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ABSTRACT

Negative energy balance in dairy cows in early 
lactation is related to alteration of metabolic status. 
However, the relationships among energy balance, 
metabolic profile in plasma, and metabolic profile in 
milk have not been reported. In this study our aims 
were: (1) to reveal the metabolic profiles of plasma and 
milk by integrating results from nuclear magnetic reso-
nance (NMR) with data from liquid chromatography 
triple quadrupole mass spectrometry (LC-MS); and (2) 
to investigate the relationship between energy balance 
and the metabolic profiles of plasma and milk. For this 
study 24 individual dairy cows (parity 2.5 ± 0.5; mean 
± standard deviation) were studied in lactation wk 2. 
Body weight (mean ± standard deviation; 627.4 ± 56.4 
kg) and milk yield (28.1 ± 6.7 kg/d; mean ± standard 
deviation) were monitored daily. Milk composition (fat, 
protein, and lactose) and net energy balance were cal-
culated. Plasma and milk samples were collected and 
analyzed using LC-MS and NMR. From all plasma 
metabolites measured, 27 were correlated with energy 
balance. These plasma metabolites were related to 
body reserve mobilization from body fat, muscle, and 
bone; increased blood flow; and gluconeogenesis. From 
all milk metabolites measured, 30 were correlated with 
energy balance. These milk metabolites were related to 
cell apoptosis and cell proliferation. Nine metabolites 
detected in both plasma and milk were correlated with 
each other and with energy balance. These metabolites 
were mainly related to hyperketonemia; β-oxidation 
of fatty acids; and one-carbon metabolism. The meta-
bolic profiles of plasma and milk provide an in-depth 
insight into the physiological pathways of dairy cows 

in negative energy balance in early lactation. In addi-
tion to the classical indicators for energy balance (e.g., 
β-hydroxybutyrate, acetone, and glucose), the current 
study presents some new metabolites (e.g., glycine in 
plasma and milk; kynurenine, panthothenate, or argi-
nine in plasma) in lactating dairy cows that are related 
to energy balance and may be of interest as new indica-
tors for energy balance.
Key words: metabolomics, mammary gland, liquid 
chromatography–mass spectrometry, nuclear magnetic 
resonance

INTRODUCTION

In dairy cows in early lactation, elevated energy 
requirements for milk production combined with a rela-
tively low energy intake can result in a negative energy 
balance (NEB; Bell, 1995; de Vries and Veerkamp, 
2000). High-producing dairy cows or dairy cows with 
an extreme peripartum reduction in energy intake (e.g., 
overconditioned cows) are at particularly high risk for 
severe NEB (Grummer et al., 2004). Severe NEB is 
associated with a higher risk of metabolic disorders 
(Grummer, 1993) and compromised health and fertil-
ity (Butler and Smith, 1989; Collard et al., 2000). To 
compensate for the energy deficit in early lactation, 
dairy cows mobilize body reserves (Collard et al., 2000) 
such as body fat and muscle protein (van der Drift et 
al., 2012). Traditionally, the concentration of metabo-
lites in plasma and in milk have been used to diagnose 
NEB and associated metabolic disorders. For example, 
altered free fatty acid profiles in plasma are related to 
NEB (Gross et al., 2011b), and BHB in plasma or in 
milk is a biomarker for subclinical ketosis in dairy cows 
(Whitaker et al., 1993; Geishauser et al., 1998).

Over the past decade, the combination of metabo-
lomics and advanced statistical methods have made it 
possible to identify and quantify low-abundance mol-
ecules from biofluids. Using integrated analysis, com-
plex correlation matrices can be obtained by combining 
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results from liquid chromatography triple quadrupole 
mass spectrometry (LC-MS) and nuclear magnetic 
resonance (NMR) measurements with complemen-
tary data from plasma, milk, or urine (Crockford et 
al., 2008; Maher et al., 2013). In dairy cows, Klein et 
al. (2013) reported the detection of amino acids and 
carboxylic acids in plasma and milk using GC-MS and 
NMR and discussed the metabolites related to ketosis. 
Maher et al. (2013) reported that the majority of milk 
metabolites were not correlated with their concentra-
tions in plasma. Biomarkers for heat stress in cows have 
been identified in blood plasma samples from LC-MS 
and NMR (Tian et al., 2016). To our knowledge, the 
correlation between the metabolic profiles of plasma 
and milk samples has been studied only to a limited ex-
tent (Ilves et al., 2012; Klein et al., 2013; Maher et al., 
2013). Milk metabolic profiles are potentially of interest 
as indicators for (systemic) metabolic profiles or energy 
balance in lactating dairy cows.

