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Abstract

Background: In highly intensive dairy farms, cows often suffer from metabolic disor-
ders that cause severe oxidative stress.

Objectives: This study aimed to observe correlations and associations of oxidative
stress-related indicators with milk compositions and metabolites.

Methods: Twenty-two multiparous Holstein dairy cows in early lactation were ran-
domly selected from a commercial dairy farm. The morning milk was collected for com-
position and metabolites analysis. Blood was sampled via the tail vein to analyze oxida-
tive stress-related indicators (reactive oxygen species, ROS; catalase, CAT; superoxide
dismutase, SOD; glutathione peroxidase, GPX; malondialdehyde, MDA) and metabo-
lites.

Results: Results showed that ROS were positively correlated with CAT, GPX, SOD,
and MDA. However, the levels of CAT, GPX, and SOD were negatively related to
milk fat (P < 0.05). Nineteen serum and 7 milk metabolites were selected from
detectable metabolites according to their correlations with ROS, CAT, GPX, and SOD
(P < 0.05). Metabolic pathway analysis and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database revealed that these metabolites are primarily involved in
the metabolic pathways of carbohydrates and amino acids.

Conclusions: This study gave us a better understanding on oxidative stress that ROS
not only increased oxidative damage (MDA) in dairy cows, but also altered some

metabolites involved in amino acid and carbohydrate metabolism.
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1 | INTRODUCTION

Oxidative stress refers to the imbalance between oxidative and antioxi-
dant effects in the body. Reactive oxygen species (ROS) are metabolites
formed during mitochondrial energy production (Radi, 2018). Under
normal physiological conditions, ROS production and clearance are in
dynamic equilibrium, and ROS can be maintained at extremely low lev-
els that are beneficial and harmless (Ludin et al., 2014). However, exces-
sive ROS can lead to oxidative damage of cells, leading to pathological
processes and even cell death (Mavangira & Sordillo, 2018). From the
perspective of physiological changes, cows experienced a lot of oxida-
tive stress in early lactation. A large amount of physiological pressure
for milk synthesis is accompanied by anincrease in high energy demand
and oxygen demand and increases the production of ROS (Cadenas
& Davies, 2000). During the transition of lactating animals from early
lactation to middle lactation, a large number of metabolic and phys-
iological adaptations may occur, which may lead to dysfunction and
inflammatory of the host (Turk et al., 2012; Zahrazadeh et al., 2018;
Zhao et al.,, 2019). A variety of defence systems are involved in cells to
prevent the increase of ROS, including enzymatic and non-enzymatic
mechanisms. The non-enzymatic antioxidants obtained from dietary
sources include carotenoids, tocopherols, vitamin D, phenolic acids,
and flavonoids can help reduce oxidative damage in mammals
(Ratnam et al., 2006). Enzymatic antioxidants exist in forage crops
such as superoxide dismutase (SOD), glutathione peroxidase (GPX),
and catalase (CAT) are easily inactivated during processing and can-
not play their role in animals. Enzymatic antioxidants synthesized in
the animal body seemed to play a vital role in the defence of ROS. The
emergence of metabolomics has provided us with a new opportunity to
identify animal health and the quality of animal products (Nie et al.,
2016). Gas chromatography-mass spectrometry (GC-MS) is a power-
ful technique in metabolomics. Zhang et al. (2013) used GC-MS to
identify several metabolites as potential biomarkers for distinguishing
cows that had clinical ketosis, sub-clinical ketosis from clinically nor-
mal. Another study found that serum ophthalmic acid is an indicator
of glutathione decline in the liver and maybe use as new biomarkers of
oxidative stress (Soga et al., 2006). This study aimed to observe correla-
tions and associations of oxidative stress-related indicators (ROS, SOD,
GPX, and CAT) with milk compositions and metabolites (serum and
milk). Therefore, 22 multiparous Holstein dairy cows in early lactation
were randomly selected from a commercial dairy farm. Malondialde-
hyde (MDA\) is one of the lower compounds formed by ROS-induced
polyunsaturated fatty acids and was used as an oxide to evaluate oxida-

tive stress in this study (Kapuy et al., 2018).

