in services following that
first PL, animals were classified according to whether they had lost a pregnancy at least once in their life,
compared with those cows with no PL history (including only animals whose full history was known,
and including the whole reproductive history of all these cows; n = 5614 services). An additional
analysis sought to investigate whether an animal that had experienced PL changed its future probability
of getting pregnant and losing pregnancy after subsequent AI/services during the same lactation after
the previous PL.

2.4. Conception Rate: Descriptive Results

Conception rate (CR) was not the aim of the present study. Therefore, only descriptive results
are outlined. The overall conception rate observed was 34.3% (6696/19,437). Descriptive data on CR
values classified by reproductive strategy, farm, and other factors is summarized in Table 3.
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Table 3. Conception rate (CR) descriptive statistics for farm, reproductive strategy, season, AI-rank,
cattle type, type of AI, and previous pregnancy loss across eight Spanish Holstein farms.

Farm n Pregnancies/AI CR (%) Reproductive Strategy Pregnancies/AI CR (%)

1 226/812 27.8 PRES 152/544 27.9
2 294/710 41.4 DOV 167/453 36.9
3 853/1865 45.7 G6G 1353/3332 40.6
4 1290/4103 31.4 OVS 687/2490 27.5
5 616/1530 40.3 OVS-IPD 143/455 31.4
6 276/588 46.9 5dOVS 224/587 38.2
7 1229/3368 36.5 5dCO 168/401 41.9
8 1912/6461 29.6 5dCO-IPD 237/560 42.3

OE 3364/10,370 32.4
NS 201/245 82.0

Season Pregnancies/AI CR (%) AI-rank Pregnancies/AI CR (%)

Cool 5360/14,629 36.6 First AI 2692/7094 37.9
Warm 1336/4808 27.8 Second AI 3184/9066 35.1

≥3rd AI 820/3277 25.0

Cattle type Pregnancies/AI CR (%) Type of AI Pregnancies/AI CR (%)

Heifers 1288/2557 50.4 FTAI 3131/8822 35.5
Primiparous 2066/5965 34.6 OE and NS 3565/10,615 33.6
Multiparous 3342/10,915 30.6

Previous PL/lactation Pregnancies/AI CR (%) Previous PL/life Pregnancies/AI CR (%)

No previous PL 6253/18,055 34.6 No previous PL 1675/3947 42.4
Previous PL 443/1382 32.1 Previous PL 517/1667 31.0

PL: Pregnancy loss. FTAI: fixed-time artificial insemination. OE: artificial insemination after observed oestrus; NS:
natural service. For remaining abbreviations, see Table 1.

2.5. Statistical Analyses

All data were analyzed using SPSS® 25 (IBM, Armonk, NY, USA). Probability values less than
or equal to 0.05 were considered significant, and those between 0.05 and 0.1 were considered trends.
All data are reported as a mean percentage (categorical variables) or as mean ± SD (numeric variables).
Pregnancy loss probability was analyzed using logistic regression, odds ratios (OR) were determined,
and a stepwise forward method based on the Wald statistics criterion of p > 0.10. The statistical model
included farm, animal, and year as random effects to control the effect for repeated AIs.

Different subsets of data were analyzed separately in different regression models in order to
control the reduction of the size of the total population analyzed. A first, main, analysis was performed
including all pregnancies analyzed (n = 6696 and a total of pregnancies lost 822) and the following
factors (available in all pregnancies): farm, animal, year, season, AI-rank, lactation order (categorized
in heifers, primiparous, or multiparous), type of AI (fixed-time AI with hormonally controlled follicular
development vs. AI after observed oestrus and natural service, with natural development of the follicle
(FTAI vs. OE + NS)), reproductive strategy, and previous pregnancy loss. Information on type of
semen used (if sexed or conventional semen) and AI-technician was only available in data coming from
Farms 7 and 8. Therefore, an additional analysis was performed on these 3141 pregnancies, including
all factors previously detailed. A third regression model was conducted on the subset of pregnancies
coming from cows (excluding heifers) with a total of 5408 pregnancies, including the additional factor
of average Days in Milk (DIM) at each AI. A fourth analysis was performed, including only heifers
(n = 1288 pregnancies) with the factors: farm, animal, year, season, AI-rank, type of AI, reproductive
strategy, and previous pregnancy loss. The last regression model conducted was on a reduced subset
of data of heifers’ pregnancies, including the additional factor and age at AI, only provided by Farm 4
(716 AIs). In all the models the following interactions were explored: reproductive strategy × farm;
reproductive strategy × season; reproductive strategy × parity; reproductive strategy × type of semen,
reproductive strategy× rank of AI, and type of AI× farm. Once demonstrated that interactions were not
significant, the second phase in each analysis was performed without those not significant interactions.
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3. Results

From a total of 6696 diagnosed pregnancies after a first pregnancy diagnosis and <day 110 of
pregnancy (between 28–110 days after AI), a general pregnancy loss rate (PL) of 12.3% was found
(822/6696). A PL percentage of 11.9% was observed during the cool season (636/5360) and 13.9% during
the hot season (186/1336; p = 0.32). Regarding the order of AIs or AI-rank, the PL detected was 13.8%
for pregnancies induced by first AIs (372/2692; p < 0.01), 11.1% for second services (353/3184), and 11.8%
for third and subsequent services (97/820). Heifers achieved the lowest PL (6.9%; 89/1288), followed by
primiparous cows (10.8%; 223/2066; p = 0.04), while multiparous cows showed the highest PL rate
(15.3%; 510/3342; p < 0.01; difference primiparous vs. multiparous with p > 0.05).

PL results distributed for each type of reproductive strategy across the eight farms are summarized
in Table 4. When segmenting the data and observing only heifers, the pregnancy loss rate by protocol
was 0.5% (1/194) for natural service, 7.7% (76/982) for observed oestrus, 33.3% (2/6) for OVS, and 9.6%
(10/104) for OVS-IPD.
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Logistic Regression Models on Pregnancy Loss Probability, Including all Recorded Factors and Different
Data Subsets

The logistic regression analysis results on pregnancy loss, including all pregnancies studied
(n = 6696), are summarized in Table 5. As described previously, individual animal, year and farm
were introduced in the model as random effects. The analyses determined that the P-values were
p = 0.47 for farm; for the factor animal: p = 0.06 and for the interactions reproductive strategy × parity,
reproductive strategy × AI rank and AI type × farm, p = 0.58, p = 0.87 and p = 0.30, respectively.
Therefore, only the factor year was kept in the final model (Table 5).

Table 5. Logistic regression statistics for pregnancy loss across eight Spanish Holstein farms.

Factors Class n/N PL (%) Odds Ratio 95% Confidence Interval p-Value

Year 2015, reference 110/583 18.9
2016 500/3318 15.1 0.73 0.569 - 0.889 0.01
2017 176/2402 7.9 0.32 0.246 - 0.428 <0.01
2018 36/393 9.2 0.43 0.285 - 0.651 <0.01

Season Cool, reference 636/5360 11.9
Warm 186/1362 13.9 1.10 0.912 - 1.319 0.32

AI. rank First AI, reference 372/2692 13.8
≥2nd AI 450/4004 11.2 0.73 0.605 - 0.876 <0.01

Parity Heifer, reference 89/1288 6.9
Primiparous 223/2066 10.8 1.35 1.019 - 1.803 0.04
Multiparous 510/3342 15.3 2.02 1.546 - 2.654 <0.01

AI type FTAI, reference 399/3131 12.7 -
OE + NS 423/3565 11.9 0.12 0.026 - 0.532 0.01

n/N indicates number of pregnancy loss events/number of pregnancies; AI: artificial insemination; PL: pregnancy
Loss; FTAI: fixed-time AI; OE: AI after observed oestrus; NS: natural breeding. Reference factors within each class
are those placed in first instance.

Second or more AIs, being a heifer and AI after observed oestrus or natural breeding, were
associated with a lower PL rate, while not having a PL history during the same lactation tended
to be associated with higher PL. The factors season, previously having lost a pregnancy in life and
reproductive strategy, were not associated with PL (p > 0.05).

Having had a previous PL in the lactation, tended to have a reduced probability of losing
pregnancy again during the same lactation (780/6253, 12.5% vs. 42/443, 9.5% of PL for cows without
and with PL history, respectively; OR = 0.77; 95% CI 0.551–1.086; p = 0.13).

No relationship to PL was detected for the different hormonal protocols for fixed time AI and AI
after observed oestrus (p > 0.05).

The sub-model observing only cows (total pregnancies: 5408), in order to analyse the same model
adding days in milk, demonstrated that DIM did not influence PL (p = 0.76). Subsequently, factors
not provided by all farms were added, such as AI-technitian and type of semen used. The model
observing AI-technician and type of semen, provided only by Farms 7 and 8, included 9829 AIs and
3141 pregnancies (408 pregnancies after using sexed semen and 2733 after using conventional semen).
In this model, AI-technician was not associated with pregnancy loss (p = 0.90), and neither was type
of semen (p = 0.62). Pregnancy loss after the 3141 pregnancies wth sexed semen was 8.1% (33/408),
while PL was 14.3% (391/2733) in pregnancies achieved with conventional semen. In this data subset,
similarly to the subset of all included AIs, second or subsequent AIs were associated with lower PL
compared with first services (p = 0.04; OR = 0.79; 95% CI: 0.63–0.99). Being a heifer as opposed to
an adult cow was associated also with lower PL (OR = 2.16; 95% CI: 1.54–3.03 for primiparous and
OR = 3.11; 95% CI: 2.27–4.26 for multiparous; p < 0.01). Having lost pregnancy related to a lower
PL value in future pregnancies during the same lactation (OR = 0.62; 95% CI: 0.40–0.98; p = 0.04).
No explored interaction and neither type of AI or season were significant factors for PL in this subset
of AIs in cows.

Finally, the logistic regression model on the subset of heifers (total of AIs included 2557 and
1288 pregnancies) detected the factors Natural Service (PL = 0.5%; 1/194) and Ovsynch reproductive
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strategy (PL = 40%; 2/5), as associated with PL (OR = 0.004, 95% CI: 0.00–0.27, p = 0.010, and OR = 8.32,
95% CI: 1.30–53.23, p = 0.03, respectively).

4. Discussion

This study indicates a 12.3% overall rate of pregnancy loss between days 28 and 110 of pregnancy
across all AIs and services included. The global PL rate observed (12.3%) in the present study is
consistent with the 11.95% based on analysis of 24,391 pregnancies by Wiltbank et al. [3]. The hypothesis
of the authors was that having lost previously pregnancy was not a risk factor for future PL. However,
farm did note play a key role, while AI-rank and AI-type were significantly associated with PL.

Although in the present study the “farm” factor itself was not significantly associated with
different PL results, we could consider Farm 4 to be an intrinsic factor worsening overall reproductive
efficiency. In fact, Farm 4 was the farm with the second worst average conception rate (31.4%; Table 3),
and it showed the worse PL rates after three different strategies (observed oestrus, G6G, and Ovsynch;
Table 4), which would support a negative influence of the farm itself on its overall reproductive
efficiency. The “farm” factor includes different features together, such as health status, management
practices, and environmental conditions, which worsens the average farm level of PL as stated by
other authors [3,8]. The factor animal was included as random factor, to control the effect of repeated
AIs in one same animal. However, it was not significantly associated and could be removed from the
final model.

On the contrary, the factor year of study, was strongly associated with PL with a decreasing PL
rate being observed with time. We could, therefore, argue a general improvement of the reproductive
management in general, which seems to be associated also to this reduction of PL with time.

The hot season at AI is a known risk factor for lower fertility [9,16,17]. However, heat stress is
reported to mainly influence failure in very early pregnancy phases, such as fertilization and “Pregnancy
Pivotal Periods” n 1 and 2 after Wiltbank et al.’s [3] classification (days of pregnancy from fertilization
to day 28). Accordingly, in our study, season was not significantly associated with pregnancy loss
during Pivotal Periods 3 and 4. García-Ispierto et al. [5] demonstrated a strong association between PL
and heat stress, with the likelihood of pregnancy loss being associated with a PL increase by a factor
of 1.05 for each additional unit of the mean maximum temperature–humidity index from days 21 to
30 of gestation. This factor may be a complex one, and is probably directly related to an additional
factor connected with PL, the unilateral twinning pregnancy [37], which is the main risk factor for PL
during the fourth pivotal period of pregnancy (60 to 90 days of pregnancy) [3] and which is linked to
season [38]. Unfortunately, there was no information available on twin pregnancies or laterality of
double CL in our dataset. The interaction reproductive strategy x season did neither result significant
in this study. In farms with a severe heat stress (as it was the case of the farms in the study), farmers
avoid investing resources in inseminating at fixed time during the hot season. Due to this reason, the
number of pregancies achieved during the summer with hormonal protocols was limited.

Being a heifer as opposed to cows related to lower PL values. These results partly agree with other
earlier observations, which showed that parity is positively associated with PL (more PL in high parity
cows) [5,6]. Our study shows an eight-point PL difference between multiparous cows and heifers
(15.3 vs. 6.9% of PL; p < 0.01), which is similar to the results of Starbuck et al. [39] who reported that
older cows maintained 9% fewer pregnancies than younger ones. While embryo survival rates are
assumed to be similar in heifers and low- to moderate-producing dairy cows, this influence could be
related to a parity-related effect and could also be a consequence of milk yield level [25]. Accordingly,
an increase in milk yield during the first 60 days in milk can increase early embryonic loss by almost
5 points [12]. Unfortunately, production data were not available in our data set.

In this study the type of AI was associated with PL. Pregnancies produced after natural follicle
development (OE + NS) were associated to less PL (12.7% vs. 11.9%). In other studies, the occurrence
of oestrus at AI, using tail chalk and tail head patch, was associated with a reduction in pregnancy
loss in dairy cows [40,41]. Furthermore, Pereira et al. [41] reported that the reduction in pregnancy
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loss in cows that expressed oestrus at AI occurred regardless of the diameter of the pre-ovulatory
follicle and the hormonal protocol. Madureira et al. [15] elucidated that the actual factor related
to increased CR and decreased PL could be the intensity of oestrus expression, irrespective of the
reproductive strategy implemented. In the present work, the type of AI with less PL pregnancies
included those pregnancies after natural breeding, which may be the deffinitive factor, supporting
the results of Madureira et al. [15] because animals inducing bulls to mount and tolerating natural
breeding express estrous adequately. Moreover, the factor reproductive strategy which included all
hormonal protocols and AI after observed oestrus, was not significantly associated with PL in the
current study. The strategy for detecting oestrus in our farms, was to use activity devices where a
strong oestrus expression is not required for insemination, which could explain this result. It seems
that progesterone is the final modulator linking the better expression of oestrus with a better fertility
and reduced pregnancy loss afterwards. Progesteron leads oestrous expression of higher intensity
and greater fertility, and, consistently, increased progesterone concentration post-AI sustains embryo
and fetal development [42], probably due to changes in the progesterone receptor profile within the
endometrium [43].

The result that ≥2nd AIs were associated with less PL could reflect the less stressing situation with
the cattle having overcome the lactation peak (more days in milk). However, this may also reflect just
the low probability of occurring PL, together with the reduced number of AIs of higher rank, which
numerically results in a overall reduced prevalence of PL in further AIs. The same fact may be behind
the result obtained in the current study that animals having had a previous PL in the lactation tended
to have a reduced probability of losing pregnancy again during the same lactation (12.5% vs. 9.5% of
PL for cows without and with PL history, respectively). Necessarily, when a cow has experienced PL
previously, further AIs in the same lactation are of a higher rank. Certain pathological events, although
less likely to occur, might suggest the involvement of a possible infectious etiology in some cases of
pregnancy loss [44]. However, this hypothesis is not supported by the fact that this association with
PL of having had previous PL was not significant when observing AIs during the rest of the animal’s
life. The retrospective design of this study does not allow detection of protective factors, but based on
these results, we can state that further AIs after a pregnancy loss event and higher rank of AIs are not
associated with an enhanced probability of PL.

No relationship to PL was detected for the different hormonal protocols for fixed time AI and AI
after observed oestrus. Similarly, the meta-analysis performed by Borchardt et al. [21] showed no PL
difference before day 60 of pregnancy in cows inseminated after Presynch AI. Similarly, several authors
have failed to link determined protocols to PL rates [21,45–48], although they specifically pointed out
the limited number of herds with similar management practices and of pregnancies included in some
of the previous studies, and, consequently, on the limited number of pregnancy losses analyzed. These
circumstances, could be similar in the current work. Moreover, although the reproductive strategy for
AI is directly linked to the AI-rank, with long protocols (PRES, DOV, and G6G) mostly used for first
AIs [49], no significance was detected for the “AI rank × reproductive strategy” interaction on PL.

Regarding the relationship protocol and PL, observing only heifers, as opposed to all cows, gave
rise to different results, with the Ovsynch protocol being associated with higher PL (p = 0.03). Heifers
show higher individual fertility than cows [5], and it is well known that the Ovsynch protocol does not
correctly synchronize the ovulation in dairy heifers [32], this also probably being the reason for a higher
PL subsequently when pregnant, due to less functional CLs [23], as observed in lactating dairy cows [40].
Other factors included in the study, such as AI-technician, bull semen, sexed vs. conventional semen, or
DIM, were not significantly associated with PL. However, based on the retrospective, epidemiological,
observational design of the study, and the reduced sample size in these sub-subsets that included these
factors, we cannot rule out the lack of statistical power to detect such effects.
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5. Conclusions

Our results demonstrate that being a heifer, second or more breedings and AI after observed
oestrus and natural breeding have a notable impact, being associated to less PL. Having lost pregnancy
previously, was detected as a slighter influencing factor (statistical tendency), relating to less PI in
future pregnancies in the same lactation. However, factors previously demonstrated as significant,
such as season, bull, AI technician or type of semen, might not be associated with PL. Therefore,
farmers can decide inseminating again cows which suffered previous PL and farmers and consultants
should adapt their preventive strategies against PL to cattle parity. These results highlight again, the
complex reproductive characteristics of the pregnancy loss event and the relevance of further studies
on this issue.

Author Contributions: Conceptualization, S.A; methods, all authors; software: A.F.-N., O.F., J.M.L., F.S., J.L.P.-P.,
and S.A.; validation, A.F.-N., N.P.-V., and S.A.; data analysis: A.F.-N., O.F., J.M.L., F.S., J.L.P.-P., R.P.-C., and S.A.;
investigation: A.F.-N. and S.A.; resources: A.F.-N., O.F., J.M.L., F.S., J.L.P.-P., R.P.-C., and S.A.; data curation:
A.F.-N., O.F., J.M.L., F.S., J.L.P.-P., R.P.-C., and S.A.; drafting of the manuscript: A.F.-N., N.P.-V., and S.A.; review
and editing of the manuscript, all authors; supervision: A.F.-N., N.P.-V., and S.A.; project administration: S.A.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We thank Pedro Cuesta and Iagoba Cano (Department of Research Support, Complutense
University of Madrid) for their help with statistical analyses; we thank Peter Bonney (European University of
Madrid) for his thorough advise with the native, scientific English, and all the farmers and farm workers for
contributing data.

Conflicts of Interest: The authors confirm that there are no conflict of interest.