In the current study, we hypothesized that the meta-
bolic profiles of cows based on plasma and milk might 
differ in their relation to energy balance. The aims of 
this study were to reveal the metabolic profiles of cows 
based on plasma and milk samples by combining the 
results of LC-MS and NMR, and to investigate the 
relationship between energy balance and the metabolic 
profiles of cows based on plasma and milk samples.

MATERIALS AND METHODS

Animals and Sample Collection

The experimental protocol was approved by the 
Institutional Animal Care and Use Committee of 
Wageningen University, and the study was conducted 
at the dairy campus research farm (WUR Livestock 
Research, Lelystad, the Netherlands). The original 
experiment was designed to study the consequences 
of lowering dietary energy levels for cows with a 0-d 
dry period length (DPL) compared to cows with a 0-d 
DPL and standard energy levels or cows with a 30-d 
DPL and standard energy levels, as described previ-
ously (van Hoeij et al., 2017). In the current study, we 
included only cows with standard dietary energy levels 
(6.4 MJ of net energy/kg of DM and 1 kg/d of stan-
dard concentrate), 0- or 30-d DPL, and parity 2 or 3. 
In addition, all samples were collected from cows that 
originated from the same batch. Earlier, we reported 
the relationship between milk metabolites identified 
through LC-MS and the energy balance of 31 dairy 
cows in lactation wk 2 and 7 (Xu et al., 2018); we 
used the LC-MS data obtained from milk samples of 
24 cows in lactation wk 2 again in the current study. 

Prepartum, cows with a 0-d DPL received a lactation 
ration based on grass silage and corn silage (6.4 MJ of 
NEL/kg of DM). Cows with a 30-d DPL received a dry 
cow ration based on grass silage, corn silage, and wheat 
straw (5.4 MJ of NEL/kg of DM). Postpartum, all cows 
received the same basal lactation ration as provided to 
lactating cows prepartum, plus additional concentrates. 
Postpartum, concentrate supply increased stepwise by 
0.3 kg/d, up to 8.5 kg/d at 28 DIM. Body weight, milk 
yield, and feed intake were recorded daily. During lacta-
tion, cows were milked twice daily at ~0600 and ~1800 
h.

Milk samples for analysis of fat, protein, and lactose 
percentage (ISO 9622, Qlip, Zutphen, the Netherlands) 
were collected 4 times per week (Tuesday afternoon, 
Wednesday morning, Wednesday afternoon, and Thurs-
day morning). Milk samples were analyzed as a pooled 
sample per cow per week and used to calculate average 
fat, protein, and lactose yield per week. Plasma samples 
for metabolomics studies were collected on Thursday 
after the morning milking (average 10.4 ± 1.8 DIM), 
between 3 and 1 h before the morning feeding. Milk 
samples for metabolomics studies were collected on 
Friday morning after the blood sampling. All samples 
were collected and stored at −20°C until analysis. Milk 
production traits were averaged per week.

Energy Intake and Energy Balance

Roughage and concentrate were supplied separately, 
and daily intakes were recorded per individual cow us-
ing roughage intake control troughs (Insentec, Mark-
nesse, the Netherlands). Energy balance was calculated 
per week according to the Dutch net energy evaluation 
(VEM) system as the difference between energy intake 
and the estimated net energy requirements for main-
tenance and milk yield (Van Es, 1975; CVB, 2005). 
According to the VEM system, the daily requirement 
for maintenance is 42.4 VEM/kg0.75 of BW; the require-
ment for milk yield is 442 VEM/kg of fat- and protein-
corrected milk. Energy intake and energy balance are 
expressed in kJ/kg0.75 per day, where kg0.75 indicates 
metabolic body weight (Van Es, 1975).

Sample Preparation

Sample preparation in LC-MS and NMR was per-
formed as described previously (Lu et al., 2013). Blood 
plasma and milk samples were first thawed to room 
temperature. Briefly, the fat layer of the milk was re-
moved with the addition of deuterated chloroform and 
subsequent centrifugation (13,523 × g, 15 min; Centri-
fuge 5424; Eppendorf, Hamburg, Germany) to isolate 
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the water-soluble fraction. Then, 175 μL of milk serum 
or blood plasma was mixed with 175 μL of phosphate 
buffer (pH 7.0), and these samples were filtered to re-
move protein using a Pall 0.5 mL 10-kDa cutoff spin 
filter (Millipore Corp., Billerica, MA) with centrifuga-
tion at 13,523 × g for 15 min.