2 | MATERIALS AND METHODS
2.1 | Experimental design and sample collection

Twenty-two disease-free multiparous (parity, 2.55 + 0.11, 10 for two
parity, 12 for three parity) Holstein cows (days in milk, 91.64 + 1.71;

TABLE 1
ration (TMR)

Ingredients and the chemical composition of total mixed

Item

Ingredients (% dry matter)

Cornsilage 35.37
Corn (finely ground) 20.09
Soybean meal 16.84
Molasses 2.64
Premix* 2.24
Oat hay 14.58
DDGS 824
Chemical composition (% dry matter)?
Crude protein 16.16
Starch 26.72
Crude fat 3.47
Neutral Detergent fibre (NDF) 29.16
Acid detergent fibre (ADF) 16.74
Net energy for lactation (NEL), Mcal/kg 1.78

1Premix composition (per kilogram): Ca 16.5 mg, P 3 mg, Mg 5.4 mg, Na
10.4 mg, Cl 7.7 mg, Zn 1600 mg, Cu 540 mg, Mn 600 mg, Se 15 mg, Co 10 mg,
1 32 mg, vitamin A 360 IU, vitamin D 90 IU, vitamin E 2160 IU.

2Calculated according to the Feed Composition and Nutritive Values in
China (2017).

dry matter intake, 22.17 + 1.09 kg) were randomly selected from a
commercial dairy farm (herd population, n = 2134) in Heilongjiang
Province, P. R. China. Water was allowed ad libitum and cows were
fed with total mixed ration three times a day after milking (Table 1) in
cross ventilation barns. Milking was performed three times a day at
9:00 AM, 3:00 PM, and 9:00 PM, and the milk yield (39.46 + 1.93 kg)
was recorded. Milk samples (50 ml) were collected at 9:00 AM and
stored at —40°C. Tail vein blood (10 ml) was sampled after morning
milking when the cows took the total mixed ration (TMR) and cen-
trifuged at 2500 r/min for 10 min. The serum was collected and stored

at —80°C until analysis.

2.2 | Milk composition and serum oxidation status
analysis

The fat, protein, and lactose contents of the milk samples were deter-
mined using a milk composition analyzer (LA, Lactosan). Briefly, the
concentrations of serum ROS, CAT, GPX, SOD, and MDA were mea-
sured using ELISA kits according to the instructions (Shanghai Enzyme-
linked Biotechnology Co., Ltd.). The calibration standards are assayed
at the same time as the samples, and the intensity of the colour is mea-
sured using a spectrophotometer (UVmini-1280; Shimadzu Instrument
Co., Ltd.). The concentration of individual parameter in the samples is
then determined by comparing the optical density of the samples to the

standard curve.
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2.3 | Serum metabolites analyzed by GC-MS

Serum (100 ul) was mixed with 300 ul of methanol and chloroform
solution (3:1) and 20 ul of L-2-chlorophenyl alanine (1 mg/ml stock in
dH,0). After shaking, the samples were centrifuged at 12,000 r/min
for 10 min. The supernatant was collected and vacuum freeze-dried
at —45°C (ALPHA 1-2LD PLUS; Marin Christ). Then, 60 ul of pyridine
solution of methoxyamine hydrochloride (15 mg/ml) was added and
incubated for 120 min in a 37°C water bath (TW20; Julaba, Seelbach).
Then, 60 ul of BSTFA (containing 1% TMCS) was added and incubated
for 60 min in a 70°C water bath. The supernatant (1 ul) was collected
for GC-MS (TSQ 8000; Thermo) analysis with anelastic quartz capillary
column (30 m x 0.25 mm x 0.25 um; HP-5MS; Agilent Technologies,
Inc.). All injections were done in the split less mode with 1 ul injected
volume, and an oven ramp beginning at 70°C (hold for 4 min), then
increasing at a programme rate to 270°C with a hold time of 5 min.
Helium (carrier gas) was used at a rate of 1.0 ml/min. The electron
impact (El) ionization mode used was at 70 eV. The split ratio was 10:1,
the solvent delay time was 3 min, and mass scanning range was 50—
550 m/z.