References

1. Santos, J.E.P.; Thatcher, W.W.; Chebel, R.C.; Cerri, R.L.A.; Galvão, K.N. The effect of embryonic death rates in
cattle on the efficacy of estrus synchronization programs. Anim. Reprod. Sci. 2004, 82–83, 513–535. [CrossRef]

2. Cabrera, V.E. A simple formulation and solution to the replacement problem: A practical tool to assess the
economic cow value, the value of a new pregnancy, and the cost of a pregnancy loss. J. Dairy Sci. 2012, 95,
4683–4698. [CrossRef]

3. Wiltbank, M.C.; Baez, G.M.; Garcia-Guerra, A.; Toledo, M.Z.; Monteiro, P.L.J.; Melo, L.F.; Ochoa, J.C.;
Santos, J.E.P.; Sartori, R. Pivotal periods for pregnancy loss during the first trimester of gestation in lactating
dairy cows. Theriogenology 2016, 86, 239–253. [CrossRef]

4. Ealy, A.D.; Seekford, Z.K. Symposium review: Predicting pregnancy loss in dairy cattle. J. Dairy Sci. 2019,
102, 11798–11804. [CrossRef]

5. García-Ispierto, I.; López-Gatius, F.; Santolaria, P.; Yániz, J.L.; Nogareda, C.; López-Béjar, M.; De Rensis, F.
Relationship between heat stress during the peri-implantation period and early fetal loss in dairy cattle.
Theriogenology 2006, 65, 799–807. [CrossRef] [PubMed]

6. Lee, J.-I.; Kim, I.-H. Pregnancy loss in dairy cows: The contributing factors, the effects on reproductive
performance and the economic impact. J. Vet. Sci. 2007, 8, 283. [CrossRef] [PubMed]

7. Labèrnia, J.; López-Gatius, F.; Santolaria, P.; López-Béjar, M.; Rutllant, J. Influence of management factors on
pregnancy attrition in dairy cattle. Theriogenology 1996, 45, 1247–1253. [CrossRef]

8. Grimard, B.; Freret, S.; Chevallier, A.; Pinto, A.; Ponsart, C.; Humblot, P. Genetic and environmental factors
influencing first service conception rate and late embryonic/foetal mortality in low fertility dairy herds.
Anim. Reprod. Sci. 2006, 91, 31–44. [CrossRef] [PubMed]

9. López-Gatius, F. Factors of a noninfectious nature affecting fertility after artificial insemination in lactating
dairy cows. A review. Theriogenology 2012, 77, 1029–1041. [CrossRef]

10. Kelley, D.E.; Galvão, K.N.; Mortensen, C.J.; Risco, C.A.; Ealy, A.D. Using Doppler ultrasonography on day 34
of pregnancy to predict pregnancy loss in lactating dairy cattle. J. Dairy Sci. 2017, 100, 3266–3271. [CrossRef]

11. Martins, J.P.N.; Wang, D.; Mu, N.; Rossi, G.F.; Martini, A.P.; Martins, V.R.; Pursley, J.R. Level of circulating
concentrations of progesterone during ovulatory follicle development affects timing of pregnancy loss in
lactating dairy cows. J. Dairy Sci. 2018, 101, 10505–10525. [CrossRef] [PubMed]

257



Animals 2020, 10, 925

12. Nyman, S.; Gustafsson, H.; Berglund, B. Extent and pattern of pregnancy losses and progesterone levels
during gestation in Swedish Red and Swedish Holstein dairy cows. Acta Vet. Scand. 2018, 60. [CrossRef]
[PubMed]

13. Gatea, A.O.; Smith, M.F.; Pohler, K.G.; Egen, T.; Pereira, M.H.C.; Vasconselos, J.L.M.; Lawrence, J.C.; Green, J.A.
The ability to predict pregnancy loss in cattle with ELISAs that detect pregnancy associated glycoproteins is
antibody dependent. Theriogenology 2018, 108, 269–276. [CrossRef] [PubMed]

14. Northrop, E.J.; Rich, J.J.J.; Rhoades, J.R.; Perry, G.A. Comparison of two bovine serum pregnancy tests
in detection of artificial insemination pregnancies and pregnancy loss in beef cattle. PLoS ONE 2019, 14,
e0211179. [CrossRef] [PubMed]

15. Madureira, A.M.L.; Polsky, L.B.; Burnett, T.A.; Silper, B.F.; Soriano, S.; Sica, A.F.; Pohler, K.G.;
Vasconcelos, J.L.M.; Cerri, R.L.A. Intensity of estrus following an estradiol-progesterone-based ovulation
synchronization protocol influences fertility outcomes. J. Dairy Sci. 2019, 102, 3598–3608. [CrossRef]

16. Gehrke, M.; Zbylut, J. Factors connected with pregnancy loss in dairy cows. Bull. Vet. Inst. Pulawy 2011, 55,
457–464.

17. Souza, F.; Carneiro, L.C.; Cesar, J.; dos Santos, R.M. Non-infectious causes that increase early and mid-to-late
pregnancy loss rates in a crossbreed dairy herd. Trop. Anim. Health Prod. 2019, 51, 759–765. [CrossRef]

18. Heidari, F.; Dirandeh, E.; Ansari Pirsaraei, Z.; Colazo, M.G. Modifications of the G6G timed-AI protocol
improved pregnancy per AI and reduced pregnancy loss in lactating dairy cows. Animal 2017, 11, 2002–2009.
[CrossRef]

19. Wijma, R.; Stangaferro, M.L.; Masello, M.; Granados, G.E.; Giordano, J.O. Resynchronization of ovulation
protocols for dairy cows including or not including gonadotropin-releasing hormone to induce a new
follicular wave: Effects on re-insemination pattern, ovarian responses, and pregnancy outcomes. J. Dairy Sci.
2017, 100, 7613–7625. [CrossRef]

20. Niozas, G.; Tsousis, G.; Steinhöfel, I.; Brozos, C.; Römer, A.; Wiedemann, S.; Bollwein, H.; Kaske, M. Extended
lactation in high-yielding dairy cows. I. Effects on reproductive measurements. J. Dairy Sci. 2019, 102,
799–810. [CrossRef]

21. Borchardt, S.; Haimerl, P.; Heuwieser, W. Effect of insemination after estrous detection on pregnancy per
artificial insemination and pregnancy loss in a Presynch-Ovsynch protocol: A meta-analysis. J. Dairy Sci.
2016, 99, 2248–2256. [CrossRef] [PubMed]

22. Martins, J.P.N.; Acevedo, M.J.T.; Cunha, T.O.; Piterini, C.; Pursley, J.R. The effect of presynchronization with
prostaglandin F2α and gonadotropin-releasing hormone simultaneously, 7 d before Ovsynch, compared with
Presynch-10/Ovsynch on luteal function and first-service pregnancies per artificial insemination. J. Dairy Sci.
2017, 100, 5107–5116. [CrossRef]

23. Santos, J.E.P.; Rutigliano, H.M.; Sá Filho, M.F. Risk factors for resumption of postpartum estrous cycles and
embryonic survival in lactating dairy cows. Anim. Reprod. Sci. 2009, 110, 207–221. [CrossRef] [PubMed]

24. Lima, F.S.; Bisinotto, R.S.; Ribeiro, E.S.; Ayres, H.; Greco, L.F.; Galvão, K.N.; Risco, C.A.; Thatcher, W.W.;
Santos, J.E.P. Effect of one or three timed artificial inseminations before natural service on reproductive
performance of lactating dairy cows not observed for detection of estrus. Theriogenology 2012, 77, 1918–1927.
[CrossRef] [PubMed]

25. Diskin, M.G.; Parr, M.H.; Morris, D.G. Embryo death in cattle: An update. Reprod. Fertil. Dev. 2011, 24,
244–251. [CrossRef] [PubMed]

26. Diskin, M.G.; Waters, S.M.; Parr, M.H.; Kenny, D.A. Pregnancy losses in cattle: Potential for improvement.
Reprod. Fertil. Dev. 2016, 28, 83–93. [CrossRef]

27. COUNCIL DIRECTIVE 98/58/EC of 20 July 1998 Concerning the Protection of Animals Kept for
Farming Purposes 1998. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%
3A31998L0058 (accessed on 20 January 2020).

28. Moreira, F.; Orlandi, C.; Risco, C.A.; Mattos, R.; Lopes, F.; Thatcher, W.W. Effects of presynchronization and
bovine somatotropin on pregnancy rates to a timed artificial insemination protocol in lactating dairy cows.
J. Dairy Sci. 2001, 84, 1646–1659. [CrossRef]

29. Souza, A.H.; Ayres, H.; Ferreira, R.M.; Wiltbank, M.C. A new presynchronization system (Double-Ovsynch)
increases fertility at first postpartum timed AI in lactating dairy cows. Theriogenology 2008, 70, 208–215.
[CrossRef]

258



Animals 2020, 10, 925

30. Bello, N.M.; Steibel, J.P.; Pursley, J.R. Optimizing ovulation to first GnRH improved outcomes to each
hormonal injection of ovsynch in lactating dairy cows. J. Dairy Sci. 2006, 89, 3413–3424. [CrossRef]

31. Ribeiro, E.S.; Bisinotto, R.S.; Favoreto, M.G.; Martins, L.T.; Cerri, R.L.A.; Silvestre, F.T.; Greco, L.F.;
Thatcher, W.W.; Santos, J.E.P. Fertility in dairy cows following presynchronization and administering twice
the luteolytic dose of prostaglandin F2α as one or two injections in the 5-day timed artificial insemination
protocol. Theriogenology 2012, 78, 273–284. [CrossRef]

32. Pursley, J.R.; Mee, M.O.; Wiltbank, M.C. Synchronization of ovulation in dairy cows using PGF2α and GnRH.
Theriogenology 1995, 44, 915–923. [CrossRef]

33. Brusveen, D.J.; Souza, A.H.; Wiltbank, M.C. Effects of additional prostaglandin F2alpha and estradiol-17beta
during Ovsynch in lactating dairy cows. J. Dairy Sci. 2009, 92, 1412–1422. [CrossRef] [PubMed]

34. Lamb, G.C.; Stevenson, J.S.; Kesler, D.J.; Garverick, H.A.; Brown, D.R.; Salfen, B.E. Inclusion of an intravaginal
progesterone insert plus GnRH and prostaglandin F2alpha for ovulation control in postpartum suckled beef
cows. J. Anim. Sci. 2001, 79, 2253–2259. [CrossRef] [PubMed]

35. Santos, J.E.P.; Narciso, C.D.; Rivera, F.; Thatcher, W.W.; Chebel, R.C. Effect of reducing the period of follicle
dominance in a timed artificial insemination protocol on reproduction of dairy cows. J. Dairy Sci. 2010, 93,
2976–2988. [CrossRef]

36. Bridges, G.A.; Helser, L.A.; Grum, D.E.; Mussard, M.L.; Gasser, C.L.; Day, M.L. Decreasing the interval
between GnRH and PGF2alpha from 7 to 5 days and lengthening proestrus increases timed-AI pregnancy
rates in beef cows. Theriogenology 2008, 69, 843–851. [CrossRef]

37. López-Gatius, F.; Andreu-Vázquez, C.; Mur-Novales, R.; Cabrera, V.E.; Hunter, R.H.F. The dilemma of twin
pregnancies in dairy cattle. A review of practical prospects. Livest. Sci. 2017, 197, 12–16. [CrossRef]

38. López-Gatius, F.; García-Ispierto, I.; Hunter, R.H.F. Factors affecting spontaneous reduction of corpora
lutea and twin embryos during the late embryonic/early fetal period in multiple-ovulating dairy cows.
Theriogenology 2010, 73, 293–299. [CrossRef]

39. Starbuck, M.J.; Dailey, R.A.; Inskeep, E.K. Factors affecting retention of early pregnancy in dairy cattle.
Anim. Reprod. Sci. 2004, 84, 27–39. [CrossRef]

40. Pereira, R.V.; Siler, J.D.; Ng, J.C.; Davis, M.A.; Grohn, Y.T.; Warnick, L.D. Effect of on-farm use of antimicrobial
drugs on resistance in fecal Escherichia coli of preweaned dairy calves. J. Dairy Sci. 2014, 97, 7644–7654.
[CrossRef]

41. Pereira, M.H.C.; Wiltbank, M.C.; Barbosa, L.F.S.P.; Costa, W.M.; Carvalho, M.a.P.; Vasconcelos, J.L.M. Effect
of adding a gonadotropin-releasing-hormone treatment at the beginning and a second prostaglandin F2α
treatment at the end of an estradiol-based protocol for timed artificial insemination in lactating dairy cows
during cool or hot seasons of the year. J. Dairy Sci. 2015, 98, 947–959. [CrossRef]

42. Bisinotto, R.S.; Ribeiro, E.S.; Martins, L.T.; Marsola, R.S.; Greco, L.F.; Favoreto, M.G.; Risco, C.A.;
Thatcher, W.W.; Santos, J.E.P. Effect of interval between induction of ovulation and artificial insemination
(AI) and supplemental progesterone for resynchronization on fertility of dairy cows subjected to a 5-d timed
AI program. J. Dairy Sci. 2010, 93, 5798–5808. [CrossRef] [PubMed]

43. Lonergan, P. Influence of progesterone on oocyte quality and embryo development in cows. Theriogenology
2011, 76, 1594–1601. [CrossRef] [PubMed]

44. Barkallah, M.; Gharbi, Y.; Hassena, A.B.; Slima, A.B.; Mallek, Z.; Gautier, M.; Greub, G.; Gdoura, R.; Fendri, I.
Survey of infectious etiologies of bovine abortion during mid- to late gestation in dairy herds. PLoS ONE
2014, 9, e91549. [CrossRef] [PubMed]

45. Chebel, R.C.; Santos, J.E.P.; Cerri, R.L.A.; Rutigliano, H.M.; Bruno, R.G.S. Reproduction in dairy cows
following progesterone insert presynchronization and resynchronization protocols. J. Dairy Sci. 2006, 89,
4205–4219. [CrossRef]

46. Chebel, R.C.; Santos, J.E.P. Effect of inseminating cows in estrus following a presynchronization protocol on
reproductive and lactation performances. J. Dairy Sci. 2010, 93, 4632–4643. [CrossRef] [PubMed]

47. Bisinotto, R.S.; Castro, L.O.; Pansani, M.B.; Narciso, C.D.; Martinez, N.; Sinedino, L.D.P.; Pinto, T.L.C.;
Van de Burgwal, N.S.; Bosman, H.M.; Surjus, R.S.; et al. Progesterone supplementation to lactating dairy
cows without a corpus luteum at initiation of the Ovsynch protocol. J. Dairy Sci. 2015, 98, 2515–2528.
[CrossRef] [PubMed]

259



Animals 2020, 10, 925

48. Borchardt, S.; Haimerl, P.; Pohl, A.; Heuwieser, W. Evaluation of prostaglandin F2α versus prostaglandin
F2α plus gonadotropin-releasing hormone as Presynch methods preceding an Ovsynch in lactating dairy
cows: A meta-analysis. J. Dairy Sci. 2017, 100, 4065–4077. [CrossRef]

49. Carvalho, P.D.; Santos, V.G.; Giordano, J.O.; Wiltbank, M.C.; Fricke, P.M. Development of fertility programs
to achieve high 21-day pregnancy rates in high-producing dairy cows. Theriogenology 2018, 114, 165–172.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

260



animals

Review

Recent Possibilities for the Diagnosis of Early Pregnancy and
Embryonic Mortality in Dairy Cows

Ottó Szenci

Citation: Szenci, O. Recent

Possibilities for the Diagnosis of Early

Pregnancy and Embryonic Mortality

in Dairy Cows. Animals 2021, 11, 1666.

https://doi.org/10.3390/ani11061666

Academic Editors: João Simões and

Fiammetta Berlinguer

Received: 31 March 2021

Accepted: 27 May 2021

Published: 3 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Obstetrics and Food Animal Medicine Clinic, University of Veterinary Medicine Budapest,
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Simple Summary: Pregnancy diagnosis plays an essential role in decreasing days open in dairy
farms; therefore, it is very important to select an accurate method for diagnosing early pregnancy.
Besides traditional pregnancy diagnoses made by rectal palpation of the uterus from 40 to 60 days
after AI and measuring the serum or milk progesterone concentration between 18 to 24 days after AI,
there are several new possibilities to diagnose early pregnancy in dairy farms. However, it is very
important to emphasize that before introducing any new diagnostic test, we need to make sure the
accuracy of that particular test to be able to decrease the rate of iatrogenic pregnancy losses caused
by prostaglandin or resynchronization treatments. This review focuses on the diagnostic possibilities
and limitations of early pregnancy diagnosis in the field.

Abstract: One of the most recent techniques for the on-farm diagnosis of early pregnancy (EP)
in cattle is B-mode ultrasonography. Under field conditions, acceptable results may be achieved
with ultrasonography from Days 25 to 30 post-AI. The reliability of the test greatly depends on the
frequency of the transducer used, the skill of the examiner, the criterion used for a positive pregnancy
diagnosis (PD), and the position of the uterus in the pelvic inlet. Non-pregnant animals can be
selected accurately by evaluating blood flow in the corpus luteum around Day 20 after AI, meaning
we can substantially improve the reproductive efficiency of our herd. Pregnancy protein assays (PSPB,
PAG-1, and PSP60 RIA, commercial ELISA or rapid visual ELISA tests) may provide an alternative
method to ultrasonography for determining early pregnancy or late embryonic/early fetal mortality
(LEM/EFM) in dairy cows. Although the early pregnancy factor is the earliest specific indicator of
fertilization, at present, its detection is entirely dependent on the use of the rosette inhibition test;
therefore, its use in the field needs further developments. Recently found biomarkers like interferon-
tau stimulated genes or microRNAs may help us diagnose early pregnancy in dairy cows; however,
these tests need further developments before their general use in the farms becomes possible.

Keywords: dairy cow; ultrasonography; pregnancy proteins; embryonic mortality; fetal mortality

1. Introduction

The extent of pregnancy loss (PL) in dairy cows can be estimated from the difference
between the fertilization rate (FR) and the subsequent calving rate (CR). It is generally
accepted that the FR in healthy dairy cattle is between 85% and 90% [1] or, more recently,
around 80% [2]. The CR has decreased from 66% since 1951, to about 50% until 1975 [3],
and furthermore to about 33.1% in Spain [4], 33.4% in Israel [5], 37% in Canada [6], 41% in
Japan [7], and 40% to 44% in the USA [3,8], while it did not change (>60%) in heifers [9,10].
Therefore, 41% to 57% of pregnancies can be lost during gestation. Most of the losses
(early embryonic mortality: EEM) may occur before the maternal recognition of gesta-
tion (<Day 16) when the life of the corpus luteum is not extended, and cows return to
estrus [1,11]. After the maternal recognition of pregnancy, the life of the corpus luteum
will be extended, and embryonic mortality (further 5% to 10%) occurring between Days 16
and 42 after AI is called late embryonic mortality (LEM), while occurring between Days 42
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to 90 after AI is named early fetal mortality (EFM). Late fetal mortality between Day 90
and term is rare [12]. It has recently been reported that PL after the first month of gestation
may range between 3.2% and 42.7% [13].

Recently, Pohler et al. [14] have suggested using the terms ‘early embryonic develop-
ment’ until Day 30 and ‘late embryonic development’ between Days 31 and 45 of gestation.
Due to the fact that different technical terms are used for this period, perhaps it would
be easier to divide the former late embryonic period between Days 16 to 42 into two
stages, namely, stage 1 between Days 16 and 30 and stage 2 between Days 31 and 42/45
of gestation.

The PL represents a considerable biological and economic waste for the farmer, there-
fore, the objective of the present review is to discuss recent methods suitable for diagnosing
early pregnancy and pregnancy losses in dairy cattle.

2. Early Pregnancy Diagnosis (PD)

2.1. Real-Time B-Mode Ultrasonography

During ultrasonographic examination (UE), a cow was initially considered to be
pregnant when an irregularly shaped, non-echogenic black spot (or spots) were recognized
within the uterine lumen, representing the chorioallantoic fluid [15]. The demonstration of
an embryo (later with a beating heart) and/or embryonic membranes provided additional
confirmation of pregnancy [16,17]. A normal amount of chorioallantoic fluid in the uterine
horn ipsilateral to the ovary with a corpus luteum provided additional confirmation of
a normal gestation [17,18]. Where no such signs (Table 1) were found, the possibility
of pregnancy was ruled out, giving a non-pregnancy diagnosis. The confirmation of
ultrasonographic diagnoses was usually based on palpation per rectum of the uterus at
2 to 3 months post-AI, or upon spontaneous return to estrus after AI. A cow was also
considered pregnant if an embryo proper with a beating heart was recognized at a final UE
on Days 50 to 60 post-AI. Cows diagnosed as non-pregnant by palpation per rectum or by
ultrasonography between Days 50 and 90 were usually designated as non-pregnant [19–21].