Measurement in LC-MS and Data Preprocessing

Quantification of metabolites has been described 
previously (Xu et al., 2018). Measurements were 
performed using a triple quadrupole mass spectrom-
eter (LCMS-8040; Shimadzu, Kyoto, Japan) using the 
PFPP (pentafluorophenylpropyl) method as described 
previously (Matsubara et al., 2014; Suzuki et al., 2016). 
The sample injection volume used was 1 μL, and a 
single analysis took 25 min. From LC-MS spectra, 
metabolites were regarded as reliably identified when 
more than 60% of observations in all samples showed a 
reliable value for a certain metabolite.

Measurement in NMR and Data Preprocessing

Prepared samples were measured using an Avance 
III NMR spectrometer (Bruker, Billerica, MA) with a 
600-MHz/54-mm UltraShielded Plus magnet equipped 
with a CryoPlatform cryogenic cooling system, a BCU-
05 cooling unit, and an ATM automatic tuning and 
matching unit. Measurements were conducated at 300 
K. Then, 1-dimensional nuclear Overhauser enhance-
ment spectroscopy (NOESY) spectra were obtained. 
Baseline corrections, alignment, and calibration to 
internal maleic acid was done for all spectra. Assign-
ment of metabolite resonances was performed using 
published literature, the Human Metabolome Database 
version 2.0 online library (http:​/​/​hmdb​.ca/​), and inter-
nal standards.

Integrated Analysis and Software

Previously, we detected no effect of DPL on milk 
metabolites (Xu et al., 2018), so we did not include 
DPL in the analysis of relationships between energy 
balance and metabolic profile in plasma or milk. In 
addition, only healthy cows (i.e., without diagnosis of 
clinical disease) were included in the analysis. Integrat-
ed analysis of the LC-MS and NMR data was applied 
as described previously (Crockford et al., 2006; Maher 
et al., 2013). Briefly, Pearson correlation was applied 
to any 2 columns in a matrix. Pearson correlation coef-
ficients (r) and corresponding P-values were obtained 
with the function cor.test in R (version 3.4.3; https:​/​/​
www​.r​-project​.org/​).

RESULTS

Milk Production and Energy Balance

In lactation wk 2, the mean (SD in parentheses) BW 
of the 24 dairy cows was 627.4 (56.4) kg; milk yield was 
28.1 (6.7) kg/d; fat- and protein-corrected milk produc-
tion was 32.3 (7.3) kg/d; milk fat yield was 1.4 (0.4) 
kg/d; milk protein yield was 1.1 (0.2) kg/d; and milk 
lactose yield was 1.3 (0.3) kg/d. The energy balance 
of dairy cows was −180.0 (219.1) kJ/kg0.75∙d, which 
was negatively correlated with milk yield and milk 
production traits: r-values ranged from −0.78 to −0.91 
(Supplemental Figure S1; https:​/​/​doi​.org/​10​.3168/​jds​
.2019​-17777).

Measurement by LC-MS and NMR  
and Integrated Analysis

We measured plasma and milk samples of 24 dairy 
cows in lactation wk 2 using both LC-MS and NMR. In 
LC-MS spectra, 97 metabolites were initially targeted 
for both plasma and milk samples. From the LC-MS 
spectra of plasma and milk, respectively, 43 metabolites 
(Supplemental Table S1; https:​/​/​doi​.org/​10​.3168/​jds​
.2019​-17777) and 41 metabolites (Supplemental Table 
S2; https:​/​/​doi​.org/​10​.3168/​jds​.2019​-17777) could be 
reliably detected. In the NMR spectra (resolution 0.01 
ppm), bins that were correlated with energy balance 
were selected and the corresponding NMR resonances 
(peaks) were specifically integrated by carefully select-
ing peaks that did not show overlap with neighboring 
peaks in the NMR spectra. A total of 15 metabolites in 
plasma and 10 metabolites in milk were detected using 
both NMR and LC-MS. If one metabolite was detected 
in both measurements, data obtained from NMR were 
used in further analysis. Through the combination of 
LC-MS and NMR (Figure 1), a total of 56 and 65 me-
tabolites were identified from plasma and milk samples, 
respectively. Of these, 38 were detected in both blood 
plasma and milk. In the NMR spectra of plasma, iso-
butyrate, 1,2-propanediol, and α-ketoisovalerate were 
tentatively assigned; in milk, β-alanine was tentatively 
assigned. Detailed information on these metabolites in 
blood plasma and milk is presented in Supplemental 
Tables S1 and S2.