2.4 | Milk metabolites analyzed by GC-MS

Milk (10 ml) was ultrasonically homogenized (SB 25-12 DTN; Scientz).
Then, 100 ul sample was mixed with 250 ul methanol, 125 ul chloro-
form, and 20 ul of L-2-chlorophenyl alanine (1 mg/ml stock in dH20).
After shaking, 380 ul of chloroform and 90 ul of potassium chloride
aqueous solution (14.8 mg/ml) were added. The samples were cen-
trifuged at 12,000 r/min. Note that 250 ul each of the upper (chlo-
roform layer) and lower (water layer) solutions was taken to vacuum
freeze-dry at —45°C. Then, 60 ul of pyridine solution of methoxyamine
hydrochloride (10 mg/ml) was added in each sample and incubated
for 120 min in a 37°C water bath. Then, 80 ul of BSTFA (contain-
ing 1% TMCS) was added and incubated for 60 min in a 70°C water
bath. The supernatant (1 ul) was collected for GC-MS. The samples
were performed using GC-MS with anelastic quartz capillary column
as described above. An oven ramp beginning at 80°C (hold for 1 min),
then increasing at a programme rate to 275°C with a hold time of

5 min.

2.5 | Statistical analysis

Pearson analysis was conducted by using the R version 3.5.3. The cor-
relation significance level of all statistical analysis was set to p < 0.05,
and the trend was set to 0.05 < p < 0.10. The selected metabolites were
introduced into Metaboanalyst 4.0 (http://www.metaboanalyst.ca) for
path enrichment analysis and path topology analysis. Significant impact
pathways were defined as p < 0.05. In addition, databases such as
the Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.

genome.jp/kegg/) help reveal metabolic disorders.

3 | RESULTS

3.1 | Correlation of oxidative stress-related
indicators with milk composition and metabolites
(serum and milk)

Figure 1 shows the Pearson correlation among 37 detectable serum
metabolites, five oxidative stress-related indicators, and four milk-
related traits. A large number of metabolites were significantly cor-
related with oxidative stress-related indicators (p < 0.05) and milk
production traits (p < 0.05). Their correlations are explained in detail
below. ROS was significantly positively correlated with GPX and SOD
(Table 2; 0.46 < r < 0.53, p < 0.05), and positively correlated with CAT
and MDA (Table 2;0.39 < r < 0.42, p < 0.10). Seven serum metabolites
including L-leucine, L-isoleucine, butanoic acid, L-valine, L-methionine,
D-lactic acid, and acetic acid were significantly negatively correlated
with ROS (Table 3; —0.61 < r < —0.45, p < 0.05). Four milk metabo-
lites including galactinol, undecane, cis-aconitate, ethanol were signifi-
cantly positively correlated with ROS (Table 3;0.44 <r<0.52,p < 0.05).
Milk fat yield was significantly negatively correlated with CAT, GPX,
and SOD (Table 4; —0.64 <r < —0.49, p < 0.05). The CAT, GPX, and SOD
had significant correlations with most of the serum and milk metabo-
lites (Table 5; p < 0.05). Among them, serum L-leucine, L-isoleucine, L-
valine, and L-methionine are highly negative correlated with CAT, GPX,
and SOD (-0.72 < r < —0.57, p < 0.05). Milk metabolites including
galactinol, cis-aconitate, and succinic acid have significant positively
correlated with CAT, GPX, and SOD (—0.79 <r < —-0.52, p < 0.05). Milk
glycine was related to SOD (r = —0.37, p = 0.09) and GPX (r = —0.38,
p = 0.08). In addition, Table 5 showed serum L-isoleucine (r = 0.39,
p =0.07), L-methionine (r = 0.33, p = 0.13), and butanoic acid (r = 0.35,
p = 0.12) had positive correlations with milk fat yield. And milk galacti-
nol (r = —0.68, p = 0.00), succinic acid (r = —0.41, p = 0.06), pentane-
dioic acid (r = —0.63, p = 0.00), and s-2-methyl-1-butanol (r = —0.39,
p = 0.08) were negatively correlated with milk fat yield.