Table 1. Identifiable characteristics of the bovine conceptus during ultrasonographic examinations for pregnancy diagnosis,
indicating the first day of detection.

Characteristics

First day of Detection
in Heifers

Curran et al. [21]
Range

First Day of Detection
in Heifers

Curran et al. [21]
Mean ± SEM

First Day of Detection
after ET

Totey et al. [22]
Mean ± SD

Embryo proper 19 to 24 20.3 ± 0.3 19.5 ± 0.7
Heartbeat 19 to 24 20.9 ± 0.3 22.6 ± 0.9
Allantois 22 to 25 23.2 ± 0.3 23.1 ± 0.8

Spinal cord 26 to 33 29.1 ± 0.5 33.0 ± 1.5
Forelimb buds 28 to 31 29.1 ± 0.3 32.7 ± 1.3 *

Amnion 28 to 33 29.5 ± 0.5 25.1 ± 1.4
Hindlimb buds 30 to 33 31.2 ±0.3 32.9 ± 1.3 **

Placentomes 33 to 38 35.2 ± 1.0 -
Split hooves 42 to 49 44.6 ± 0.7 -

Fetal movement 42 to 50 44.8 ± 0.8 50.7 ± 1.0
Ribs 51 to 55 52.3 ± 0.5 60.9 ± 1.7

ET: embryo transfer, * forelimb, ** limb buds.

Under experimental conditions, embryonic vesicles in dairy cows can be detected
as early as at 9 [23], 10 [20], or 12 days [24] of gestation; however, an accurate pregnancy
diagnosis (100%) can be reached only on Days 20 and 22 of gestation [25], when the embryo
(20.3 days) and its heartbeat (20.9 days) can be detected [21]. It is important to mention that
fluid accumulation in the chorioallantois during early pregnancy can be easily confused
with the uterine fluid within the uterus during pro-estrus and estrus [25].
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Under on-farm conditions, between Days 22 to 49 after AI, the sensitivity, specificity,
positive predictive value, and negative predictive value of ultrasonographic diagnoses
made with a 5 MHz linear-array or sector transducer varied between 95% and 100%, 67%
and 100%, 85.7% and 100%, and 84% and 100%, respectively (Table 2).

Table 2. Accuracy of ultrasonographic examinations for diagnosing early pregnancy in dairy cattle by using a 5.0 MHz
linear-array or sector transducer.

Days
after AI

N
Sensitivity

(%)
Specificity

(%)

Positive
Predictive Value

(%)

Negative
Predictive value

(%)
References

22–40 435 96.2 71.1 89.6 87.8 Filteau and DesCoteaux, [26]

25–29 101 98 91.3 93 97.6
Szenci et al. [27] a

30–39 143 100 100 100 100

26 b 48 100 96.7 94.4 100
Romano et al. [17]

27 b 53 100 92.8 92.6 100

26–33 85 97.7 87.8 89.6 97.2 Pieterse et al. [15]

29 c 151 100 96.3 91.3 100
Romano et al. [17]

30 c 151 100 97.4 91.9 100

30–39 722 95 67 89 84
Hanzen and Laurent [28]

40–49 620 98 77 92 94

31–35
323

98 80 85.7 97
Munoz del Real et al. [29]

36–40 97 93 93.6 97
a Sector transducer, b Heifers, c Cows, NG: not given. Sensitivity = correct positive/correct positive + false negative × 100. Specificity =
correct negative/correct negative + false positive × 100. Positive predictive value = correct positive/correct positive + false positive × 100.
Negative predictive value = correct negative/correct negative + false negative × 100.

In contrast, Badtram et al. [30] reported that the sensitivity and specificity of the
ultrasound test between Days 23 and 31 post-AI were only 68.8% and 71.7%, respectively.
In a recent study, maximum sensitivity and negative predictive value were reached at
Day 26 in dairy heifers and at Day 29 in dairy cows, while the specificity and positive
predictive values were 96.7% and 94.4% for dairy heifers and 96.3% and 91.3% for dairy
cows, respectively [17]. In contrast, according to Nation et al. [16], due to pregnancy loss,
Days 28 to 35 after AI are too early for reliable detection of pregnancy in dairy cows.

Between Days 27 to 34 after AI, the sensitivity, specificity, positive predictive value,
and negative predictive value of ultrasonographic diagnoses made by the use of 5–10 MHz
transducer varied between 90% and 96.6%, 91.5% and 100%, 88.4% and 100%, and 92.3%
and 97.8%, respectively (Table 3). When the recognition of an embryo proper with a beating
heart was used as the criterion for a positive ultrasound PD, significantly (p < 0.001) more
false negative and less false positive ultrasound diagnoses were made, in comparison with
the recognition of chorioallantoic fluid [31]. In contrast, Silva et al. [18] reported that the
presence of chorioallantoic fluid in the uterine lumen and a corpus luteum alone might lead
to more false positive results than when an embryo was visualized by using a 5–10 MHz
linear-array transducer on Day 27 after timed AI.
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Table 3. Accuracy of ultrasonographic examinations for diagnosing early pregnancy in dairy cattle by using a high frequency
linear-array transducer.

Days
after AI

N
Sensitivity

(%)
Specificity

(%)

Positive
Predictive Value

(%)

Negative
Predictive Value

(%)
References

27 1673 96.5 93.4 89.7 97.8 Silva et al. [18]
(5–10 MHz transducer)

28 100 92.7 91.5 88.4 94.7 Karen et al. [32]
(6–10 MHz transducer)

28–35 497
96 a 83 91 92 Nation et al. [16]

(7.5 MHz transducer)97 b 86 92 93

29–30 138 90.4 c 96.0 95.0 92.3
Szenci et al. [31]

(7.5 MHz transducer)33–34 135 96.6 c 98.6 98.3 97.3

33–34 135 90.0 d 100 100 92.5

30 47 92.3 97.1 92.9 97.1 Abdullach et al. [33]
(6.5 MHz transducer)

a Observation of ≥15 mm fluid in the uterine lumen and embryonic membranes; b Observation of an embryo with beating heart;
c Recognition of allantoic fluid was used as the criterion for a positive pregnancy diagnosis; d Recognition of an embryo proper with a
beating heart was used as the criterion for a positive pregnancy diagnosis.

The reliability of the test greatly depends on the frequency of the transducer used, the
skill of the operator [30,34], the criterion used for a positive pregnancy diagnosis (uterine
fluid or embryo [15,27,32]; uterine fluid, embryonic membranes, or embryo [16]; amniotic
fluid and/or embryo surrounded by an amniotic sac [29]; normal amount of chorioallantoic
fluid, embryo, ipsilateral CL [18]; embryo with a heartbeat and corpus luteum [35]; embryo
with a heartbeat, fluid-filled uterine horn, ipsilateral corpus luteum [36,37]; amniotic
fluid, embryo, or embryonic heartbeat [38]; accumulation of intrauterine gestural fluid
in non-pregnant cows [25], and the position of the uterus in the pelvic inlet [39]. More
incorrect non-pregnancy diagnoses were made between Days 24 to 38 in cows in which
the uterus was located far cranial to the pelvic inlet, in comparison with cows in which
the uterus was located within or close to the pelvic inlet [39]. It is important to mention if
our ultrasonographic pregnancy diagnoses are based on detection of uterine fluid in the
uterus on Day 29 after timed AI, at that time, these cows can be classified 3.8 times more
likely as not pregnant 74 days after timed AI than those cows diagnosed pregnant based
on visualization of an embryo with a heartbeat [36].

Special attention must be paid to the diagnosis of twin pregnancy by clearly locating
the two embryos because twin pregnancy loss and spontaneous twin reduction have been
reported to occur up to Day 90 of gestation [40,41]. Possibilities for diagnosing twin
pregnancy in the field have been reviewed recently by Szelényi et al. [42].

2.2. Color Flow Doppler Ultrasonography

Color flow Doppler ultrasonography (CFDU) can be used to monitor blood flow in the
corpus luteum (CL) around Day 20 after AI because luteal vascularization plays a decisive
role in the functional evaluation of the corpus luteum [43–46]. On the other hand, there is a
good correlation between decreasing blood flow during CL regression and progesterone
concentration [47,48]. One of the main advantages of CFDU is its high sensitivity (99%)
and negative predictive value (98.5%) of diagnosing non-pregnant dairy cattle on Day 20
after AI, which results in few false negative diagnoses [49]. According to Dubuc et al. [50],
by monitoring the blood flow in the CL on Day 21 after AI in contrast with measuring the
progesterone concentration, non-pregnancy in dairy cows on Day 32 after AI can also be
predicted with high accuracy (sensitivity: 99.8%, negative predictive value: 99.3%). In a
recent study, Siqueira et al. [51] have found that the reduction of blood flow in the CL takes
place some days before any detectable changes in CL morphology and echotexture, and
therefore, determination of the blood flow and the adjusted blood flow calculated from the
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ratio of luteal tissue area and blood flow were the best early predictors of non-pregnancy.
In contrast, luteal tissue area and echotexture were found to be inconsistent early indicators
of luteolysis.

2.3. Conceptus Proteins

Trophoblastic mono- and binucleate cells from the early bovine conceptus synthe-
size substantial amounts of proteins. Among these, one has been described as bovine
pregnancy-specific protein B (bPSPB), which enters into the maternal circulation [52]. In
addition, a bPSPB-related protein, designated bovine pregnancy-associated glycoprotein
(bPAG; [53]) or bPAG-1 [54], as well as pregnancy serum protein 60 kDa (PSP60; [55]) have
been described. Pregnancy proteins are inactive members of the aspartic proteinase family
(pepsins, cathepsins, and renins also belong to this family), and are identical in genetic
nucleotide sequence [56–58]. The isolated preparations of pregnancy proteins may differ in
carbohydrate and sialic acid content, which may explain their minor differences in profile
and disappearance from the maternal circulation after calving or EM [32,59,60]. Because
the concentrations of these proteins gradually increase during pregnancy, they are good
indicators of the presence of a live embryo [61]. The pregnancy proteins have been detected
in the serum of some pregnant cows as early as Days 15 to 22 [61,62] or Day 22 [55,63] after
AI. Due to the delayed appearance of these proteins in the blood in some cows, their use
for PD provides more accurate results from Days 28 to 30 onwards [32,57,64]. Both bPSPB
and bPAG-1 have been detected in the peripheral circulation during the postpartum period
70 to 100 days after calving [61,65]. Likewise, Mialon et al. [55] reported similar residual
protein concentrations for PSP60 after calving in the Charolais (mean: 107 days/91–119/),
Normande (mean: 84 days/56–105/), and Holstein (mean: 88 days/63–126/) breeds. In a
recent study, 56.7% and 44.9% of the false positive diagnoses based on bPSPB and bPAG-1
tests, respectively, originated from cows that were inseminated within 70 days after calv-
ing [32]. These findings indicate that the presence of bPSPB and bPAG-1 in the plasma of
cows during the early stages of the postpartum period may limit their use under field condi-
tions. If only those cows are selected for the protein tests, which are inseminated after Day
50 [66] or Day 70 after calving [67–69], post-calving interference with the residual bPSPB or
bPAG-1 in the peripheral circulation during the postpartum period can be minimal.

A further limitation after late embryonic mortality (LEM) is that protein levels may
remain above the threshold level, although the concentration of both proteins decreases
steadily [70,71]. This is probably related to the relatively long half-life (7–8 days for bPSPB
and 3–4 days for bPAG-1) in the maternal circulation after EM [70,72].

Serrano et al. [73] reported that the herd, fetal sex, milk production, lactation number,
and plasma progesterone concentrations did not significantly influence the plasma PAG-1
concentration, while twin pregnancy, the use of Limousin semen and conception during
the cool period significantly increased its concentrations throughout gestation. Clone
pregnancies comparing with control cows may also significantly increase pregnancy protein
concentrations during the whole gestation, regardless of pregnancy outcome [74].

2.3.1. In-House PAGs ELISA Tests

Originally PSPB, PAG-1, and PSP60 radioimmunoassay tests were used to detect
pregnancy proteins; however, in the meantime, it turned out that there are 21 PAG family
members, and PAG-1 used for pregnancy diagnosis was not the earliest pregnancy protein
produced by the trophoblast [75]. After recognizing this, the first in-house sandwich
ELISA protocol was developed for measuring the circulating concentration of PAGs by
Green et al. [76] and Friedrich and Holtz [77]. Between Days 26 and 58 after AI, the
sensitivity, specificity, positive predictive value, and negative predictive value of the in-
house PAGs ELISA tests varied between 94% and 100%, 77% and 94.2%, 90.7% and 97.8%,
and 91.2% and 97.1%, respectively (Table 4).
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Table 4. Accuracy of in-house early-pregnancy associated glycoproteins (PAGs) ELISA tests for diagnosing early pregnancy
in dairy cattle.

Days
after AI

N Type of
Sample

Sensitivity
(%)

Specificity
(%)

Positive
Predictive Value

(%)

Negative
Predictive Value

(%)
References

26–58 169 Serum 97.8 91.2 97.8 91.2 Piechotta et al. [78] a

27–35 2129
Plasma

95.1 89.0 90.1 94.5
Sinedino et al. [79] b

31–35 209 98.7 88.1 83.7 99.1

26–30 106

Serum *

94 77 NG NG

Friedrich and Holtz
[77]

31–35 88 95 93 NG NG

36–40 57 95 93 NG NG

>40 128 100 92 NG NG

27 1673 Plasma 95.4 94.2 90.7 97.1 Silva et al. [18] b

28 100 Plasma 95.3 88.3 NG NG Thompson et al.
[80] b30 100 Plasma 100 90.9 NG NG

* using a threshold of 2 ng/mL; a Used an in-house ELISA assay described by Friedrich and Holtz [77]; b Used an in-house ELISA assay
described by Green et al. [76] (2005); NG: not given.

Mercadante et al. [81] found higher PAGs concentrations (in-house ELISA) in primi-
parous cows compared with multiparous pregnant cows (in agreement with Ricci et al. [36],
while Kaya et al. [82] found similar differences between heifers and lactating cows), dur-
ing the second and later breeding compared with the first breeding postpartum, in cows
experiencing clinical metritis, metabolic problems and left displaced abomasum after calv-
ing compared with cows not experiencing those clinical diseases and in cases of greater
milk yield, while the body condition score did not influence it. According to Dufour
et al. [38], the accuracy of the PAG test (commercial milk ELISA) was not influenced by
parity, the number of days, since the last breeding, and the level of milk production, while
Ricci et al. [37] found a negative correlation between plasma and milk PAG concentration
(commercial ELISA) and milk production.

2.3.2. Commercial ELISA Tests

There are currently several ELISA tests are available on the market, as discussed below.
BioPRYN ELISA test for the detection of pregnancy-specific protein B in the serum as

early as 28 days after breeding in cattle with no interference from a previous pregnancy as
early as 73 days after calving.

Between Days 26 to 58 after AI, the sensitivity, specificity, positive predictive value,
and negative predictive value of the BioPRYN ELISA test varied between 93.9% and 100%,
87% and 97.1%, 92% and 99.3%, and 91.7% and 97.8%, respectively (Table 5).

Martins et al. [83] compared the basal serum PSPB concentrations determined at Day
17 after AI with Day 23 results. They found that if the difference was more than 28% at
that time the sensitivity, and the specificity of the ELISA test were higher (98% and 97%),
compared to 92.8% and 97% obtained when only Day 23 values were evaluated. It is also
important to mention that the concentrations of PSPB on Days 23 and 28 were related
to pregnancy losses between Days 28 and 35 after AI, but not to those occurring in later
periods (Days 35 to 56 and Days >56 to calving).

Middleton and Pursley [84] suggested comparing the results of serum PSPB samples
withdrawn on Days 17 and 24 after AI to diagnose non-pregnant cows with 100% accuracy
at Day 24 after AI and to predict early pregnancy loss.
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Table 5. Accuracy of commercially available ByoPRYN pregnancy ELISA tests for diagnosing early pregnancy in dairy cattle.

Days
after AI

N Type of
Sample

Sensitivity
(%)

Specificity
(%)

Positive
Predictive Value

(%)

Negative
Predictive Value

(%)
References

23

544 Serum

92.8 97.0

NG NG Martins et al. [83]23 a 98.0 97.0

28 100 91.6

24 206 Serum 100 b 93.6 b 93.3 b 100 b Middleton and
Pursley [84]

26–58 185 Serum 98.0 97.1 99.3 91.7 Piechotta et al. [78]

28 246

Plasma

93.9 95.5 94.7 94.7
Romano and
Larson [85]30 229 96.0 93.9 92.2 96.8

35 246 97.2 93.6 92.0 97.8

28–41 507
Serum

97.0 95.9 96.2 96.7
Breed et al. [86]

35–60 976 96.6 92.2 95.0 94.7

30–36 1742 Serum 95.1 68.6 NG NG Gábor et al. [87]

30–36 1336 Serum 100 87.8 NG NG Howard et al. [88]
a A cow was considered pregnant when there was an increase in serum PSPB from basal (Day 17) to Day 23 after AI of more than 28%;
b Only non-pregnant animals were evaluated.

DG29® Bovine Blood Pregnancy ELISA Test for the detection of specific pregnancy-
related protein in serum as early as 29 days after breeding in cattle with no interference
from a previous pregnancy as early as 90 days after calving. Between Days 28 and 40, after
AI the sensitivity, specificity, positive predictive value, and negative predictive value of the
D29 test varied between 90.2% and 100%, 66.7% and 98.3%, 91% and 97.4%, and 93.7% and
100%, respectively (Table 6).

Table 6. Accuracy of commercially available D29® bovine blood pregnancy ELISA tests for diagnosing early pregnancy in
dairy cattle.

Days
after AI

N Type of
Sample

Sensitivity
(%)

Specificity
(%)

Positive
Predictive Value

(%)

Negative
Predictive Value

(%)
References

28 100 serum 90.2 98.3 97.4 93.7 Karen et al. [31]

29–36 202 blood 99.4 66.7 * 92.6 96.3 Paré et al. [89]

30–40 212 plasma 100 81.3 91 100 Moussafir et al.
[90]

* 100% in non-inseminated cows.

The IDEXX Bovine Pregnancy ELISA Test for the detection of early pregnancy-
associated glycoproteins in the serum or plasma of cattle as early as 28 days after breeding
in cows with no interference from a previous pregnancy as early as 60 days after calving.
Between Days 25 and ~41, after AI the sensitivity, specificity, positive predictive value, and
negative predictive value of the test varied between 92% and 100%, 87% and 100%, 84%
and 100%, and 94.2% and 100%, respectively (Table 7).

The IDEXX Milk Pregnancy ELISA Test for the detection of pregnancy-associated
glycoproteins in bovine milk from 28 days after breeding in cows with no interference from
a previous pregnancy as early as 60 days after calving. Between Days 28 to ~53, after AI
the sensitivity, specificity, positive predictive value, and negative predictive value of the
test varied between 96% and 100%, 83% and 97.9%, 79% and 98.5%, and 96% and 100%,
respectively (Table 8). While on Day ≥60, the sensitivity and the specificity of the test
varied between 98.5–99.2% and 95.5–96.7%, respectively, the positive predictive value and
the negative predictive value were 99.8% and 80.8%, respectively (Table 8). It is important

267



Animals 2021, 11, 1666

to mention that the plasma PAG levels turned out to be approximately twice higher than
the milk PAG levels [36].

Table 7. Accuracy of commercially available IDEXX bovine pregnancy ELISA tests for diagnosing early pregnancy in
dairy cattle.