Relation of Energy Balance with Metabolic Profiles 
in Plasma and in Milk

Energy balance was correlated with several metabo-
lites in milk, in plasma, or in both (P < 0.05). Based on 
their correlation with energy balance, metabolites were 
assigned to 1 of 3 groups: (1) energy balance correlated 
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with metabolites both in plasma and in milk (Figure 
2A); (2) energy balance correlated with metabolites in 
plasma only (Figures 2B and D); or (3) energy balance 
correlated with metabolites in milk only (Figures 2C 
and D). In total, 9 metabolites (acetone, acetylcarni-
tine, aspartate, BHB, carnitine, creatinine, glycine, 
hydroxyproline, and thymidine) were correlated with 
energy balance in both plasma and milk, with r-values 
ranging from −0.80 to 0.57 for plasma and from −0.79 
to 0.59 for milk (Figure 2A). These 9 metabolites had a 
correlation between their concentrations in plasma and 
in milk, with r-values ranging from 0.49 to 0.92. Of the 
53 detected and identified metabolites in plasma, 24 
were correlated with energy balance in dairy cows (Fig-
ures 2A, B, and D), with r-values ranging from −0.80 

to 0.84. Of the 64 detected and identified metabolites 
in milk, 30 were correlated with energy balance in dairy 
cows (Figures 2A, C, and D), with r-values ranging 
from −0.79 to 0.71. In total, 10 and 12 metabolites 
correlated with energy balance were uniquely detected 
from plasma and milk samples, respectively (Figure 
2D).

DISCUSSION

Metabolites in Plasma and in Milk Related  
to Energy Balance

Of all detected amino acids and their derivatives, gly-
cine showed the most striking correlation with energy 

Xu et al.: ENERGY BALANCE AND METABOLIC PROFILE

Figure 1. Metabolites identified from nuclear magnetic resonance spectra in (A) plasma and (B) milk of dairy cows in early lactation. 
3-methyl-KIV = 3-methyl-2-oxovaleric acid; CMP = cytidine monophosphate; Gal-1-P = galactose-1-phosphate; Glu-1-P = glucose-1-phos-
phate; GPC = glycerophosphocholine; Nac-Gal = N-acetylgalactose; Nac-Glu = N-acetyl-glucosamine; Nac-NA = N-acetyl-neuraminic acid; PC 
= phosphocholine; P-creatine = phosphocreatine; TMAO = trimethylamine N-oxide; UDP = uridine diphosphate.
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Figure 2. Pearson correlations for energy balance with metabolites in lactation wk 2. (A) Metabolites in both plasma and milk that have a 
correlation with energy balance. (B) Metabolites in plasma, but not in milk, that are correlated with energy balance. (C) Metabolites in milk, 
but not in plasma, that are correlated with energy balance. (D) Unique metabolites in plasma or in milk that are correlated with energy bal-
ance. Cyan bars represent positive correlations; red bars represent negative correlations. Metabolites detected by nuclear magnetic resonance 
are marked by an asterisk. Values in parentheses are Pearson correlations. Values in middle column are the r-values of metabolites between 
their concentrations in plasma and in milk. 3-methyl-KIV = 3-methyl-2-oxovaleric acid; CMP = cytidine monophosphate; FMN = flavin mono-
nucleotide; Gal-1-P = galactose-1-phosphate; Glu-1-P = glucose-1-phosphate; Nac-Gal = N-acetylgalactose; Nac-Glu = N-acetylglucosamine; 
P-creatine = phosphocreatine; UDP = uridine diphosphate.
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balance in both plasma (r = −0.80) and milk (r = 
−0.79). This was consistent with previous studies, in 
which dairy cows had increased glycine concentration 
in plasma (Doepel et al., 2002; Luo et al., 2019) and in 
milk (Klein et al., 2010) around calving. In dairy cows 
in NEB, increased glycine concentration in plasma was 
suggested to be related to the breakdown of muscle pro-
tein (Doepel et al., 2002), or to the de novo synthesis of 
glycine from threonine and serine (Amelio et al., 2014). 
In our study, glycine in plasma was positively corre-
lated with its concentration in milk (r = 0.68), which 
could be related to transfer mechanisms between blood 
and the mammary gland in dairy cows (Raggio et al., 
2006). Glycine in both plasma and milk could be used 
as an indicator for energy balance and metabolic status 
in dairy cows (Shibano et al., 2005; Xu et al., 2018). 
As will be discussed in more detail below, we propose 
that increased concentrations of glycine in both plasma 
and milk could be due to an increase in one-carbon 
metabolic processes, in which choline is converted into 
glycine. Choline can provide methyl groups for cell 
proliferation in the mammary gland (Wu et al., 2013).