3.2 | Metabolites for pathway analysis

According to the above correlation analysis (Tables 3 and 5; p < 0.05),
it was found that these 19 serum metabolites and 7 milk metabo-
lites were significantly correlated with ROS and/or three antiox-
idase (Figures 2a and 3a). Affected metabolic pathways of these
metabolites were analyzed by path enrichment analysis and path
topology analysis (Figures 2b-d and 3b). In Figure 2b, metabolic
pathways involved in ROS-related metabolites were mainly related
to pyruvate metabolism (p = 0.00, impact value = 0.07). In Fig-
ure 2c, metabolic pathways involved in both ROS and antioxidase-
related metabolites mainly included valine, leucine, and isoleucine
biosynthesis (p = 0.00, impact value = 0.25); aminoacyl-tRNA
biosynthesis (p = 0.00, impact value = 0.14); valine, leucine, and
isoleucine degradation (p = 0.00, impact value = 0.06); and butanoate

metabolism (p = 0.05, impact value = 0.07). In Figure 2d, metabolic
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FIGURE 1 Correlation analysis among oxidative stress-related indicators, milk composition, and serum metabolites in early lactating dairy
cows. The size of the circle represents the absolute value of the correlation, blue and red represent positive and negative correlations, respectively,
and a blank indicates that the two variables had no correlation

TABLE 2 Correlation of reactive oxygen species (ROS)! with other oxidative stress-related indicators and milk composition

Range Mean SEM r p-Value

Oxidative stress-related indicators

MDA (nmol/ml) 6.82-22.34 10.34 0.81 0.42 0.05

CAT (U/ml) 110.91-298.29 171.44 9.54 0.39 0.07

GPX (IU/ml) 734.72—1908.06 1054.76 57.81 0.46 0.03

SOD (U/ml) 141.88—-354.22 210.27 11.11 0.53 0.01
Milk composition

Milk yield (kg/d) 21.38-52.70 39.46 1.93 0.13 0.57

Fat (kg/d) 0.34-2.56 1.27 0.12 -0.23 0.30

Protein (kg/d) 0.59-1.56 1.18 0.06 0.05 0.82

Lactose (kg/d) 0.75-2.58 1.61 0.09 0.11 0.61

Abbreviations: CAT, catalase; GPX, glutathione peroxidase; MDA, malondialdehyde; r, correlation coefficient; SOD, superoxide dismutase, SEM, standard

error of mean.

1ROS: reactive oxygen species, the range is 196.18—787.26 1U/ml.
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FIGURE 2 Screened serum metabolites and their metabolome view. (a) Classification of 19 metabolites. Two metabolites related to reactive
oxygen species (ROS) only, five metabolites related to ROS and antioxidase in common, and 12 metabolites related to antioxidase only. (b) Serum
metabolites related to ROS and their metabolic pathway. (c) Serum metabolites related to both ROS and antioxidase and their metabolic pathways.
(d) Serum metabolites related to antioxidase and their metabolic pathways. The Y-axis is based on the p-value (from path enrichment analysis), and
the X-axis is based on the path impact value (from path topology analysis). When colour in the figure is darker and the bubble area is larger, this
indicates that the metabolites in the corresponding pathway are more varied
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TABLE 3 Correlation of reactive oxygen species (ROS) with metabolites

Metabolites Range Mean

Serum metabolites
L-Leucine 3.34-8.51 6.07
L-Isoleucine 1.77-8.13 4.20
Butanoic acid 0.18-0.42 0.29
L-Valine 4.31-11.89 8.22
L-Methionine 0.43-1.06 0.81
D-Lactic acid 90.44—-149.33 113.27
Acetic acid 0.15-0.37 0.26

Milk metabolites
Galactinol 5.05-24.9 13.96
Undecane 1.64-2.13 1.89
cis-Aconitate 3.95-10.3 6.47
Ethanol 3.63-4.28 3.89

WILEY 122

Abbreviation: SEM, standard error of mean

TABLE 4 Correlation of other oxidative stress-related indicators with milk yield and composition

CAT

r p-Value
Milk yield (kg/d) -0.15 0.51
Fat (kg/d) —0.49 0.02
Protein (kg/d) -0.17 0.44
Lactose (kg/d) —0.15 0.49