Days
after AI

N Type of
Sample

Sensitivity
(%)

Specificity
(%)

Positive
Predictive Value

(%)

Negative
Predictive Value

(%)
References

25 61

plasma

92.0 91.6 88.4 94.2

Kaya et al. [82]
28 84 97.1 100 100 98.0

32 86 97.4 91.4 90.4 97.7

25–32 231 95.9 94.7 93.1 96.9

28 210 serum 100 94.9 94.4 100 Akkose et al. [91]

28 320 plasma 97 * 94 ** 95 ** 97 * Mayo et al. [92]

30 ± 1 116 plasma 100 88.9 93.8 100 Commun et al. [93]
30 ± 1 116 serum 100 88.6 93.8 100

32 141 plasma 100 87 84 100 Ricci et al. [37]

41 ± 2 116 plasma 100 100 100 100 Commun et al. [93]
41 ± 2 116 serum 98.4 96.8 98.4 96.8

* ±1, ** ±2.

Table 8. Accuracy of commercially available milk pregnancy ELISA tests for diagnosing early pregnancy in dairy cattle.

Days
after AI

N
Sensitivity

(%)
Specificity

(%)

Positive
Predictive Value

(%)

Negative
Predictive Value

(%)
References

28 320 96 * 94 * 94 * 96 * Mayo et al. [92]

28–45 497 99 95 NG NG Dufour et al. [38]

28–35 1006 99.2 93.4 NG NG Fosgate et al. [34]

30 ± 1 116 98.1 90.3 94.5 96.6 Commun et al. [92]

32 135 98 83 79 99 Ricci et al. [37]

33–52 119 100 97.9 98.5 100 Lawson et al. [94]

41 ± 2 116 100 92.3 96.4 100 Commun et al. [93]
53 ± 2 116 98.1 96.2 98.1 96.2

≥60 683 99.2 95.5 99.8 80.8 LeBlanc [95]

≥60 602 98.5 96.7 NG NG Byrem et al. [96]

NG: not given, * ±2.

The Rapid Visual Pregnancy ELISA test has been recently developed to detect early
pregnancy-associated glycoproteins in bovine whole blood, plasma, or serum as early as
28 days after breeding with no interference from a previous pregnancy as early as 60 days
after calving.

This test can be run without ELISA instrumentation and read visually [97]. Between
Days 25 and 45 after AI, the sensitivity, specificity, positive predictive value, and negative
predictive value of the visual blood test for dairy cattle were 99.8%, 91.7%, 92.7%, and
99.7%, respectively [97]. When the IDEXX visual ELISA test was used, the sensitivity,
specificity, positive predictive value, and negative predictive value of the whole blood test
were 98 ± 1%, 85 ± 3%, 87 ± 3%, and 98 ± 1%, respectively [92]. The high sensitivity and
negative predictive values mean that very few truly pregnant cows were misdiagnosed as
not pregnant. The overall accuracy of the test was 92 ± 2% [92]. When a microtiter plate
reader was used to measure the optical density for individual wells in the ELISA plate,
the overall accuracy of the test became 94 ± 1% [92]. According to the agreement analysis,
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a very good agreement between visual and milk ELISA tests (kappa: 0.92) and between
visual and serum ELISA tests (kappa: 0.97), respectively, were reported [34].

The high overall accuracy of the test (98.9%) was reported when the BioPRYN Rapid
Visual Pregnancy Test® was used in 92 dairy cattle on Day 28 in heifers and on Day 30 in
cows. However, it is important to mention that there were three samples evaluated as ‘to be
rechecked’; however, later, it was not possible to evaluate them, and therefore, these three
samples were removed from the dataset [98]. A somewhat lower overall accuracy (90%)
was reported when the Ubio quickVET rapid visual test was used for plasma samples
between Days 30 and 40 after AI [90], and a much lower accuracy (70%) was obtained when
the Fassisi® BoviPreg visual test kit was used for serum samples on Day 30 after AI [99].

2.4. Early Pregnancy Factor (EPF)

The earliest specific indicator of fertilization and the continuing presence of a viable
conceptus is a serum constituent that had originally been detected in mice [100]. This
substance is known as the early pregnancy factor (EPF) and has also been described in
women [101], sheep [102], cattle [103], and pigs [104].

The reported and extraordinary properties of EPF include:
Early appearance (within hours) after mating or insemination
Rapid disappearance following induced death or removal of the embryos [105,106].
These factors suggest that EPF may be the most useful tool for investigating early

embryonic survival or failure [106–108]. According to Laleh et al. [109], the rosette inhi-
bition test (RIT) has the potential to distinguish pregnant from non-pregnant dairy cows
in the first week of pregnancy. However, the detection of EPF is entirely dependent on a
bioassay that is not practical. After identifying immunosuppressive EPF with a molecular
weight of approximately 200,000 and raising polyclonal antibodies against it [110], a new
diagnostic test, the early conceptus factor (ECF) test, was developed in the USA for field
use; however, it cannot accurately identify conception within days or at any time before
Day 21 of gestation [111–115].

After EPF, a 10.84 kDa protein, chaperonin 10 [116] having immunosuppressive and
growth factor properties [117], was identified. Chaperonin 10 belongs to the family of
heat shock proteins but, unlike other members of this family, EPF is detected extracel-
lularly [117]. Further experimental work is needed for the development of an accurate
on-farm diagnostic test.

2.5. Current Developments in Early Pregnancy Diagnosis

During elongation of the blastocyst, trophectoderm cells secret interferon-tau (IFNT)
into the uterine cavity. With its very low levels in extrauterine tissues and in the pe-
ripheral circulation, IFNT is regarded as a signal for the maternal recognition of bovine
pregnancy. INFT contributes to the maintenance of the CL by blocking prostaglandin F2α
secretion of the endometrium. Currently, there is no accurate assay for diagnosing early
pregnancy based on measuring IFNT concentrations. At the same time, the determination
of interferon-tau stimulated genes (ISG) has been recently suggested as an alternative
method for the indirect detection of the conceptus itself. According to a recent review [14],
the relative abundance of ISG in total leukocytes, peripheral blood mononuclear cells and
polymorphonuclear cells in pregnant cows from Days 18 to 20 after AI may be significantly
higher than in non-pregnant cows.

Another biomarker for diagnosing early pregnancy is the measurement of circulating
microRNAs; however, their use is currently limited to research investigations because
standardized laboratory techniques are needed to isolate and measure them [14].

Proteomics analysis of the milk identified three possible biomarkers (lactoferrin, lacto-
transferrin, and alpha1G) for diagnosing early pregnancy [118], while proteomics analysis
of the blood identified another three genes (Myxovirus resistance: MX1 and MX2 and
oligoadenylate synthetase-1: OAS1), which can be used for early pregnancy diagnosis after
validation on a large number of dairy cows [119]. Glycans may also play some critical roles
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in both the normal function of cells and in disease; therefore, bovine pregnancy can be
predicted from a glycan biomarker present in a cow’s milk some 2–4 weeks earlier than
by the standard method of pregnancy detection using ultrasonography [120]. Circulat-
ing nucleic acids (CNAs) or preimplantation factor (PIF) can be another biomarker for
diagnosing early pregnancy in dairy cows [121,122], while Barbato et al. [123] suggested
measuring PAG-2 mRNA in maternal blood cells, which can be detected earlier than the
PAG-1 placental proteins in water buffalo and in other ruminants, as well.

These new branches of diagnostic sciences may contribute to finding molecules that
may be exclusively related to maternal metabolic alterations during early embryonic
development and to signaling for maternal recognition of pregnancy and continued sur-
vival [124], and may contribute to the development of an accurate early pregnancy diag-
nostic test in dairy cows.

A new technology (in-line milk analysis system, Herd Navigator) has already made
possible the automatic collection of milk samples at milking robots or in the milking parlor
to analyze progesterone, lactate dehydrogenase, and beta-hydroxybutyrate to detect estrus,
tissue damage, and metabolic disorders, respectively [125]. According to Bruinjé and
Ambrose [126], by using this new technology for early pregnancy diagnosis, a high sensi-
tivity (>95%) could be reached from Day 27 after AI, while the specificity was somewhat
lower before Day 40 after AI. After finding an accurate biomarker for early pregnancy
diagnosis, its continuous measurements during milking will make it possible to diagnose
pregnancy loss much earlier, meaning we can greatly contribute to increasing reproductive
efficiency in our dairy herds. The importance of this technology would also be emphasized
by its ability to identify pregnant and non-pregnant animals in a timely manner with no
animal handling, because even a simple transrectal examination of dairy cows can lead to
increased plasma and salivary cortisol concentrations and changes in heart rate, heart rate
variability, and behavior that are indicative of pain [127].

3. Diagnosis of Pregnancy Losses (PL)

3.1. Ultrasonography

One of the advantages of UEs is that PL can be recognized by the absence of a heartbeat,
the detachment of the fetal membranes, the appearance of particles in the fetal fluids, or
the lack of the embryo proper [25,128]. UEs have revealed that LEM may occur in up to
23% of pregnancies [28,129]. PL (8%) diagnosed by ultrasonography in cows between
Days 26 and 58 post-AI occurred at approximately Day 29 (n = 1), Day 33 (n = 3), Day
37 (n = 3), Day 40 (n = 2), Day 44 (n = 1), and Day 56 (n = 1) after AI. The exact day of
occurrence of LEM/EFM could not be determined because UE was performed at intervals
of 3–4 days [71].

According to Kelly et al. [130], decreased crown-rump length and progesterone con-
centration measured on Day 34 of gestation tended to be associated with an increased
odds ratio for pregnancy loss, whereas CL perfusion and reduced blood flow of the uterine
arteries evaluated by Doppler ultrasonography could not be used for predicting pregnancy
loss in lactating dairy cattle.

3.2. Pregnancy Proteins

After diagnosing spontaneous cases of LEM by ultrasonography, both plasma bPSPB
and bPAG-1 levels began to decline in most cases, while the CL continued to produce pro-
gesterone [63,71,72]. This confirms the previous observations [70,131], and demonstrates
that lower progesterone concentrations are not the cause of conceptus death.

Although the concentrations of both proteins decrease steadily [70,71] after sponta-
neous or induced LEM/EFM, they reach the threshold level only after a relatively long
half-life, namely, about 7 to 8 days for the bPSPB RIA test [70], and 3 to 4 days for the
bPAG-1 RIA test [72]. Thus, they can contribute to the elevation of false positive pregnancy
diagnoses on the farm. Similar results were reported by Giordano et al. [63] when inducing
LEM on Day 39 of gestation and using the PSPB commercial and the PAG in-house ELISA
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tests. Although the threshold levels for these tests were not determined, they reached
the basal levels in both tests approximately 5 to 7 days after inducing LEM. Based on
commercial blood and milk ELISA tests, the threshold levels are reached approximately 7
to 14 days after pregnancy loss [37].

According to Mercadante et al. [81], reduced PAG concentrations (in-house ELISA)
at Day 32 after AI may predict pregnancy loss between Days 46 and 74 of gestation.
Based on positive and negative predictive value analysis, a circulating concentration of
PAG (in-house ELISA) below 1.4 ng/mL in lactating dairy cattle following timed AI and
1.85 ng/mL following timed embryo transfer on Day 7 was 95% accurate in predicting
LEM/EFM (between Days 31 and 59) at Day 31 of gestation [13]. It has been recently
reported that cows being pregnant at Day 31 of gestation and maintaining the pregnancy
until Day 59 had significantly higher circulating concentrations of PAG (commercial ELISA
test) at Day 31 of gestation compared with cows that experienced LEM/EFM between
Days 31 and 59 of gestation [37]. In contrast, although there was a significant difference
in the PAG concentrations measured on Day 24 after AI between pregnant and non-
pregnant multiparous cows while in heifers only a tendency was detected at Day 31 after
AI, the circulating concentrations of PAG at Day 24 of gestation in animals that maintained
pregnancy until Day 60 compared to animals that lost pregnancy between Days 31 and 60
of gestation, were not significantly different [132].

López-Gatius et al. [133] reported that low or very high plasma pregnancy-associated
glycoprotein-1 (PAG-RIA) levels on Day 35 of gestation in cows were related to a subse-
quent pregnancy loss. Similarly, Gábor et al. [134] also found pregnancy losses in cows with
high PSPB (commercial ELISA) concentrations (>1.1ng/mL) and in cows with low concen-
trations of both PSPB and progesterone (0.6–1.1 and <2ng/mL, respectively), however the
prevalence of pregnancy loss was significantly lower in cows with high PSPB concentrations
(15%) between Days 29 and 35 of gestation than in those with low concentrations (76.3%).

It has been recently reported that different PAG ELISA assays may accurately detect
pregnancy; however, the ability to predict embryo survival vs. mortality during early
gestation appears to be antibody-/assay-dependent [135].

In order to be able to decrease the effect of false positive diagnoses, due to pregnancy
loss on the farm, it is necessary to repeat the pregnancy tests [136]. By using commercial
plasma or milk ELISA tests, the optimal time for the first pregnancy diagnosis is around
Day 32 after AI, when plasma and milk PAG levels are at an early peak. After this period,
all pregnant cows should be retested on Day 74 after AI or later, when plasma and milk
PAG levels rebound from their nadirs [37]. In contrast to the gradual increase in PAG-1
concentration (RIA) throughout gestation [61], plasma and milk PAG levels (commercial
ELISA) reached a peak at Day 32 of gestation and then started to decrease to a nadir from
Days 53 to 60 for the plasma PAG level and from Days 46 to 67 for the milk PAG level,
followed by a gradual increase in PAG levels from Days 74 to 102 after AI [37].

The potential clinical significance of diagnosing pregnancy loss using ultrasonography
or pregnancy protein tests and treating the cows with prostaglandin as soon as possible is
that these measures may reduce the number of days before re-insemination [137].

4. Future Perspectives

Pregnancy diagnosis plays an essential role in decreasing days open in dairy farms;
therefore, it is very important to select an accurate method for diagnosing early pregnancy,
because the cost of each day open past 100 DIM may reach $4.00 [138] or €2.5 to 6.5 [139],
respectively. Besides traditional pregnancy diagnoses made by rectal palpation of the
uterus from 40 to 60 days after AI and measuring the serum or milk progesterone con-
centration between 18 to 24 days after AI [14,140,141], there are several new possibilities
to diagnose early pregnancy in dairy farms; however, it is very important to emphasize
that before introducing any new diagnostic test we need to make sure the accuracy of
that particular test to be able to decrease the rate of iatrogenic pregnancy losses caused by
prostaglandin treatment to reduce the interval to the next AI service [140] or resynchro-
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nization of the cows [142,143]. Furthermore, the new pregnancy diagnostic results must be
confirmed by the old diagnostic method to decrease the negative effects of false negative
diagnoses [144]. Linear-array/sector B-mode [145] and Doppler ultrasonography [14] may
exceed the other diagnostic methods in the amount of information collecting from each
animal during scanning, however, their uses greatly depend on the operator proficiency
and availability [145].

5. Conclusions

The successful genetic selection for higher milk production caused a dramatic de-
cline in the reproductive performance of dairy cows all over the world during the last
decades. Achievement of optimum herd reproductive performance (calving interval of 12
or 13 months with the first calf born at 24 months of age) requires concentrated management
activities especially during calving and during the first 100 days following calving. One of
the most important management activities needed to pursue during the early postpartum
period to reach or approach the optimal reproductive performance is diagnosis of early
pregnancy diagnosis and embryonic mortality in dairy cows. There are several diagnostic
methods available for the dairy farms such as rectal palpation, transrectal ultrasonography,
chemical and hormone assays, however, transrectal B-mode and Doppler ultrasonography
may exceed the other diagnostic methods in the amount of information collecting from each
animal during scanning in the farm. The advantages and disadvantages of the different
diagnostic methods were discussed in order to be able to select the most accurate method
for the dairy.
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134. Gábor, G.; Kastelic, J.P.; Abonyi-Tóth, Z.; Gábor, P.; Endrődi, T.; Balogh, O.G. Pregnancy loss in dairy cattle: Relationship of
ultrasound, blood pregnancy-specific protein B, progesterone and production variables. Reprod. Domest. Anim. 2016, 51, 467–473.
[CrossRef]

135. Gatea, A.O.; Smith, M.F.; Pohler, K.G.; Egen, T.; Pereira, M.H.C.; Vasconselos, J.L.M.; Lawrence, J.C.; Green, J.A. The ability to
predict pregnancy loss in cattle with ELISAs that detect pregnancy associated glycoproteins is antibody dependent. Theriogenology
2018, 108, 269–276. [CrossRef] [PubMed]

136. López-Gatius, F.; García-Ispierto, I. Ultrasound and endocrine findings that help to assess the risk of late embryo/early foetal loss
by non-infectious cause in dairy cattle. Reprod. Domest. Anim. 2010, 45 (Suppl. 3), 15–24. [CrossRef]

137. Baxter, S.J.; Ward, W.R. Incidence of fetal loss in dairy cattle after pregnancy diagnosis using an ultrasound scanner. Vet. Rec.
1997, 140, 287–288. [CrossRef] [PubMed]

138. Des Coteaux, L.; Fetrow, J. Does it pay to use an ultrasound machine for early pregnancy diagnosis in dairy cows? In Proceedings
of the 31st AABP Annual Meeting, Spokane, WA, USA, 24–27 September 1998; pp. 172–174.

139. Fodor, I.; Ózsvári, L. Early pregnancy diagnosis on large dairy farms and its role in improving profitability: Literature review.
AWETH 2018, 14, 22–36.

140. Fricke, P.M.; Ricci, A.; Giordano, J.O.; Carvalho, P.D. Methods for and implementation of pregnancy diagnosis in dairy cows.
Vet. Clin. Food. Anim. 2016, 32, 165–180. [CrossRef]

141. Reese, S.T.; Pereira, M.C.; Vasconcelos, J.L.M.; Smith, M.F.; Green, J.A.; Geary, T.W.; Peres, R.F.G.; Perry, G.A.; Pohler, K.G. Markers
of pregnancy: How early can we detect pregnancies in cattle using pregnancy-associated glycoproteins (PAGs) and microRNAs?
Anim. Reprod. 2016, 13, 200–208. [CrossRef]

142. Silva, E.; Sterry, R.A.; Kolb, D.; Mathialagan, N.; McGrath, M.F.; Ballam, J.M.; Fricke, P.M. Effect of interval to resynchronization of
ovulation on fertility of lactating Holstein cows when using transrectal ultrasonography or a pregnancy-associated glycoptorein
(PAG) ELISA to diagnose pregnancy status. J. Dairy Sci. 2009, 92, 3643–3650. [CrossRef]

277



Animals 2021, 11, 1666

143. Green, J.C.; Newsom, E.M.; Lucy, M.C. Incorporation of a rapid pregnancy-associated glycoprotein ELISA into a CIDR-Ovsynch
resynchronization program for a 28 day re-insemination interval. Theriogenology 2011, 75, 320–328. [CrossRef] [PubMed]

144. Szenci, O.; Taverne, M.A.M.; Beckers, J.F.; Sulon, J.; Varga, J.; Börzsönyi, L.; Hanzen, C.; Schekk, G. Evaluation of false
ultrasonographic diagnoses in cows measuring plasma levels of bovine pregnancy associated glycoprotein (bPAG). Vet. Rec. 1998,
142, 304–306. [CrossRef] [PubMed]

145. Fricke, P.M. Scanning the future—Ultrasonography as a reproductive management tool for dairy cattle. J. Dairy Sci. 2002, 85,
1918–1926. [CrossRef]

278



animals

Article

Sizing Milking Groups in Small Cow Dairies of
Mediterranean Countries

Angela Calvo * and Gianfranco Airoldi

Department of Agricultural, Forest and Food Sciences (DISAFA), University of Torino, Largo P. Braccini 2,
10095 Grugliasco, Turin, Italy; gianfranco.airoldi@unito.it
* Correspondence: angela.calvo@unito.it; Tel.: +39-116-708-592

Received: 31 March 2020; Accepted: 1 May 2020; Published: 4 May 2020

Simple Summary: The dimensioning of cow milking systems has been studied for many years by
many authors, but nobody has addressed the studies on small cow dairies that are actually present in
many Mediterranean countries (with a number milked cows up to 100–120). The number of cows,
the financial resource, the skilled workforce and the availability of time are parameters influencing
the selection of the milking system also in smaller herds. What is actually lacking in these dairy
farms is milking unit dimensioning, whatever the used milking system. This study analyzed the
milk routines performed by milkers with different milking systems in small dairies (tie-stall and little
parlors). The work-flow analysis was the starting point to develop different models for predicting the
optimal milking unit sizing.

Abstract: A dairy farmer chooses the number of milking groups in function of the herd size, stall
type and milking system also in small cow dairies (number of animals lower than 100–120). In these
dairies, there are different milking systems (bucket, trolley, pipeline, little autotandem, herringbone
or parallel parlors) and each of them has a different work routine. The knowledge of the routine is the
starting point for assessing the milking installation, because it determines the number of milked cows
per hour. Different milking systems have common tasks (as pre-dipping, inspecting foremilk, udder
preparation, attaching teat cups, post-dipping), but in the meantime there are different operations
that characterize each specific routine (e.g., animal entry and exit if there is a parlor, bucket, trolley
or milking group positioning if tie-stall). For this reason, we surveyed twenty small dairy farms
located in the Piedmont Region (Italy) with different milking systems to correctly acquire the specific
milking routines. Different models were therefore studied using the observed routines in in the
examined farms. These models were then used to calculate the number of milked cows per hour and
the number of milking groups. The main findings were simple equations, specific for each milking
system, easily accessible by the farmer to correctly size his milking system.

Keywords: milking system; work routine; parlor; milking model; small dairy

1. Introduction

Mechanical milking consists of a logical sequence of straightforward repetitive tasks for the
milkers (after preparing the milking equipment and, when necessary, the parlor): animal approaching,
udder preparation, pre-dipping, attaching the milking unit, waiting for the milk flow, detaching the
milking unit (if the automatic detacher is not present), post-dipping [1].

The main concern of the mechanical milking was at the beginning to increase the efficiency
of the milking process to improve milk quality and quantity, and the labor efficiency [2–5]. Some
studies introduced the time and motion method to establish the work routine [3,6] because this
methodology provides a remarkable measurement of performance, and it is also the baseline for
the milking mathematical models [7–9]. Computer-assisted simulation models of milking parlor
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performance were therefore accomplished since the seventies to improve the milking throughput and
the labor performance [10–12], especially to reduce the daily routine labor and consequently the related
milking costs [13,14]. In the following years, the researchers addressed their studies on mechanized
milking systems also to the operators’ and animals’ welfare, considering the effects on the routine of
the milking tasks [15–17]. Some studies, for example, found that the optimum time to attach teat cups
had benefits on the teat condition as well as on a higher milk yield [18,19]. The main goal of more
recent studies was also to forecast the optimum parlor [1,20], and to assist the farmer for the most
efficient parlor design [21] and management [22–24], because the milking center is the most expensive
item for a dairy farm [25].

In compliance with the herd size and with the stall type (free or tie), the farmer must select the
milking system [17], and consequently the number of the milking units and the necessary labor force.
The main aspect to work out for a rational decision is the work routine of the milking operation.
The time occurred for both the pre-milking and post milking tasks is essential to determine the number
of milking stalls and milking units that a milker can manage in the operation timeframe. Milking
routine defines how one or more milkers perform a mechanic milking procedure over multiple cows
(independently by the animal stalling). The preliminary knowledge of the usage of time for preparing
and finishing the milking determines the number of cows that can be milked per hour and therefore
the precondition for assessing milking installations [26].

Many authors assessed the need to increase the efficiency of the milking process through the
optimization of milking routine and some of them applied their results mainly to the parlors (parallel,
herringbone and rotary) [10,11,14,20,23].

For many decades, mechanical milking is spread everywhere, in a different type of dairy farms
(cows, sheep, goats, buffaloes and others). It is nowadays common also in traditional small-scale
dairy farms of the Mediterranean areas [27–29], where different (and sometimes outdated) milking
systems are present (bucket, trolley, tethered, small parlors). As in large herd sizes, though also in
smaller herds, the number of cows, the financial resource, the skilled workforce and the availability of
time are parameters influencing the selection of the milking system. What is actually lacking in these
dairy farms (with a number milked cows up to 100–120) is an indication for the sizing of the necessary
milking groups, whatever is the used milking system. The main goal of this work was therefore to
suggest different models for predicting the optimal milking unit dimensioning to address the farmers
to the best choice. The modeling is an alternative of the stiff tables of manufacturers, which are not
always flexible in the adaptation to specific small dairy needs.

2. Materials and Methods

2.1. Preliminary Assumptions

Achieving good and realistic results in milking operations in small cow dairies, both in labor
productivity and animal welfare, only one experienced and qualified milker, familiar with the
physiology of dairy cows, was used. The milking systems were moreover all timely revised and
accurately washed after each milking.

2.2. Milking Extraction Time (Milk Flow Time)

Many studies reported the effect of milk flow time on milking performance [4,30,31] as the most
influencing activity. Even though the milk extraction is not a real operation of the routine, its duration
highly influences the work routine time. For example, the milking time could be the key element of
the operator’s idling time in case of cows with high milk flow time, or it may cause a dangerous over
milking in the opposite situation, when a cow has a lower milk flow time than other animals and
automatic cluster removals are not present.
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The milking extraction time of each cow depends on multiple variables: animal milk yield, correct
feeding and stimulation during the preparation tasks, the physiologic predisposition of the cow to
release milk more or less quickly.

Since the seventies, many authors studied and simulated the milking extraction time, and they
found average times around 5–5.5 min [2,6,10,32,33]. In the following decades, however, the milk yield
per milked cow increased, thanks to the genetic improvement of the animals, and thereby the milking
extraction time increased [30]. New relationships between the total milking time and the milk yield
were assessed. As things stand, a milking extraction time between 6 and 8 min is reasonable [34].

2.3. Milking Routine: Definitions

The milking routine is the amount of the operator’s tasks performed during the milking of each
cow. Each task requires a certain amount of time, and the sum of these times in addition to the milking
extraction time determines the number of cows that the operator can milk per hour. The work routine
is defined as the function of the amount and type of the milking equipment, the operators’ skills and
the duration of the milking operations [3].

Even though each milking system has its work routine with specific sequences of operations,
there are some common tasks, mostly manually performed by the milker: pre-dipping, inspecting
foremilk, udder preparation, attaching teat cups, removing teat cups (if the milking cluster removal
is absent), post-dipping (disinfecting teats). Some definitions are necessary before introducing the
proposed models for sizing the milking system in the function of the tie-stall or parlor type (Table 1).

Table 1. Parameters used in the milking sizing model.

Simbol Unit Meaning Further Information

Nc n Number of milked cows

Tm min Milk extraction (or flow) time 6–8 min

Tri s Early (initial) routine

Animal entry (Ten); bucket, trolley, or cluster
positioning (Tpos), pre-dipping (Tpre), foremilk

inspecting (Tfor), udder preparation (Tup),
teat cups attach (Tatt)

Trf s Ending (final) routine
Teat cups removal (Trem), post-dipping (Tpost),

bucket or tank empting (Tempt), relocation of the mobile
parts of the milking system (Trr), animal exit (Tex)

Tr s Milking routine 30–180 s

Td s Downtime Unproductive time due to unpredictable events
(always present and split among Tri, Trf and Trr)

Tc s Milker’s time for milking
each cow

Tc is always higher than, or equal to, the milking
routine Tr

Ng n Number of stalls Only in parlor

Ng n Number of milking groups

Tmw s Milker waiting time Unproductive routine time (for example due to the
absence of the milking cluster removal

The milking routine Tr (the time used by the operator for milking each cow) is split into the
following categories: early (initial) routine (Tri, Equation (1)), ending (final) routine (Trf, Equation (2))
and downtime (Td), always present whatever the milking system. The entry (Ten) and the exit (Tex) of
the animals, in and out of the parlor, are common parameters in Tri and Trf in parlors. Bucket, trolley,
or cluster positioning (Tpos) is a Tri parameter in tie-stall, as the emptying of the bucket or tank in the
trolley (Tempt) in Trf. The relocation of the mobile parts of the milking system (Trr) must be instead
included in the final routine Trf in the trolley system (Equation (2)).

Tri = Ten* + Tpos** + Tpre + Tfor + Tup + Tatt (min) (1)
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* only parlor, ** only tie-stall.

Trf = Trem + Tpost + Tempt* + Trr** + Tex*** (min) (2)

* only bucket and trolley, ** only trolley, *** only parlor.
Downtimes are always present in each phase of the milking routine and must be considered in

the calculation of the total routine time, Tr (Equation (3)).

Tr = Tri + Trf + Td (min) (3)

The output milker’s time, Tc, for milking each cow depends on the milking system and includes
the calculated routine time, Tr (Equation (3)), the milk flow time, Tm, and, when present, the possible
unproductive times, Tmw (as the milker’s waiting time when the automatic cluster removal is absent).
Equations (1)–(3) are used whatever the milking system. The washing and the maintenance of the
milking unit, as well as the transportation of the milk tanks outside the stall at the end of the milking
operation in tie-stall, were not considered in the calculation of the routine time, Tr, since it is strictly
related to the milking tasks with the cows.

2.4. Inspected Milking Systems: Tethering Cows

In tie-stalls, cows are constrained to their stall barns, where they are directly milked. Tethering
cows are still present in little dairy farms of many Mediterranean countries [35], where the milking is
often carried out with trolley or bucket milking systems. In both these systems, the milker’s time for
each cow is greater than the routine time (Tc > Tr), because he/she has to wait for the completion of the
milk flow time before moving to the next animal. If a milk-line (stall barn with pipeline) is not present,
the labor productivity is low, as the milker (besides the basic routine) must move the trolley or the
bucket alongside the next cow and transport the bucket outside the barn when full.

2.5. Inspected Milking Systems: Little Parlors

There are many types of parlor, the choice of which depends on the herd size and characteristics,
the economic impact on the dairy, the number and the ability of the workers, and the automation
level [2,5,25]. Parlor type affects building size, cow traffic to and from parlor, milking routine and
mechanization level. The number of the daily milking is also important, for example, in the small cow
herds of Italy, two milking per days are planned and animals are milked every about 12 h (usually at
4:00 and at 16:00). Two milkings/day represents a standard situation in small cow herds, not only in
Italy. As also observed by other authors [36,37], it is convenient to maintain the same milking intervals
during the day (every 12 h) in the cows, because milking time is one of the components that modulates
the milk lipolytic system.

Parlors may be individual and collective (batch milking). In the first type, cows stand nose-to-tail
inside individual stalls (tandem and autotandem parlors). In the second, cows are milked together
after their entry in the milking stalls. In collective parlors, the milking operations are sequentially
carried out, and it is important that the milking extraction time is almost the same for each animal.
The swing-over milking system permits to shift the milking unit from one stall to another positioned in
front of it, speeding up the milking routine (Figure 1).

Figure 1. Herringbone parlor without (left) and with milking swing-over milking system (right).
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A brief description of the milking systems is provided to understand the different modelled
routines in the result chapter. Rotary parlors, which are more complex and overly expensive in small
dairy herds of Mediterranean countries, were not considered in this work.

2.5.1. Tandem (Side-Opening) and Autotandem

In this type of parlor, the cows move individually to their milking stalls entering and exiting
through gates manually (tandem) or automatically (autotandem) opened up and closed (Figure 2).
The milking operation is performed individually, and cows may have a different milk flow time without
affecting the milking routine of the other animals.

Figure 2. Autotandem parlor with 3 + 3 stalls.

2.5.2. Herringbone

In herringbone and parallel parlors, cows are handled in groups. The size is variable from 4 × 2 to
30 × 2 [25]. Many herringbone and parallel parlors are equipped with rapid-exit stalls (by freeing all
cows at once from one side of the parlor in a direction perpendicular to the entry lane, Figure 3), which
increase the milking parlor efficiency and improve the milking routine.

Figure 3. Herringbone parlor with rapid-exit system.

2.5.3. Parallel

Parallel parlor resembles the herringbone, but cows are arranged perpendicular to the edge of
the milker’s pit, where he/she works back to the animal (Figure 4). Advantages of this system for the
lowering of the milking routine are: higher displacement of the cows (animals move faster) and fewer
movements of the milker. As for herringbone, also in this case, a milking group for each stall or a
milking group every two stalls (swing-over) may be provided.

2.6. Study of the Models

The studied models were based on the available literature [8,11,20,25,37–39], following the
indication provided by Armstrong et al. [3], and analyzing the work flow during the milking operation
in twenty small cow dairy farms located in north-west Italy. The dairy farms were located in the Stura
mountain valley, in the Monferrato hills and in the Po valley in Piedmont Region. Piedmontese cows
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were present in the farms with trolley and bucket systems, while the Italian Friesian breed were in the
other farms equipped with the milk-line and the parlors. The distribution of the surveyed milking
systems was: three buckets, three trolleys and four milk-lines in tie-stalls, two autotandem, three
herringbone and five parallel in parlors. The milking operations in each farm were surveyed for three
days, while the number of lactating cows and milk yield per day per cow were furnished by the farmer.

Figure 4. Parallel parlor.

2.7. Data Elaboration

Each routine task (pre-dipping, post-dipping, foremilk inspection, teat cups attach and so on)
has a short duration, and, for this reason, they were acquired and studied using seconds. Initial and
finale routines Tri and Trf were instead counted in minutes (with seconds expressed in hundreds),
to have the same dimension unit of the milk extraction time (as used by other Authors) and to make
comparisons with other researches. Collected data in the twenty dairy farms were analyzed using
IBM SPSS Statistics (version 25, International Business Machines Corporation, Armonk, New York, NY,
USA). The GLM (general linear model, to analyze quantitative data and to understand how the mean
response relates to one or more independent predictors) was used to assess the effects of the variable
milking system on Tri and Trf routines, with a confidence level p = 0.01. The homoscedastic condition
(assumption of equal variance) was previously tested by the Levene’s test.

3. Results

3.1. Tie-Stalls

3.1.1. Trolley

In trolley systems, all components (vacuum and milk system) are positioned on a mobile frame
and transported inside the barn (Figure 5). One or two milking groups (maximum) are housed on the
trolley, managed by one operator.

Figure 5. Trolley milking system.
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The time Tc used by the milker for a single cow is calculated as in Equation (4), while the number
of milked cows per hour is obtained by Equation (5).

Tc = Tr + Tm (4)

Nc =
60
Tc

(5)

With two milking units, the milking operation can be simultaneously performed by the same
operator on two cows, but he/she must wait the ending of the milk flow regardless. In this case,
an unproductive time is present (Tmw = Tm − Tri), to the detriment of the milking routine.

3.1.2. Bucket

In bucket systems, the motor unit and the vacuum system are located in a special room near the
stable. The mobile milking buckets are connected to the vacuum pipeline (Figure 6), and the operator
must transfer the milk from the buckets to the transport bulk tank and move it out of the stable. He/she
is able to control up to three milking groups.

Figure 6. Bucket milking system.

The number of milked cows per hour Nc depends on the number of the milking groups Ng
managed by the operator (Equation (6)). In this equation, Tm/Tr is usually a decimal number that must
be rounded up or down. The rounding up (ru) may cause the serious problem of over-milking the cow,
and, for this reason, in this milking system it is better to round down (rd) the fraction Tm/Tr.

Ng = rd
(Tm

Tr

)
+ 1 (6)

Equation (7) gives the time Tc dedicated by the milker to each cow, while the number Nc of milked
cows per hour per group is given by Equation (5).

Tc = Tr +
Tm− Tr× (Ng− 1)

Ng
(7)

3.1.3. Milk-Line

The milk-line has two rooms near the barn: a machine room and a milk room. There are two fixed
pipes for milk and for vacuum (Figure 7).
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Figure 7. Milk-line.

The number of milking groups Ng and the milker’s time per cow Tc are once again calculated by
Equations (6) and (7) if the milking cluster removal is not present. With the milking cluster removal,
the number of groups is calculated using Equation (8), rounding up the ratio Tm/Tr. The cow may wait
for the final routine without any over-milking risk (Figure 8).

Ng = ru
(Tm

Tr

)
+ 1 (8)

Figure 8. Milk-line routine in the presence of milking cluster removal (Ng = 5 and Tm = 6 min).

If the milking cluster removal is not present, the number of milked per cows per hour Nc is
calculated by means of Equation (5), otherwise (with automatic milking removal) with Equation (9).

Nc =
60
Tr

(9)

Table 2 gives the routine for bucket and trolley systems, while Table 3 shows the same routine for
the milk-line without and with the automatic cluster removal (NOACR and YESACR respectively).
The routine times were obtained by directly observing the milking operations in the examined diaries
and then comparing them with the bibliography [38–42].

The initial routine Tri in the bucket system is close to the Tri in the milk-line without automatic
cluster removal, while the final routine Trf is definitely shorter in all the milk-line systems (here, there
are not buckets to empty). The automatic cluster removal, other than eliminating the over-milking risk,
reduces the initial routine Tri by 20%, and the final routine Trf by 50% (Table 4).

286



Animals 2020, 10, 795

Table 2. Routine of trolley and bucket systems.

Task
Time (s) Routine Time (s) Routine Time (min)

Input Data Trolley Bucket Trolley Bucket Trolley Bucket

Bucket or trolley positioning Tpos 10 28

Tri = 67 + 8 * Tri = 85 + 10 * Tri = 1.25 Tri = 1.58
Pre-dipping Tpre 15 15

Foremilk inspection Tfor 8 8
Udder preparation Tup 20 20

Teat cups attach Tatt 14 14

Teat cups removal Trem 25 25
Trf = 84 + 16 * Trf = 84 + 10 *Post-dipping Tpost 9 9 Trf = 1.67 Trf = 1.57

Bucket or container empting Tempt 20 50
Relocation of trolley Trr 30 0

Downtimes * Td 24 20

* Divided among Tri, Trf and Trr (this last only for trolley).

Table 3. Routine of milk-lines.

Time (s) Routine Time (s) Routine Time (min)

Task Input data NOACR 1 YESACR 2 NOACR YESACR NOACR YESACR

Milking group positioning Tpos 23 15

Tri = 80 + 10 * Tri = 72 + 6 * Tri = 1.5 Tri = 1.3
Pre-dipping Tpre 15 15

Foremilk inspecting Tfor 8 8
Udder preparation Tup 20 20

Teat cups attach Tatt 14 14

Teat cups removal Trem 25 -
Trf = 49 + 5 * Trf = 21 + 6 * Trf = 0.9 Trf = 0.45Post-dipping Tpost 9 9

Group removal Tempt 15 12

Downtimes * Td 15 12
1 NOACR: without automatic cluster removal. 2 YESACR: with automatic cluster removal. * Divided between Tri
and Trf.

Table 4. Initial and final routine in trolley, bucket and milk-line systems.

Routine Time (min) Trolley Bucket
Milk-Line
NOACR

Milk-Line
YESACR

Tri 1.25 1.58 1.50 1.30
Trf 1.03 1.57 0.90 0.45

3.2. Parlor

In the parlor, the milking time per cow, Tc, is always equal to the routine time, Tr, while the number
of milking groups (and, consequently, the number of milked cows) depends on the milk flow time
Tm and on the routine time Tr. The milking cluster removal is supposed to always be present in the
examined dairies to avoid over-milking, as it is necessary to work with many animals simultaneously.
The initial routine, Tri, and the final routine, Trf, are shorter than in tie-stalls, as there is no need to
move trolleys, buckets or milking groups. After having performed the initial routine on the first cow,
the milker can move on to the second animal for the initial routine and so on, until the first cow has
finished being milked. The milker then returns to the first cow and carries out the final routine.