SEM r p-Value

0.33 -0.61 0.00

0.32 —-0.60 0.00

0.01 —-0.60 0.00

0.45 —-0.51 0.02

0.04 —-0.48 0.02

2.68 -0.48 0.02

0.01 -0.45 0.03

1.32 0.52 0.01

0.02 0.46 0.03

0.35 0.45 0.04

0.04 0.44 0.04
GPX SOD
r p-Value r p-Value
-0.16 0.47 -0.19 0.40
—0.64 0.00 -0.63 0.00
-0.17 0.46 -0.21 0.35
-0.12 0.58 -0.13 0.57

Abbreviations: CAT, catalase; GPX, glutathione peroxidase; r, correlation coefficient; SOD, superoxide dismutase.

pathways involved in antioxidase-related metabolites mainly included
aminoacyl-tRNA biosynthesis (p = 0.00, impact value = 0.22); alanine,
aspartate, and glutamate metabolism (p = 0.00, impact value = 0.22);
ubiquinone and other terpenoid-quinone biosynthesis (p = 0.03;
impact value = 0.05); glycine, serine, and threonine metabolism
(p = 0.03, impact value = 0.19); phenylalanine, tyrosine, and trypto-
phan biosynthesis (p = 0.03, impact value = 0.25); and D-glutamine
and D-glutamate metabolism (p = 0.04, impact value = 0.33). In
Figure 3b, the main metabolic pathways related to serum ROS, CAT,
GPX, and SOD include citrate cycle (p = 0.00; impact value = 0.06),
and glyoxylate and dicarboxylate metabolism (p = 0.07; impact
value = 0.15). KEGG database revealed that these metabolic pathways
are mainly related to the carbohydrate pathway and the amino acid
metabolism pathway (Table 6). Besides, metabolism of other amino
acids, metabolism of cofactors and vitamins, and translation (genetic
information processing) are also affected.

4 | DISCUSSION

Oxidative stress is thought to be an imbalance between the generation

and elimination of free radicals due to increased oxidants and/or insuf-

ficient antioxidant. The positive correlation between ROS and MDA
indicated that cows with high serum ROS content may suffer more
oxidative damage than cows with low ROS content. The levels of sev-
eral antioxidase found in these animals including CAT, GPX, and SOD
increased simultaneously with ROS. Moolchandani (2018) found that
increased SOD activity in early and middle lactation is a hallmark of
oxidative stress. In this experiment, the relatively higher serum CAT,
GPX, and SOD activity may be due to the physiological upgrade of
this enzyme, trying to neutralize/mitigate the challenge of ROS. In fact,
oxidative stress increases the susceptibility of cows to metabolic disor-
ders (Zahrazadeh et al., 2018, Zhao et al., 2019). This study found that
some serum and milk metabolites were significantly correlated with
these oxidative stress-related indicators. These metabolites are mainly
related to the metabolic pathways of amino acids and carbohydrates.

4.1 | Correlation of oxidative stress-related
indicators with serum metabolites

ROS is a by-product of the energy generated by the oxidative phospho-
rylation process, and its increase reflects an increase in animal demand

for energy. This study found that the metabolic pathway related to ROS
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TABLE 5 Correlation of other oxidative stress-related indicators and milk fat with metabolites
CAT GPX SOD Milk fat
r p-Value r p-Value r p-Value r p-Value
Serum metabolites
Alanine —-0.62 0.00 —-0.45 0.04 -0.42 0.05 0.21 0.36
L-Valine —0.69 0.00 —-0.59 0.00 -0.61 0.00 0.16 0.48
L-Leucine —-0.58 0.01 -0.57 0.01 -0.61 0.00 0.19 0.40
L-Isoleucine -0.61 0.00 -0.59 0.00 -0.57 0.01 0.39 0.07
L-Proline -0.56 0.01 -0.44 0.04 -041 0.06 0.06 0.81
Serine —-0.48 0.02 -0.34 0.12 -0.29 0.19 -0.11 0.64
L-Threonine -0.62 0.00 -0.42 0.05 -0.42 0.05 0.07 0.77
L-Methionine -0.72 0.00 -0.66 0.00 -0.62 0.00 0.33 0.13
L-Asparagine —-0.49 0.02 -0.51 0.02 —-0.55 0.01 0.24 0.28
Glutamine -0.50 0.02 -0.38 0.08 -0.45 0.04 0.14 0.53
L-Lysine —-0.48 0.03 -0.41 0.06 -0.45 0.04 0.01 0.96
L-Tyrosine -0.62 0.00 -0.35 0.11 -0.35 0.11 0.07 0.77
L-Tryptophan —0.63 0.00 -0.49 0.02 —0.53 0.01 0.08 0.72
Butanoic acid -0.39 0.07 —-0.51 0.02 —-0.48 0.02 0.35 0.12
Ethanedioic acid —-0.49 0.02 —-0.36 0.10 -0.27 0.22 0.14 0.54
D-Glucose —-0.48 0.03 -0.32 0.15 -0.37 0.09 0.16 0.48
Lactulose —-0.56 0.01 -0.35 0.11 -0.42 0.05 0.24 0.29
Milk metabolites
Galactinol 0.68 0.00 0.79 0.00 0.73 0.00 —0.68 0.00
cis-Aconitate 0.52 0.01 0.67 0.00 0.74 0.00 -0.3 0.18
Succinic acid 0.59 0.00 0.59 0.00 0.58 0.01 -0.41 0.06
Glycine -0.23 0.31 —-0.38 0.08 -0.37 0.09 0.01 0.96
Urea 0.19 0.40 0.48 0.03 0.49 0.02 —0.33 0.14
Pentanedioic acid 0.38 0.08 0.45 0.04 0.35 0.11 —-0.63 0.00
s-2-Methyl-1-butanol 0.28 0.21 0.37 0.09 0.32 0.15 —-0.39 0.08

Abbreviations: CAT, catalase; GPX, glutathione peroxidase; r, correlation coefficient; SOD, superoxide dismutase.

TABLE 6 Affected metabolic pathways based on Kyoto Encyclopedia of Genes and Genomes (KEGG) classification

Pathway name

Valine, leucine, and isoleucine biosynthesis (serum)?

Valine, leucine, and isoleucine degradation (serum)

Alanine, aspartate, and glutamate metabolism (serum)
Phenylalanine, tyrosine, and tryptophan biosynthesis (serum)
Glycine, serine, and threonine metabolism (serum)

Pyruvate metabolism (serum)

Butanoate metabolism (serum)

Galactose metabolism (milk)

Citrate cycle (TCA cycle) (milk)

Glyoxylate and dicarboxylate metabolism (milk)

D-Glutamine and D-glutamate metabolism (serum)
Ubiquinone and other terpenoid-quinone biosynthesis (serum)

Aminoacyl-tRNA biosynthesis (serum)

1Serum: changes in metabolic pathways using serum metabolites; milk: changes in metabolic pathways using milk metabolites.

Class

Amino acid metabolism

Carbohydrate metabolism

Metabolism of other amino acids

Metabolism of cofactors and vitamins

Translation
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alone is primarily pyruvate metabolism (D-lactic acid). Compared with
L-lactic acid, D-lactic acid is less studied. From the KEGG database,
it was found that pyruvate is a bridge substance between D-lactic
acid and tricarboxylic acid cycle. The conventional view is that D-lactic
acid is not well metabolized by mammals. But there are also opin-
ions that D-lactic acid can be metabolized in humans, rats, and cattle
(Julia et al., 2005; Harmon et al., 1984). The metabolism and excre-
tion of D-lactic acid in mammals are still not clear. Whether the sig-
nificant negative correlation between D-lactic acid and ROS is related
to energy generated in cow deserves further analysis. In butanoate
metabolism, butanoic acid is first converted to butyryl-CoA and then
enters the TCA cycle through crotonoyl-CoA. L-leucine, L-isoleucine,
and L-valine can provide energy to animals by the TCA cycle as well. In
addition, L-leucine, L-isoleucine, and L-valine were negatively related
to antioxidase. From the KEGG database, it was found that L-leucine,
L-isoleucine, and L-valine were involved in the synthesis of aminoacyl-
tRNA and may provide precursors for protein synthesis. The low lev-
els of L-leucine, L-isoleucine, and L-valine may be attributed to the syn-
thesis of antioxidase in dairy cows. van Dijk et al. (2016) found that a
leucine-rich whey diet intervention can improve muscle function and
quality in aging mice lacking antioxidases. Jiang et al. (2017) found that
dietary supplementation with leucine reduces MDA and ROS levels and
improves the synthesis of SOD, GPX, and CAT. As mentioned above,
aminoacyl-tRNA biosynthesis seemed to be an important metabolic
pathway for cow antioxidases synthesis. Therefore, antioxidase syn-
thesis is partially depended on these amino acids. L-Methionine was
also found negatively related to ROS and antioxidases in this study
which may attributed to its side chain that has a sulphur atom (with two
lone electron pairs) (Xu et al., 2017). It was reported that methionine
metabolism can alter oxidative stress resistance via the pentose phos-
phate pathway (Campbell et al., 2016). Moreover, increasing the sup-
ply of methionine and arginine was effective in attenuating the proin-
flammatory response in bovine mammary epithelial cells in vitro (Dai
et al., 2020). L-Tyrosine is a precursor of the synthetic ubiquinone-
n substance in the ubiquinone and other terpenoid-quinone biosyn-
thesis pathways. Ubiquinone (UQ), also known as coenzyme Q, is an
electron carrier in oxidative phosphorylation and is related to antiox-
idases (Grivennikova et al., 2017). Changes in the metabolism of amino
acids and carbohydrates may be due to adjustments made by animals in