3.2.1. Autotandem (Side-Open) with Automatic Milking Cluster Removal

In side-open parlors, the swing-over is not present, because animals are handled individually
and not in groups. The number of milking units, Ng, is given by Equation (8), because the automatic
milking removal is present. If Ng is an odd number, the shrewdness is to add a further milking unit,
because the number of stalls is even (cows are positioned on two parallel rows). Tc is equal to Tr and
Nc is given by Equation (8). Figure 9 portrays the routine in the examined autotandem parlor (six stalls
and Te = 6 min).
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Figure 9. Example of a milking routine in an autotandem parlor (3 + 3 stalls and Te = 6 min).

3.2.2. Herringbone and Parallel Parlors

Initial and final routines are the same as in autotandem, but the entrance of the animals and the
pre-dipping operations take less time, as the operations are sequentially performed (collective animal
milking) on two parallel rows. Without swing-over, the number of milking groups Ng (equal to the
number of stalls Ns) is calculated distinguishing if Tm/Tr is an integer number or not (Equation (10)).

Tm
Tr = INT

(
Tm
Tr

)
→ Ng = Tm

Tr × 2
Tm
Tr � INT

(
Tm
Tr

)
→ Ng =

(
INT
(

Tm
Tr

)
+ 1
)
× 2

(10)

When the swing-over is present, the number of milking units Ng (half of the number of stalls Ns)
is now half of the previous calculated by Equation (10), while Equation (11) gives the number of stalls
Ns. The number of milked cows per hour Nc is in Equation (9).

Ns = 2×Ng (11)

The milking routine in parallel parlors is the same as herringbone, but with a lower entry time of
the animals (and consequently with a lower Tr). The milking routine observed in a parallel parlor with
16 stalls and Te = 8 min is depicted in Figure 10.

Figure 10. Milking routine observed in a parallel parlor (8+8 stalls and Te = 8 min).

Table 5 shows the initial and final routines in the examined parlors: autotandem, herringbone
and parallel.

Table 5. Routine of autotandem, herringbone and parallel parlors.

Time (s) Routine Time (s)

Task
Input
Data

Auto
Tandem

Herring
Bone

Parallel Auto Tandem Herring Bone Parallel

Animal entry Ten 15 8 6

Tri = 53 + 10 * Tri = 40 + 6 * Tri = 38 + 4 *
Pre-dipping Tpre 15 9 9

Foremilk inspecting Tfor 6 6 6
Udder preparation Tup 7 7 7

Teat cups attach Tatt 10 10 10

Post-dipping Tpost 7 7 7 Trf = 9 + 4 * Trf = 9 + 5 * Trf = 9 + 4 *
Animal exit Tex 2 2 2

Downtimes * Td 14 * 11 * 8 *

* Divided between Tri and Trf.

Final routines, Trf, are almost the same in all these parlors, while there is a difference between
the individual (autotandem) and collective parlors in the initial routine, Tri (Table 6). In herringbone
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and parallel parlors, in fact, animal entry and pre-dipping are fastened by the group management of
the cows.

Table 6. Initial and final routine in autotandem, herringbone and parallel parlors.

Routine Time (min) Auto Tandem Herring Bone Parallel

Tri 1.05 0.77 0.7
Trf 0.22 0.23 0.22

3.3. The Examined Dairy Farms

We examined the milking tasks performed in different dairy farms with the same milking system
(three trolleys, three buckets, four milk-lines, two autotandem, three herringbone and five parallel),
and the most interesting result of the survey was that the milker executed the same initial and final
routines in the farms with the same milking system.

3.3.1. Tie-Stall Dairy Farms

The number of lactation cows was between 22 and 45 in the farms with trolley, bucket and
milk-line systems without automatic cluster removal, increasing to 50 animals in the farm with the
milk-line equipped with the automatic cluster removal (the sole investigated, because this milking
system is not spread in the Piedmont Region). The milk flow time was in the range 5.5–7.6 min, with
higher values in the milk-line systems (Table 7).

Table 7. Descriptive statistic of the examined tie-stall dairy farms.

Trolley Bucket Milk-Line NOACR Milk-Line YESACR

Dairy Farm Data Average SD Average SD Average SD Average SD

lactating cows (n) 24.7 2.52 34.3 6.0 35.0 8.89 50 -
milk flow time average (min) 6.4 0.12 6.7 0.17 6.9 0.10 7.1 -

milk flow time min (min) 5.5 0.12 5.4 0.30 5.8 0.17 6.8 -
milk flow time max (min) 7.1 0.12 7.2 0.06 7.6 0.06 7.6 -

Concerning the daily milk yield, some differences were observed (Figure 11).
In the farms with trolley and bucket systems, the milk yield was around 18.7 L per day, against

an average of 32.5 L per day in the farms with the milk-line system. This difference is due to the
breed present in these last farms (Italian Fresian cows), more productive than the Piedmontese breed
cows [43].

Figure 11. Milk production (min, max and mean) in the surveyed tie-stall dairy farms (lday−1).
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3.3.2. Dairy Farms with Parlors

From 95 to 130 lactating cows (Italian Fresian breed cows) were present in the dairy farms equipped
with the parlor. All these farms, but three (located in the Stura valley), were located in the Monferrato
hills and in the Po valley near Cuneo.

The observed milk flow time was between 5.9 and 8.1 min, with lower and more homogeneous
values observed in herringbone and parallel parlors (Table 8).

Table 8. Descriptive statistic of the examined dairy farms with a parlor.

Autotandem Herringbone Parallel

Dairy Farm Data Mean SD Mean SD Mean SD

lactating cows (n) 98.5 4.95 111.7 10.41 121.4 7.40
milk flow time average (min) 7.2 0.07 6.8 0.06 7.0 0.03

milk flow time min (min) 5.9 0.10 6.3 0.04 6.5 0.02
milk flow time max (min) 8.1 0.07 7.4 0.06 7.5 0.20

The milk yield per cow (l day−1) was always around 40 L per day, with peaks of 50 L in two farms
with the parallel parlor and the highest number of lactating cows (more than 120). A slightly lower
production (around 32 L) was observed in two farms with the autotandem milking system and with
the lowest number of lactating cows (less than 100).

3.3.3. Differences in the Observed Routines

Milking systems statistically influenced both the initial (Tri) and final (Trf ) routines (Table 9),
due to the high differences between tie-stall and parlors routines (Tables 4 and 5).

Table 9. General linear model (GLM) statistic of Tri and Trf in the function of the milking system.

Origin ss df Ms F p-Value

Correct model
Tri 7.169 a 6 1.195 131.464 0.000
Trf 22.204 b 6 3.701 282.077 0.000

Intercept Tri 64.386 1 64.386 7083.875 0.000
Trf 28.773 1 28.773 2193.215 0.000

Milking system Tri 7.169 6 1.1948 131.464 0.000
Trf 22.204 6 3.701 282.076 0.000

ss: sum of squares; df: degrees of freedom; Ms: mean square; F: F-value. a: R-squared = 0.937 (R-squared corrected
= 0.930). b: R-squared = 0.970 (R-squared corrected = 0.966).

On the other hand, the Tukey post-hoc test highlighted similarities among some milking systems
(Table 10) for both Tri and Trf. The highest statistical significances were found in Tri of parallel and
herringbone parlors (0.70 and 0.75 average minutes, respectively), and in trolley and milk-lines with
automatic cluster removal (1.26 and 1.30 average minutes). Trf were significantly the same in parallel
(average 0.23 min), herringbone (average 0.25 min) and autotandem parlors (average 0.27 min). Bucket
and trolley milking systems had similar Trf times (1.57 and 1.68 min), but with a lower statistical
significance (0.61).
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Table 10. Tukey post-hoc statistic of Tri and Trf.

Tri Trf

Milk_System Test Subset Milk_System Title Subset

N 1 2 3 4 5 N 1 2 3 4
Parallel 15 0.70 Parallel 15 0.23

Herringbone 9 0.75 Herringbone 9 0.25
Autotandem 6 1.01 Autotandem 6 0.27 0.27

Trolley 9 1.26 Milk-line
YESACR 3 0.45

Milk-line
YESACR 3 1.30 1.30 Milk-line

NOACR 9 0.94

Milk-line NOACR 9 1.46 1.46 Bucket 9 1.57
Bucket 9 1.59 Trolley 9 1.68
Sign. 0.97 1.00 0.98 0.05 0.12 Sign. 0.99 0.07 1.00 0.61

4. Discussion

The efficiency of a milking system is usually assessed on the basis of multiple parameters, which,
in our situation (small herds with a number of animals not higher than 120), are reduced in cows milked
per hour and the number of stalls to complete the milking in time (about 2 h). For this reason, the focus
was to discuss the above-mentioned results, as obtained by the models and by the surveyed farms.

4.1. Tie-Stall

In Table 11, there are the calculated parameters Tr, Tc, Ng and Nc in two different scenarios: milk
flow time Tm = 6 min and Tm = 8 min.

Table 11. Comparison of milking systems parameters in tie-stall.

Milking
System

Tm = 6 min Tm = 8 min

Tr Tc Ng Nc Tr Tc Ng Nc

Trolley 2.91 8.91 2 13.46 2.91 10.91 2 5.50
Bucket 3.15 4.58 2 26.23 3.15 3.72 3 16.14

NOACR
Milk-line 2.40 2.80 3 21.43 2.40 2.60 4 23.08

YESACR
Milk-line 1.75 1.55 5 34.29 1.75 1.63 6 34.29

The trolley system is less convenient than the bucket system because it takes more time and the
number of milked cows per hour is lower (due to the fact that the milker has to wait the complete the
milking of two cows before moving the whole trolley to the following animals). In both cases, from the
routine point of view, the milker has many unproductive times (Tmw), Figure 12.

Figure 12. Example of milker’s waiting time, Tmw, when using the bucket milking system.

The number of the milked cows per hour was 13.46 for the trolley system and 26.23 for the bucket
(Table 11), allowing the milking of the lactating cows in the surveyed farms, 24.7 and 34.3 in average,
also considering the high standard deviation (Table 7).

The milk-line provides, as expected, a more efficient milking, especially when the automatic
cluster removal is present. In this case, the number Nc of milked cows per hour (34.29) does not
change, whatever is the milk flow time (Table 11), because it is calculated using only the routine time
Tr, independently from the milk flow time. Table 11 also shows a firm decrement of the time dedicated
by the milker to each cow in the milk-line when the automatic cluster removal is present (-44.6% if
Tm = 6 min, −37.5% if Tm = 8 min), as also found by Rasmussen [41]. The presence of the automatic
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cluster removal also significantly decreases the over-milking caused by a prolonged teat stimulation,
with the risk of cause teat congestion [44]. The number of calculated milked cows per hour (Table 11)
with the milk-lines were 21.43 (NOACR) and 34.29 (YESACR), which allowed for the milking of the
observed 35 and 50 mean cows (respectively) in time.

4.2. Herringbone and Parallel Parlors

In this example, the routine time Tr is 1.27 min in autotandem, 1 min in herringbone and 0.92
min in parallel (Table 12). The preparation time (initial routine Tri) in herringbone and parallel parlors
is similar to the values recommended by Peychev et al. [38] (between 45 and 90 s, Table 5). Without
considering the animal entry, the Tri calculated in herringbone and parallel parlors (Table 5) are in line
with the data found by Smith et al. [39] (32 s).

Table 12. Comparison of milking systems parameters in different parlor types.

Tm = 6 min Tm = 8 min

Parlor Type Tr Tc Ng Ns Nc Tr Tc Ng Ns Nc

Autotandem 1.27 1.27 6 (3 + 3) 47.4 1.27 1.27 8 (4 + 4) 47.4
Herringbone 1.00 1.00 12 (6 + 6) 60.0 1.00 1.00 16 (8 + 8) 60.0

Herringbone with
swing-over 1.00 1.00 6 (6 + 6) 60.0 1.00 1.00 8 (8 + 8) 60.0

Parallel 0.92 0.92 14 (7 + 7) 65.5 0.92 0.92 18 (9 + 9) 65.5
Parallel with swing-over 0.92 0.92 7 (7 + 7) 65.5 0.92 0.92 9 (9 + 9) 65.5

As Nc is directly obtained by Tr, regardless of the milk flow time, the number of milked cows does
not differ in the two scenarios with a different milk flow time (6 and 8 min). The autotandem is less
efficient than herringbone and parallel parlors, since the time of both animal entry and pre-dipping is
greater (cows move individually and they are not milked together).

Higher is the number, Nc, of milked cows per hour, and lower is the routine time, Tr; this is
a self-evident consequence of the calculation of Nc, but the numbers are confirmed also by other
authors, independently by this equation [4,45]. The number of milked cows per hour in the double-8
herringbone (60) is slightly lower than 64, as found by Burks et al. in 1998 [1], but is in line with
Krumm et al. [23], and the 65 cows per hour of double-9 parallel are compliant with Hatem et al. [20].

Carreira et al. [42] studied and developed some algorithms for the best sizing of herringbone
and parallel parlors, starting from the routine time and the milk flow time, as we did in this work,
but without distinguishing the parlor type. As also observed here, they got similar results (Figure 13),
recording any change when the number of clusters per milker was greater than (or equal to) 12 (we
indeed observed two different values in the number of milked cows per hour with 14 and 18 clusters,
due to the slightly differences in the routines of herringbone and parallel parlors, assumed to be equal
by the other authors).

Figure 13. Number of milked cows per hour in function of the number of clusters per milker (comparison
between this work and the study of Carreira et al. [42]).
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The milker expertise and the type of milking facility affect labor and routine efficiencies: for this
reason, the input values used in these models may change; nevertheless, the equations remain valid.
In the farms equipped with parlors, the number of calculated milked cows per hour Nc (Table 12)
allowed for the milking of all the lactating cows present in the surveyed farms (Table 8) in time.

5. Conclusions

Even though it is not easy to find literature concerning the milking systems in tie-stall and little
parlors, there are still many dairy farms in Mediterranean countries with a low number of cows
(less than 100–120) that cannot face high investment costs in expensive milking plants. It would
appear apparently naïve modelling milking with low numbers of animals, but there is still a lack in the
work organization of these small herds, with few people working a great amount of hours per day.
For this reason, we surveyed twenty small dairy farms located in Piedmont Region (Italy) equipped
with different milking systems to correctly acquire the milking routines. Different models were
therefore studied using the observed routines in the examined farms. These models were developed
independently by the routine times measured in each farm. The measured times were the method to
validate the number of milked cows per hour and the number of milking groups in these small dairies.
The simple models presented in this paper could therefore support the breeder to correctly dimension
and choose the most effective milking system for his dairy farm.
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Simple Summary: This study aimed to evaluate differences and critical factors in production and
health management between dairy cattle farms with fixed milk parlours (FMP), and mobile milk
systems (MMS) from Azorean grasslands. According to the farmers’ perspective, calf diarrhea, calf
pneumonia, infertility/poor reproductive management, and mastitis were the main problems that
farms faced in 2020. FMP was associated with more advanced and mechanized production systems,
with a higher adherence to preventive and biosecurity control programs, than traditional MMS
farms. MMS farms also showed a greater vocation for dual-purpose farming (beef and milk), smaller
herd sizes and more grazing time for cows. In conclusion, inherent and non-inherent differences
in production and health management between FMP and MMS were quantified by authors. These
results indicate that a greater adoption of preventive veterinary medicine and biosecurity measures
should be taken, especially among MMS farms. The education of farmers should also be improved
and stimulated.

Abstract: The intensification of bovine milk production in the Azores has led farmers to increase
farm size and specialization in grasslands, implementing confined and semi-confined production
systems. Fixed milking parlours (FMP) have progressively gained more popularity, at the expense of
conventional mobile milking systems (MMS). The present study aimed to evaluate the associations
between production and health management in dairy cattle farms, with FMP or MMS, in grasslands
(São Miguel, Azores), according to the farmers’ perspective. A total of 102 questions about production
and health management were surveyed in 105 farms with >30 dairy cows each. Farms with FMP
were associated (p ≤ 0.05) with larger herd size, better facilities, and specialized management,
however, the adoption of preventive and biosecurity measures should be improved by these farmers.
MMS farms implemented a lower level of disease prevention or control programs, less frequent
transhumance, and showed a wider vocation to dual-purpose (milk and cross beef) than FMP farms.
In conclusion, MMS and FMP farms tried to optimize yield and economic viability in different
ways using grasslands. Several biosecurity and health prevention constraints were identified for
improvement.

Keywords: herd health; milking management; production systems

1. Introduction

The termination of milk quotas in the European Union has led to a more liberal and
competitive market, with a more volatile and uncertain milk price [1]. As such, farms have

Animals 2021, 11, 3394. https://doi.org/10.3390/ani11123394 https://www.mdpi.com/journal/animals
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changed their methods of production and operation. Dairy farms are increasing in size with
growing efficiency, specialized work, and a higher adoption of preventive measures [2–4].

Areas with a mild temperature and sufficient humidity and rainfall, make pasture-
based dairy production possible for bovine farms [5]. Thus, several regions worldwide,
such as São Miguel Island (Azores) and New Zealand have adopted a “traditional” dairy
milk production system, based on pastures with cows grazing during most of the year.
Cows are naturally grazing animals, and pastures are their normal environment, where they
can express normal behavior, and this theoretically creates the highest welfare level [6,7].
In fact, grazing herds achieve better animal welfare indicators, and a lower prevalence of
certain diseases, such as lameness or even mastitis [8,9].

Despite this, cows fed exclusively or mostly on grazing sometimes cannot achieve
their nutritional needs, and are thus limited in their productivity [10]. Moreover, one of
the key limitations of a full grazing system has historically been hand milking. The first
milking system was introduced in the 1800s, and has greatly evolved up to the present
day [11], with the surge of robotic milking systems. Herringbone parlors were invented in
New Zealand (1952), featuring advances in vacuum systems [12], to provide milking rooms
for large-scale milking. Fixed milking parlors (FMP) are also used in grazing systems,
but mobile milking systems (MMS) have also been developed, thus allowing the use of
separate or rotational grasslands [13]. Other advantages are keeping cows in their natural
environment, independently of distance from farming facilities, and reducing stress due to
excessive animal movement.

The fall of the price of milk and an increasingly competitive market have led to the
need to increase farm efficiency [14]. In the case of improvement of farms on pastures,
farmers have chosen different production alternatives by using more intensified manage-
ment [15]. Furthermore, some farms have reduced or removed all grazing, switching to
an indoor-based system. Simultaneously, efforts have been made to optimize outdoor
systems [16], including the use of grazing-based robotic milking systems, and improving
the quality of grass, grass growth, grazing conditions, and grazing management [17–19].

There is an obvious relationship between veterinary health management and types
of dairy systems, with health management progressively changing from curative to pre-
ventive programs with increasing farm size and individual milk yield [3]. The increases in
milk production and farm size can lead to negative effects on cows, including the rising
prevalence of certain diseases, or the emergence of new health issues that are directly
linked to this kind of system [20], which are related to (reduced) cattle resilience [21]. These
kinds of problems can be observed, in both FMP and MMS systems, with a certain level of
intensification of their management systems [22].

Traditionally, MMS are the most often used milking systems in the Azores [5], based
on 100% grazing time and dairy cattle transhumance between grasslands. In recent decades,
together with general management and production system changes, these milking systems
have been progressively replaced by FMP. Although these changes are occurring, there
have been few formal studies on the level and impact of this shift in this region. However,
it is known that the effects can be diverse [23], and that there are areas in the world, such
as New Zealand and Ireland, where although the systems have evolved, the usage of
pastures has prevailed [24,25]. Despite their relevance, the impacts of these changes on
farm performance, management conditions, and animal health of these “changing” or
“staying traditional” systems in the Azores, have been ignored.

Therefore, the aim of this study was to recover information on how Azorean farms are
actually functioning in terms of production and health management. This was done by
surveying the main actors and drivers of these changes, i.e., the farmers of Azorean dairy
cattle farms on São Miguel Island, and differentiating between farms using MMS, which
are “traditional systems”, or using FMP, which are “evolved systems”. Our hypothesis was
that health management shows several differences depending on the production system,
due to inherent differences that can be quantified and described by farmers. The ultimate
goal of this study was to characterize herd health management of these dairy farms, thus
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identifying critical factors that should be improved, in order to increase Azorean dairy
industry competitiveness.

2. Materials and Methods

2.1. Local, Sample Size and Selection of Farms

The survey addressed dairy farmers of São Miguel Island (Azores). Located in the
middle of the Atlantic Ocean, the Azores is an archipelago with 9 islands, with mild
temperatures (minimum and maximum temperature: 12.0–18.4 ◦C, respectively), humidity
(minimum and maximal relative humidity: 89.0–97.4%) [26,27], and an abundant rainfall
climate with precipitation of 960.6 ± 201 mm per year, with 75% of the precipitation falling
between October and March [26,27].

Considering the mean size of Azorean farms (26 ± 3.9 cows; ±SD), only dairy and dual-
purpose (from crossbreeding calves) farms with ≥30 adult cows were selected to obtain
the largest ones due to their potential economies of scale. A total of 110 questionnaires
were personally distributed by the first author from February to April 2021. Farmers were
interviewed face to face (15 interviews were performed by the first author), or online via
Google Forms [28] (90 respondents), after having personally contacted the farmer or having
talked to them over the telephone.

Intensive or semi-intensive production systems were defined according to the time
that the cows stayed indoors (confined), with availability of a milking parlor or fixed
fixed milking parlors (FMP), or outdoors (grazing) using mobile milking systems (MMS),
respectively, during the whole or greater part of the day. Cows from semi-intensive
production systems grazed for at least 8 h per day [29]. All the farms used cattle with a
genetic merit for milk-yield production.

2.2. Survey

The questionnaire addressed herd health management issues and major health prob-
lems observed during 2020 by farmers, as a modified version of the questionnaire used in
a previous study [30]. Our questionnaire was completed by a preliminary assessment of
management practices occurring in Azorean farms. The structured questionnaire consisted
of eleven topics: characterization of the farm; biosecurity; calving and fertility; rearing
management (up to 12 months of age); lameness; nutrition; reproduction; milking practices
and mastitis; disease prevention; dry cow management; and major problems.

The questionnaires consisted of 102 questions, both closed and binary, with one
additional table to express ordinal categories of intensity of the referred problem/issue.
A total of 15 questions addressed management indicators and farm characteristics. A
mastitis prevalence 5-point scale was proposed for affected cows: 1: 10%; 2: 10–20%;
3: 20–30%; 4: 30–40%; and, 5: >40% of prevalence. For health problem intensity estimation,
the following scale was proposed: 1-Not problematic; 2-Less problematic; 3-Problematic;
4-Quite Problematic; 5-Serious/uncontrolled at the farm level.

2.3. Statistical Analysis

All data were recorded and statistically analyzed under the regulations of the General
Data Protection Regulation (GDPR), in accordance with European regulation [31].

The minimum sample size of questionnaires (n = 99) was calculated according to
Thrusfield, by considering the 95% confidence level, a 5% margin of error (Z = 1.96) and a
93% expected response rate, and adjusted for finite populations (3247 farms) [32].

All information was coded numerically, in order to assist analysis and guarantee
anonymity. Uncategorized data were recoded into ordinal level data. Categorical data were
entered into a database. Surveys not fully answered contributed partially to the responding
topics, with a univariate model applied to maximize the number of answers per question.
Two groups were formed to compare differences, depending on the type of milking sys-
tems used: FMP versus MMS farmers (Figure 1). Differences between percentages were
evaluated with the Pearson chi-square test. A non-normal distribution of all continuous
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variables, including all five-point scales from categories of intensity/prevalence, was con-
firmed using the Shapiro–Wilk test. Therefore, a non-parametric one–way ANOVA model,
followed by Van der Waerden post hoc analysis to test significance, was used [33]. The
results are described as the mean percentage, or mean score and variation, as ±SEM for a
significance level of 0.05. JMP® 14 software for Windows (SAS Institute, Cary, NC, USA)
was used.

  
(a) (b) 

Figure 1. Traditional mobile milking system (a) and fixed milking parlors (b).

3. Results

The overall response rate was 95.5% (105/110). In the respondents, we found 82.9%
(87/105) with FMP, versus 17.1% (18/105) with MMS.

3.1. Characterization of the Farms, Biosecurity and Veterinary Advice

The estimated farm size (total cows) was 35% higher in FMP (213.1 ± 11.7; n = 87) than
MMS (157.8 ± 21.9; n = 18; p < 0.05; Table S1) farms. A higher proportion of dual-purpose
farms Artificial Insemination (AI) performed with beef breeds to have crossbreed calves),
was observed in the MMS (50.0%; 9/18) as opposed to in the FMP group (24.1%; 21/87;
p < 0.05). Semi-intensive dairy production was observed in 74.3% (78/105; p < 0.001) of
the farms without differences between groups (p = 0.33). The remaining farms practiced
intensive production.

Herringbone parlor (64.4%; 56/87), tandem parlor (34.5%; 30/87) and robotic milking
machines (1.1%; 1/87) were observed in FMP farms. All MMS farms had Herringbone
parlors. Refrigerated milk bulk tanks were more frequent in FMP (90.8%; 79/87) than in
MMS farms (22.2%; 4/18; p < 0.001), as was the inclusion into an official animal welfare
program (44.8%; 39/87 and 16.7%; 3/18, respectively, p < 0.05).

A higher proportion of FMP farms (58.6%; 50/87) had isolated sick pens/bays for sick
animals than in MMS farms (27.8%; 5/18; p < 0.05). Animal transhumance is a common
practice in the Azores, and it is defined as the movement of animals using public roads,
so the animals can move from one pasture to another. This practice was less frequently
practiced in FMP (42.5%; 37/87) compared with MMS (83.3%; 15/18; p < 0.01) farms.

The veterinary assistance provided by veterinarians working exclusively with farmer
co-operatives, partially nationally subsidized, differed between types of farms (MMS: 94.4%;
17/18; FMP: 57.1%; 48/84; p < 0.01), with 21.8% (19/84) of FMP farms reporting veterinary
assistance only from private veterinarians (21 farmers did not respond to this question).

3.2. Reproductive Management

No differences in breeding methods were found between farms (Table 1), with artificial
insemination being mainly and almost exclusively implemented in adult cows, while in
the heifers, the choice fell mostly to natural mating. The estimated mean number of
services per pregnant (P) adult cow was very similar between FMP (2.3 ± 0.2 AI/P) and
MMS (2.1 ± 0.1 AI/P; p = 0.99) farms.

300



Animals 2021, 11, 3394

Table 1. Reproduction management in dairy farms with fixed (FMP) and mobile (MMS) milking systems.

Factor
Farms

p Value
FMP MMS

Breeding
Adult females (number of animals) 139.1 ± 8.0 (32–400) (1) 100.8 ± 13.0 (20–200) 0.04

Heifers (number of animals) 31.5 ± 2.3 (8–130) 24.8 ± 3.9 (8–70) 0.17
Age at first breeding (months) 16.1 ± 0.3 (12–20) 15.3 ± 0.7 (12–18) 0.14

Breeding methods—Adult cows
Artificial insemination (n = 46) 42.5% (37/87) a (2) 50.0% (9/18) a

0.82Natural service (n = 8) 8.1% (7/87) b 5.6% (1/18) b

Both (n = 51) 49.4% (43/87) a 44.4% (8/18) a

Breeding methods Heifers:
Artificial insemination (n = 18) 16.1%(14/87) a 22.2% (4/18) a

0.82Natural service (n = 75) 72.4% (63/87) b 66.7% (12/18) b

Both (n = 12) 11.5% (10/87) a 11.1% (2/18) a

Artificial insemination performed by (n = 103):
Technician (n = 94) 91.9% (79/86) a 88.2% (15/18) a

0.08Farmer (n = 8) 8.1% (7/86) b 5.9% (1/18) b

Both (n = 1) 0.0% (0/86) 5.9% (1/18) b

Reproductive management:
Beef sire semen (n = 103) (4) 92.9% (79/85) 94.4% (17/18) 0.82

Estimated mean number of services per pregnancy, cows (n = 103) 2.3 ± 0.2 (1–5) 2.1 ± 0.1 (1–4) 0.99
Reproductive examination during open days (3) (n = 104) 73.6% (64/87) 35.3% (6/17) 0.002

Ancillary oestrus detection devices 39.1% (34/87) 38.9% (7/18) 0.99
Protocols of oestrus or ovulation induction/synchronization 65.5% (57/87) 16.7% (3/18) <0.001

Pregnancy diagnosis 79.3% (69/87) 50.0% (9/18) 0.01
Pregnancy diagnosis method (n = 78):

0.002
0.002Manual transrectal palpation (exclusively) 13.0% (9/69) a 55.6% (5/9) a

Ultrasonography 87.0% (60/69) b 44.4% (4/9) b

Abortion:
Estimated total abortion number detected by farmer in 2020 3.5 ± 0.3 (0–10) 3.1 ± 0.5 (0–8) 0.41

Abortion timing (n = 101):
Up to 3 months 10.7% (10/84) a 41.2%(7/17) a

0.0053–6 months 69.1%(58/84) b 52.9% (9/17) b

>6 months 17.8% (17/84)% a 5.9% (1/17) a

Venereal disease diagnosis of sires (mating; n = 57) 2.3% (1/43) 8.3% (1/12) 0.33

Laboratory diagnosis, according to farm history, of (n = 42):
IBRV (n = 16) 75.0% (12/16) 25.0% (4/16) 0.005

BVDV (n = 16) 81.3% (13/16) 18.8% (3/16) <0.001
Neosporosis (n = 8) 75.0% (6/8) 25.0% (2/8) -
Toxin/fungi (n = 2) 50.0% (1/2) 50.0% (1/2) -

a, b Different superscript letters for the same column: p < 0.01. %: Percentage of farms with an affirmative response; n: Number of
respondents. Omitted values means n = 105. (1) arithmetic mean ± standard error of mean (min–max). (2) (n/N): number of affirmative
responses/number of total respondents. (3) Previous evaluation of uterine involution/content and ovarian examinations of breeding cows.
Abbreviations: BVDV, bovine viral diarrhea virus; IBRV, infectious bovine rhinotracheitis virus. (4) Beef sire semen was used in selected
dairy cows for crossbreeding purposes to obtain beef calves.

Reproductive management included reproductive examination up to pregnancy
(p = 0.002), estrus or ovulation induction/synchronization protocols (p < 0.001) and routine
pregnancy diagnosis (p = 0.002), which was more frequently implemented in FMP farms.

In FMP farms, most of the abortions were in the middle of gestation (3–6 months of
pregnancy), while in MMS farms, the majority of abortion tended to occur up to six months
into gestation (p < 0.01). The laboratory diagnosis of abortive agents at abortion occurrence
during 2020 was low (10.5%; 15/105), with no significant differences (p = 0.49) between
types of farms. Nevertheless, and according to the history of the farms, in 76.2% (32/42) of
the cases, an infectious/toxic etiology was identified in FMP farms (p < 0.001).

3.3. Rearing Management (Up to 12 Months)

Seasonal calving distribution, according to grass availability, tended to be more fre-
quent in MMS farms (22.2%; 4/18; p = 0.07; Table S2). Calving pens were more common
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in FMP farms (51.7%; 45/87; p < 0.01). Retained placenta was classified as a significant
problem for 25.7% (27/105) of the farmers, with no significant differences between farms
(p = 0.83). FMP farms mainly (64%; 55/86) buried placentas at pasture, while MMS farms
did not discharge them out at all (44.4%; 8/18; p < 0.05).

Appropriate calf barns were also more commonly observed in FMP (89.7%; 78/87)
farms compared with MMS (72.2%; 8/13; p = 0.05) farms. Colostrum tended to be ad-
ministered for more days in MMS (4.7 ± 0.3 days) than in FMP (3.9 ± 0.5 days; p = 0.10)
farms. Most farms, independent of milking system, did not store colostrum (15.2%; 16/105;
p = 0.45) but considered diarrhea as their main problem at calving (69.5%; 73/105). Pneumo-
nia in calves was considered a major problem in MMS farms (72.2%; 13/18; p < 0.01), which
also reared males calves more frequently for fattening (61.1%;11/18; p < 0.01). Preventive
measures, such as vaccination of pregnant cattle to prevent pneumonia and diarrhea in
calves (25.3%; 22/87 vs. 5.6%; 1/18, respectively; p = 0.07) and vaccination of calves up to
12 weeks of age (13.8%; 12/87 vs. 0.0%; 0/18, respectively; p = 0.09), tended to be more
frequently adopted by FMP than MMS farms.

3.4. Nutrition and Metabolic Disease Prevention

A higher level of nutritional assessment was performed in FMP farms. Nevertheless,
both farm groups were regularly assessed by a nutritionist (88.6%; 93/105; p = 0.96),
regardless of the type of farm. Body condition scoring was more commonly implemented
in FMP farms (60.9%; 53/87; p < 0.05; Table 2).

Table 2. Nutritional management and metabolic disease prevention in dairy farms with fixed (FMP) or mobile (MMS)
milking systems.

Factor
Farms

p Value
FMP MMS

Nutritional assessment:
Scoring body condition (peripartum; n = 104) 60.9% (53/87) (1) 29.4% (5/17) 0.02

Forage nutritional analyses (FNA, n = 104) 93.1% (81/87) 58.8% (10/17) <0.001
Diet adjustment based on FNA results (n = 94) 90.5% (76/84) 60.0% (6/10) 0.006

Feeding management:
Unifeed system (n = 104) 80.5% (70/87) 41.2% (7/17) <0.001

Adding concentrate feed to unifeed (n = 75) 50.0% (34/68) 42.9% (3/7) 0.72
Own forages 93.1% (81/87) 100% (18/18) 0.25

Corn silage (2) 94.3% (82/87) 88.9% (16/18) 0.41
Grass silage (n = 100) (3) 8.3% (7/84) 6.3% (1/16) 0.78

Baled grass silage (n = 103) (4) 98.8% (83/84) 100% (17/17) 0.66
Hay rolls (n = 101) (5) 23.5% (20/85) 25.0% (4/16) 0.90

Straw (n = 103) (6) 32.6% (28/86) 43.8% (17/16) 0.39
Access to pasture (grassland) 73.6% (64/87) 94.4% (17/18) 0.06

Feed concentrate during milking 85.1% (74/87) 100% (18/18) 0.08
Dry cow diet (7) (n = 104) 23.0% (28/87) 58.8% (10/17) 0.003

Feed concentrate to dry cows 32.2% (20/87) 22.2% (4/18) 0.40

Water source of the farm:
Pit water (n = 2) 1.1%a (1/87) a 5.6% (1/18) a

0.32Riverside (n = 25) 25.3% (22/87) b 16.7% (1/18) a

Municipal water supply (n = 76) 72.4% (63/87) c 72.2% (13/18) b

Wellspring (n = 11) 1.1% (1/87) a 5.6% (1/18) a

n: Number of respondents. Omitted values means n = 105. %: Percentage of farms with an affirmative response. a, b, c Different letters for
the same column: p < 0.01. (1) (n/N): number of affirmative responses/number of total respondents. (2) Corn silage is used by 81.4% (79/97)
of the farms during the whole year. (3) Grass silage is used by 50% (4/8) of the farms during the whole year. (4) Baled grass silage is used by
12.5% (3/24) of the farms during the whole year. (5) Hay rolls are used by 22.9% (8/35) of the farms during the whole year. (6) Only 1.4%
(1/73) of farmers also fed animals alfalfa. (7) Farmers who do not use a specific dry cow diet reported that they fed cows at pasturage
(n = 59) and/or baled grass silage (n = 48), corn silage (n = 15), straw (n = 6) and/or grass silage (n = 1) segregated from lactating cows.

Forage nutritional analyses (p < 0.001), as well as diet adjustments (p < 0.01), were
more frequent in FMP farms than in MMS farms. Additionally, the total mixed ration
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(TMR) system, also named the “unifeed” system, was more frequently found in FMP farms
(p < 0.001), with forages coming from their own production in all MMS farms (p = 0.02).

Water was administered ad libitum in all farms. Mostly, the water of both groups of
farms came from the municipal water supply (72.4%; 76/105).

3.5. Milking and Mastitis

Differences were observed in the milking procedures of farms. Pre-dipping (p < 0.001)
and paper towels (p < 0.001) but not post-dipping (p = 0.30) were more frequently imple-
mented in FMP farms (Table 3).

Table 3. Milking procedures and mastitis scores, according to fixed (FMP) or mobile (MMS) milking system farms.

Factor
Farms

p Value
FMP MMS

Milking procedures
Pre-dipping 63.1% (53/84) (1) 16.7% (3/18) <0.001
Post-dipping 98.8% (83/84) 94.4% (17/18) 0.3
Paper towels 78.6% (53/84) 11.1%(3/18) <0.001

Gloves 47.2% (40/84) 33.3% (6/18) 0.27
Separate teatcups for mastitis cows 7.1% (6/84) 5.6% (1/18) 0.83

Teatcup disinfection after use by mastitis cows 4.8% (4/84) 0.0% (0/18) 0.35
Hot water cleaning machine 9.5% (40/84) 5.6% (1/18) 0.59

Mastitis
Mastitis incidence (Score (3)) 2.2 ± 0.1 (1–5) (2) 2.1 ± 0.2 (1–5) 0.54

Culling or death of mastitic cows 17.2% (15/87) 22.2% (4/18) 0.62
Estimated somatic cells count (log 10) 2.38 ± 0.30 (2.00–2.45) 2.45 ± 0.02 (2.00–2.60) 0.07

%: Percentage of farms with an affirmative response. n: Number of respondents. Omitted values means n = 105. (1) number of affirmative
responses/number of total respondents. (2) arithmetic mean ± standard error of mean (min–max). (n/N):. (3) Scale 1 to 5, according to the
percentage of affected cows with mastitis during 2020: 1:10%; 2:10–20%; 3:20–30%; 4:30–40%; 5: >40%.

Mastitis incidence and mortality did not differ among farms (18.1%; 19/105; p = 0.62),
but the estimated somatic cell count tended to be higher in MMS farms (p = 0.07).

3.6. Lameness

Lameness was considered a major problem in 41% (43/105) of all farms. Neverthe-
less, only 34% (33/105) of farmers implemented a continuous lameness control program
(Table S3). Approximately half (48.3%; 42/87) of the FMP farms had a functional footbath,
contrary to MMS farms (5.6%; 1/18; p = 0.001). On most of the farms (77.2%; 78/101), trim-
ming was only performed as treatment after the detection of lameness, without differences
between groups.

3.7. Drying-Off and Prepartum Care

No significant differences in cow management between groups were observed at dry
off, including the length of the dry period (45–60 d; Table S4). Drying-off anti-biotherapy
was administered in 94.3% (99/105) of the farms. The mean percentages of the main
procedures during the dry period and prepartum are reported in Figure 2.

The dry cows joined lactating cows in the prepartum period in 90.5% (95/105) of the
farms without differences between groups (p = 0.26). FMP farms (95.3%; 82/86) tended to
include a higher percentage of pregnant heifers in the lactating herd during the prepartum
period, compared with MMS farms (83.3%; 15/18; p = 0.06).
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Figure 2. Main practices, micronutrient, and calcium administrations at dry-off and prepartum periods.

3.8. Disease Prevention and Major Problems

In general, a low to moderate level of preventive measures was implemented in farms,
with some differences between FMP and MMS groups (Table 4). The frequency of blood
sampling for disease diagnosis was higher in MMS (11.1%; 2/18) than in FMP (1.2%; 1/87;
p < 0.05) farms. Conversely, the use of insecticide during the hot season/periods was more
frequent in FMP farms (86.2%; 75/87; p = 0.05).

Table 4. Preventive health measures were adopted by fixed (FMP) and mobile (MMS) milking system farms.