response to antioxidase synthesis.

4.2 | Correlation of oxidative stress-related
indicators with milk metabolites

Succinic acid and cis-aconitate are important metabolic cycling com-
pounds in the TCA cycle. Their changes indicated that oxidative stress
could enhance the TCA cycle of breast cells. This study found that
glycine has a negative correlation with serum GPX and SOD, indicating
that oxidative stress has changed the metabolism of glycine in mam-
mary gland cells of dairy cows. KEGG revealed that glycine is involved

in the glyoxylate and dicarboxylate metabolism in which cis-aconitate

and glycine can be converted into each other. Glycine can provide not
only energy for the metabolism of mammary gland cells, but also a pre-
cursor for protein synthesis and some enzyme synthesis. Senthilku-
mar et al. (2004) found that antioxidase activities (GPX, SOD, and CAT)
in the liver and brain of glycine supplemented rats were significantly
increased. Wang et al. (2014) found that dietary glycine under condi-
tions of oxidative stress and glycine deficiency provides a biochemical
mechanism for improving gut health in pigs by increasing glutathione
(GSH) concentration. It was reported that glycine could protect dia-
betic -cells against damage caused by oxidative stress by increas-
ing glycine transporter-1-mediated synthesis of GSH and by reducing
glycine receptor-mediated ROS production (Chen et al., 2018). Accord-
ing to the above studies, glycine seemed to be an important amino acid

regulating oxidative stress in animal cells.

4.3 | Correlation of oxidative stress-related
indicators and metabolites with milk composition

The correlation between milk fat and ROS was weak, while antioxi-
dases were significantly negatively correlated with milk fat yield. Sev-
eral serum metabolites (butanoic acid, L-isoleucine, and L-methionine)
were found negatively correlated with antioxidase (CAT, SOD, and
GPX), but positively correlated with milk fat yield. Butanoic acid is a
well-known precursor of milk fat synthesis. For healthy ruminants, sup-
plementing isoleucine and methionine could increase milk (Robinson
et al., 1999) or lactose (Xu et al., 2019) production. There were few
reports on the effect of L-isoleucine and L-methionine supplementa-
tion on lactation performance of dairy cows under oxidative stress.
However, it was reported that unhealthy cows (such as with inflam-
mation or oxidative stress) need multiple nutrients to repair dam-
age and indirectly lose some of their lactation properties (Li et al.,
2021, Memon et al., 2019, Sordillo & Raphael, 2013, Zahrazadeh et al.,
2018).

5 | CONCLUSIONS

This study gave us a better understanding on oxidative stress that
ROS not only increased oxidative damage (MDA) in dairy cows, but
also altered some metabolites involved in amino acid and carbohy-
drate metabolism. Further studies are needed to provide more details
on the mechanisms of the oxidative stress damage in digestive func-
tion and mammary gland health. And the roles of L-isoleucine and L-
leucine in oxidative stress alleviation and their potential as biomark-
ers for the evaluation of oxidative stress status are undergoing now in

our lab.
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