Factor
Farms

p Value
FMP MMS

Preventive measures
Disease prevalence monitoring (serum samples) 1.1% (1/87) (1) 11.1% (2/18) 0.02

Parasitic disease monitoring (faecal samples) 0.0% 0.0% -
Mineral monitoring (serum samples) 0.0% 0.0% -

Mineral diet supplementation during dry period 62.1% (54/87) 50.0% (8/18) 0.17
Insecticide during hot season/periods 86.2% (75/87) 66.7% (12/18) 0.05

Regular deworming 56.3% (49/87) 50.0% (9/18) 0.42

Vaccination *:
Clostridial diseases (n = 3) 1.1% (1/87) a 11.1% (2/18) 0.02

IBR/BVD (n = 37) 36.8% (32/87) b 27.8% (5/18) 0.47
Mastitis (n = 16) 13.8% (12/87) c 22.2% (4/18) 0.37

Respiratory complex disease (n = 16) 14.9% (13/87) c 16.7% (3/18) 0.90

%: Percentage of farms with an affirmative response. (1) (n/N): Number of affirmative responses/number of total respondents.
a, b, c Different superscript letters for the same column: p < 0.01. n: number of farms with an affirmative response. Omitted values
means n = 105. * total of farms using vacines = 61 (some farms used more than one vaccine type). Abbreviations: BVD, bovine viral
diarrhea; IBRV, infectious bovine rhinotracheitis.

Vaccination for clostridial diseases, bovine rhinotracheitis virus/bovine viral diarrhea,
mastitis and/or respiratory complex disease was implemented in 42.9% (45/105) of the
farms, with no differences between FMP and MMS (p = 0.50) groups.

Blood sampling for mineral quantification and fecal sampling for parasitic disease
diagnosis were not performed by any of the farms questioned.

According to the farmers surveyed, no natal differences were observed regarding the
problems that affected FMP and MMS dairy farms in 2020 (Figure 3). However, neonatal
diarrhea (score point = 4.0 ± 0.2 vs. 3.6 ± 0.1; p = 0.04) and infertility/reproductive
problems (score point = 3.3 ± 0.2 vs. 2.9 ± 0.1; p = 0.05) were slightly more problematic for
MMS farms, as opposed to FMP farms.
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Figure 3. Score intensity scale of major problems suffered in 2020, according to the farmers’ perceptions, in dairy farms with
mobile (MMS) versus fixed (FMP) milking systems.

Neonatal diarrhea, calf pneumonia, mastitis, retained placenta, metritis, lameness and
infertility/reproductive problems were the most problematic diseases/issues indicated by
farmers from both groups of farms.

4. Discussion

Overall, larger herds, better facilities, greater focus on prevention, and constant
nutritional and reproductive assessments were more frequently observed in FMP farms
than in MMS farms. In contrast, a higher proportion of dual-purpose farms (milk and beef
production) was found among the MMS farms trying to increase income. Therefore, the
single purpose to produce milk, observed more often in Azorean FMP farms than in MMS
farms, seems to be in line with the new reality of the European market, which has been
without milk quotas since 2015, requiring a more efficient and specialized milk production.

The (semi)intensification level of dairy milk production systems (>70%), was similar
in both farm groups in our study. In fact, supplementation to grazing dairy animals is
required to maintain an adequate level of milk yield [34], together with an improvement in
the stocking rate in the Azores, e.g., 3.2 cows/ha, as reported by Morais et al. (2018) [35].
Despite this last issue, important management differences were observed between the
types of farms.

Regarding reproductive management, differences were observed between the types of
farmers surveyed (see Table 1), with FMP farmers more frequently implementing complete
reproductive management protocols and appropriate tools. This is to say, reproductive ex-
amination during open days, to select cows for breeding, and to treat diagnosed pathologies,
induction and synchronization of estrus and ovulation, pregnancy diagnosis, and ultra-
sonography. All these interventions are crucial to optimize the reproductive output of dairy
farms [4]. Further research is required to quantify differences between production systems.

In our study, a total of 39% of the farmers, independent of farm group, used at least
one ancillary device to detect estrous. This result denotes the progressive adoption of
technologies to improve fertility. In a similar survey of Canadian dairy farms [36], 89% of
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farmers used visual detection of estrous as their only method (3.5 observation times per
day), i.e., only a low proportion of farms used ancillary devices. Nevertheless, in this last
study, fixed-time artificial insemination was mainly implemented [36]. However, it is well
known that several devices to detect estrus have been largely and efficiently implemented
worldwide [37,38].

Failure in heat detection and low conception rates are major reproductive prob-
lems [39], with infertility and poor production being the main causes for culling dairy
cows in the USA [40]. In fact, poor reproductive management represents losses of up to
231€ per cow per year, due to a decrease in milk yield and a high calving interval [39].
Therefore, the implementation of adequate reproductive strategies [41] is essential in dairy
farms and should be enhanced in Azorean farms, especially among MMS farms. Pregnancy
diagnosis (p = 0.01), protocols for estrus/ovulation induction (p < 0.001) and reproductive
examination during open days (p = 0.002), were performed less often in MMS farms than in
FMP farms. All these results were expected, since indoor systems allow better reproductive
control and management [42].

In the present study, the number of calves born on the farms (2020) was, as expected,
higher in FMP farms, since these farms had larger herd sizes (213.1 ± 11.7 and 157.8 ± 21.9
total animals for FMP and MMS, respectively; p < 0.05), and the trade of pregnant heifers
or adult cows remained low. Appropriate calving pens were more commonly found in
FMP farms, which are essential to control the vitality of the newborns, adequate immunity
transference, and the mothers’ health [43]. Nevertheless, the advantages and limitations of
calving indoors or outdoors are still up for debate [44].

In MMS farms, we observed a higher tendency towards seasonal calving according
to grass availability (p = 0.07). This is due to the importance of grass in the production
system of these farms. This practice is in line with what is very common in Ireland and
New Zealand, where seasonal calving is largely adopted, so local farms can take advantage
of their animal production potential at the time of grass growing [45]. Additionally, in our
study, only 30% of farms minimized calving during summer. This calving seasonality has
the potential advantage of mitigating calving heat stress [46], and initiating new lactation
in more developed grass periods, even if forages are stored. It has been observed that
calving in late winter is most profitable in grazing systems, independent of milk premium
price [47].

Rearing the animals is a very sensitive part of the production system, with correct
hygiene, general management, and appropriate colostrum administration being essential
to prevent the main health problems for young cattle: enteric and respiratory diseases
being responsible for the highest mortality and morbidity rates [48–50].

It is essential to provide a sufficient volume of high-quality colostrum in the first
hours of life [51]. Very few farms in our study (17.2% FMP and 11.1% MMS farms) had
colostrum storage banks, and even fewer had an appropriate instrument to evaluate the
quality of the colostrum prior to storage. All these aspects, as well as cleanliness of the
pens and colostrum quality assessment, have been associated with pneumonia or diarrhea
in calves [52]. Therefore, if these practices improved, the incidence of neonatal diseases
would possibly decrease on São Miguel dairy farms (see Figure 2). Indeed, diarrhea and
pneumonia in calves were the main problems faced by Azorean farmers, which is another
issue to be addressed. In addition to direct losses [49], it is known that calves raised without
diarrhea and/or pneumonia achieve greater longevity, yield, and profitability; furthermore,
they are healthier cows [53]. In our study, FMP farms more frequently had calf sheds,
administered colostrum for more days, and utilized more preventive measures in rearing
than MMS farms did, evidencing poorer rearing management on these MMS farms.

Additionally, a tendency of FMP farms to use vaccination protocols more frequently,
to prevent pneumonia and diarrhea in calves, was observed (see Table S2). Vaccination of
dams and calves up to 12 months probably contributed to approximately half of the FPM
farmers considering pneumonia as the main problem in their calves (34.5%; 30/87) when
compared to that reported by MMS farmers (72.2%; 13/18; p < 0.01). Nevertheless, calf
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density can also contribute to pneumonia in MMS, and is higher in that type of farm due
to its dual-purpose production. Moreover, calves exposed to extreme weather may not
be able to regulate their body temperature with their own thermoregulation mechanisms,
leading to significant losses in performance, and average daily gain [54]. This circumstance
is more frequently observed in MMS farms than in FPM farms.

In terms of biosecurity, FMP farms adopted more measures, such as the existence of
spaces to isolate sick animals, and less movement of animals using public roads. However,
biosecurity measures were scarcely implemented by the dairy farms surveyed on São
Miguel Island, which is an important observation of the study. In MMS farms, there was a
tendency for more frequent movement of animals (transhumance), and of purchases and
sales of living animals (p = 0.10). Despite this, only 38.5% of the respondent farmers (see
Table S1) implemented quarantine measures when introducing animals. The movement of
animals is the main cause of the spread of disease, and the introduction of new animals
is a farm’s highest risk of being infected with new diseases [55,56]. Moreover, important
biosecurity practices, such as providing their own clothing to visitors or the use of footbaths,
were not implemented at all in the farms surveyed on São Miguel Island. For example,
in Belgium, between 66% and 61% carry out such methods [55]. The different kinds of
production systems found in the Azores probably contribute to these differences. Finally,
all Azorean farms bury dead animals on pastures, a practice almost abandoned in the rest
of the world. In the USA, only 27.3% of farms bury their dead cows, while 29.2% add
carcasses to compost, and 27.2% put them to render [40]. In fact, the burial of dead animals
in the EU is forbidden, preventing contamination of soils and water by pathogenic and
zoonotic microbials [57]. Nevertheless, some exceptions [58] are made in remote areas and
specific conditions, such as Azores.

More frequent forage nutritional analysis, mainly when a new diet is available, and
diet adjustment, according to lactational curve of dairy cattle, should be improved by
farmers to optimize milk yield [59]. Cows on FMP farms spent more time indoors, making
it easier to control the diets and intake rate, and to provide adequate feed quality, as
demonstrated in previous studies [10]. Adequate nutritional management is essential
for cattle health, welfare, reproductive performance, and milk yield [42], thus also being
essential for farm productivity and economic sustainability [42,60]. In the present study,
MMS farms, when compared to FMP farms, received nutritional assessments less frequently
(see Table 2). As a result, fewer forage nutritional analyses were conducted (p < 0.001), and
fewer scoring body conditions were performed (p = 0.002) on MMS farms. Consistent with
this, the TMR system was more commonly observed in FMP farms (p < 0.001), with this
technology allowing better nutritional management, and the possibility of giving animals
homogeneous feed and a balanced diet [10,61,62].

Nutrition is also fundamental at the peri- and postpartum periods, during which
cows undergo several metabolic and hormonal changes, which compromise their immune
functions [63]. Negative energy balance is common in postpartum dairy cows, due to
low feed intake and the inability to reach cow energetic requirements for milk yield [64].
Appropriate nutritional management of the peripartum cow is essential to avoid such
problems [65], together with other practices [66], reducing the incidence of postpartum
problems such as retained placenta, mastitis, metritis, and endometritis. These issues
can all lead to several economic losses, and early culling rates [66,67]. Certain nutritional
supplements, such as vitamin D, lysine, methionine, and others can be considered, in order
to increase performance after calving [68,69]. In our study, monensin supplementation was
the most common practice (27.6%).

In addition to the type of machine used to milk (used to classify the type of farms),
relevant differences were found in the milking routines and hygiene practices during milk-
ing (see Table 3), with FMP farms implementing indicated routines more frequently [70],
such as pre- and post-dipping and the use of paper towels. It is easier to implement ade-
quate milking routines in fixed milking parlors than with mobile milking systems [71,72].
However, even when observing only FMP farms, we detected a huge difference in the pos-
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sibilities of receiving specialized technical advice on the island, compared to that of other
regions in Europe and Portugal; this clearly limits the implementation of new technologies,
and the possibility of adequate evolution in the Azores [5], despite it being one of the main
milk-producing regions in Portugal. Adequate milking practices, new technologies, and
udder health control programs are key points to control mastitis. Although mastitis was not
one of the top three most important diseases affecting São Miguel dairy farms, according
to farmers’ perceptions, it induces large economic losses which is in in agreement with the
literature [73–75].

After rearing, reproductive problems, mastitis, and placenta retention were the chal-
lenges highlighted by our farmers as their major problems (see Figure 3). Similarly, infertil-
ity, clinical mastitis and lameness were the principal diseases that affected American dairy
farms in 2014 [40].

In our study, 41% of the farmers considered lameness as a major problem, which
can be considered a high prevalence for grazing systems. There are several causes that
can justify this evidence, for example, the influence of (hard) floors found in public roads
(transhumance); the high, steady humidity, mainly in winter season; scarcity of trimming
programs and footbath use. Lameness negatively influences productive and reproductive
traits [76], causing significant economic impact to farms [77].

There is a low to moderate adherence/application of preventive measures to combat
these and other diseases on São Miguel Island. Only 42.9% of the surveyed farms carry
out at least one vaccination. There was a large discrepancy when compared to data
from previous studies, such as on Irish dairy farms, where only 13% did not apply any
vaccinations [78]. The low vaccination rate observed in our study probably relates to the
cost of vaccination, lack of immediate health improvement, previous experience of failure
to control the disease by the farmers, and a general lack of education of farmers. However,
vaccination by itself is not enough. Proactive co-operation between veterinarians and
farmers is essential to optimize health and sustainability in dairy farms [79].

All these needs detected in the present study indicate an urgent necessity for im-
provement in farmer education, as previously seen in other regions [49]. Assuring that the
farmers have the knowledge and equipment to record their own data, and are then able to
calculate and interpret basic indicators, is essential to the early detection of diseases and
problems [2]. In fact, the greater part of the health information reported in this study came
from farmers’ perception. A health data record is important to objectively evaluate the
herd health and take appropriate decisions, and can contribute to a low degree of health
program implementation. Nevertheless, farmer education is only a part of the equation to
drive behavioral change. According to Michie et al. [80] individual behavior changes are
related to capability (knowledge and skills, via education), motivation (brain stimulating
process) and opportunity (outside events). The dairy industry is a business which provides
incomes to farmers, and is the strongest motivation for farmers. The production efficiency
and herd health management improvements, and new opportunities coming from social
demands, including consumer perspectives on animal welfare and environmental impact,
seem to be crucial keys for behavioral changes.

Consumers have a general opinion that grazing cattle are in a better condition in
terms of health and welfare [81]. This is important and may change the markets. In
fact, consumers have increasingly higher interest in animal production conditions, animal
welfare, sustainability of the systems, and environmental protection [82], which are the
main drivers of changes in legislation, especially in the European Union [83]. All of these
drivers of change can be considered an opportunity for areas that produce mainly based
on pasture.

This evolution also must be compatible with preserving the particular aspects of the
Azorean Islands, and production systems closely linked to the natural environment and
to agrarian populations [5,81,82]. The environmental impact of the dairy industry should
be attenuated, ensuring economic viability of the farms with dairy added-value programs
such as “happy cows” [5].
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Our study reveals that both FMP and MMS have the potential for progress, improving
their efficiency and preserving animal welfare, in extensive and intensive production systems.

5. Conclusions

There is a clear difference in health management between these two types of farms;
MMS farms are associated with a more traditional production approach, while FMP
farms have transitioned to more specialized dairy systems. However, all farms on São
Miguel Island would benefit from animal welfare, productivity, resource efficiency, and
sustainability. This would be further improved by the implementation of preventive and
structured control programs, assessed by professional advisors, and thus enhance health,
welfare efficiency and profitability. However, São Miguel Island dairy farms must continue
taking advantage of their idiosyncrasy, benefiting from the natural resources available,
stressing the production of “green milk”.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ani11123394/s1, Table S1. Characterization of farms and main biosecurity measures in
dairy farms with fixed (FMP) versus mobile (MMS) milking machines. Table S2. Calving, rearing
management and facilities in dairy farms with fixed (FMP) versus mobile (MMS) milking systems.
Table S3. Lameness and lameness control in dairy farms with fixed (FMP) versus mobile (MMS)
milking systems. Table S4. Dry-off time and prepartum measures adopted in dairy farms with fixed
(FMP) versus mobile (MMS) milking systems.

Author Contributions: Conceptualization, methodology, formal analysis, data curation, writing—
original draft preparation, and writing—review and editing were equally performed by I.M., A.F.-N.,
J.S. and S.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by UIDB/CVT/00772/2020 (Fundação para a Ciência e Tecnologia).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and was approved by the Institutional Review Board of the University
of Trás-os-Montes and Alto Douro (UTAD) with protocol code request n. 2020111053000832 on
10 November 2020.

Informed Consent Statement: Informed consent was obtained from all respondents.

Data Availability Statement: The data that support the findings of this study are available on request
from the corresponding author (J.S.).

Acknowledgments: This paper is obtained from the M.Sc. thesis in Veterinary Medicine of the first
author at the University of Trás-os-Montes and Alto Douro (UTAD), Vila Real, Portugal.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Schulte, H.D.; Musshoff, O.; Meuwissen, M.P.M. Considering Milk Price Volatility for Investment Decisions on the Farm Level
after European Milk Quota Abolition. J. Dairy Sci. 2018, 101, 7531–7539. [CrossRef]

2. LeBlanc, S.J.; Lissemore, K.D.; Kelton, D.F.; Duffield, T.F.; Leslie, K.E. Major Advances in Disease Prevention in Dairy Cattle. J.
Dairy Sci. 2006, 89, 1267–1279. [CrossRef]

3. Derks, M.; van Werven, T.; Hogeveen, H.; Kremer, W.D.J. Associations between Farmer Participation in Veterinary Herd Health
Management Programs and Farm Performance. J. Dairy Sci. 2014, 97, 1336–1347. [CrossRef] [PubMed]

4. Crowe, M.A.; Hostens, M.; Opsomer, G. Reproductive Management in Dairy Cows—The Future. Ir. Vet. J. 2018, 71, 1. [CrossRef] [PubMed]
5. De Almeida, A.M.; Alvarenga, P.; Fangueiro, D. The Dairy Sector in the Azores Islands: Possibilities and Main Constraints

towards Increased Added Value. Trop. Anim. Health Prod. 2020, 53, 40. [CrossRef] [PubMed]
6. Arnott, G.; Ferris, C.P.; O’Connell, N.E. Review: Welfare of Dairy Cows in Continuously Housed and Pasture-Based Production

Systems. Anim. Int. J. Anim. Biosci. 2017, 11, 261–273. [CrossRef] [PubMed]
7. Smid, A.-M.C.; Weary, D.M.; von Keyserlingk, M.A.G. The Influence of Different Types of Outdoor Access on Dairy Cattle

Behavior. Front. Vet. Sci. 2020, 7, 257. [CrossRef] [PubMed]
8. Legrand, A.L.; von Keyserlingk, M.A.G.; Weary, D.M. Preference and Usage of Pasture versus Free-Stall Housing by Lactating

Dairy Cattle. J. Dairy Sci. 2009, 92, 3651–3658. [CrossRef] [PubMed]
9. Crump, A.; Jenkins, K.; Bethell, E.J.; Ferris, C.P.; Kabboush, H.; Weller, J.; Arnott, G. Optimism and Pasture Access in Dairy Cows.

Sci. Rep. 2021, 11, 4882. [CrossRef] [PubMed]

309



Animals 2021, 11, 3394

10. Charlton, G.L.; Rutter, S.M.; East, M.; Sinclair, L.A. Effects of Providing Total Mixed Rations Indoors and on Pasture on the
Behavior of Lactating Dairy Cattle and Their Preference to Be Indoors or on Pasture. J. Dairy Sci. 2011, 94, 3875–3884. [CrossRef]

11. Bewley, J.M.; Robertson, L.M.; Eckelkamp, E.A. A 100-Year Review: Lactating Dairy Cattle Housing Management. J. Dairy Sci.
2017, 100, 10418–10431. [CrossRef]

12. Dood, F.H.; Hall, H.S. History and Development. In Machine Milking and Lactation; Insight Books: Huntington, VT, USA, 1992;
Chapter 1.

13. Greenhalgh, J.; Domigan, I.; Greig, B.; Herud, G. Pilot Study of a Mobile Milking System: An Investigation of Its Potential Use in New
Zealand; Centre of Excelence in Farm Bussiness Management: Wellington, New Zealand, 2012.
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