In earlier studies, the ratio of glycine to alanine (Gly:​
Ala) in plasma was used as a biomarker for malnutrition 
in dairy cows in early lactation (Shibano et al., 2005). 
In our study, energy balance was negatively correlated 
with Gly:​Ala in plasma (r = −0.72) and in milk (r = 
−0.82); the correlation between Gly:​Ala in plasma and 
Gly:​Ala in milk was 0.85. However, alanine itself was 
not correlated with energy balance, probably because 
of the dual nature of alanine in the glucose–alanine 
cycle in muscle and hepatocytes (Felig, 1973). Based 
on our observations, we conclude that the previously 
proposed Gly:​Ala depends more on the fluctuation of 
glycine levels than on changes in the concentration of 
alanine, and that monitoring glycine levels is more in-
dicative of changes in energy balance than monitoring 
Gly:​Ala.

Energy balance was negatively correlated with 
thymidine in both plasma (r = −0.47) and milk (r = 
−0.51). Thymidine plays an important role in DNA 
synthesis (Shields et al., 1990). Thymidine in the mam-
mary gland can be speculated to originate from plasma, 
which is supported by the positive correlation (r = 
0.72) between thymidine in plasma and in milk. Energy 
balance was negatively correlated with hydroxyproline 
in both plasma (r = −0.45) and milk (r = −0.59). 
In early lactation, dairy cows have an increase in cal-
cium and magnesium requirements, and they mobilize 
minerals from bone to maintain the mineral balance in 
plasma (Goff, 2008). Released from bone degradation, 
hydroxyproline in plasma could indicate the balance 
between bone formation and bone degradation (Price 
et al., 1980). Hydroxyproline and proline are the major 

amino acids of collagen, which is the main structural 
protein in connective tissues and in bone (Marshall and 
Bangert, 2008). Both hydroxyproline and proline were 
present in high amounts in the milk of cows in NEB (r 
= −0.61). The high concentration of hydroxyproline 
and proline in milk could indicate that the compounds 
could be used to form collagen proteins in connective 
tissues for cell renewal in the mammary gland, and pos-
sibly also in the uterus, rumen, and muscle (Wu et al., 
2011). The epithelial cells of the mammary gland are 
permeable to plasma hydroxyproline, supported by the 
strong positive correlation (r = 0.74) between hydroxy-
proline in plasma and in milk.

Energy balance was negatively correlated with ac-
etone and BHB in both plasma and milk. As well, the 
correlation between acetone in plasma and in milk was 
0.92, and between BHB in plasma and in milk was 
0.80. In early lactation, body fat mobilization and high 
requirements for glucose for lactose synthesis coincide 
with high plasma concentrations of ketone bodies (Kes-
sel et al., 2008). Plasma ketone bodies (acetone and 
BHB) are well known to be related to the incomplete 
β-oxidation of mobilized body fat (Cooke et al., 2007; 
Zhou et al., 2016), resulting in ketosis. Acetone and 
BHB, either in plasma or in milk, have been used to 
diagnose ketosis or subclinical ketosis in cows in early 
lactation (Sato, 2009; LeBlanc, 2010), in line with our 
finding that energy balance was correlated with ketone 
bodies in both plasma and milk. Acetone and BHB 
could be used not only for energy supply (Peterson 
et al., 2012), but also for the synthesis of short- and 
medium-chain fatty acids in the mammary gland (Bau-
man and Griinari, 2003). The results of the current 
study could indicate a direct relationship between ke-
tone bodies in plasma and in milk, supported by the 
arteriovenous difference of BHB and acetoacetate plus 
acetate in the mammary gland (Schwalm et al., 1972). 
This confirms the value of milk ketone body levels as 
an indicator of incomplete oxidation of fatty acids and 
ketosis at systemic level. The correlation of carnitine in 
plasma with its concentration in milk was 0.49, and the 
correlation of acetylcarnitine in plasma with its con-
centration in milk was 0.65, which is suggested to be 
related to the role of carnitine and acetylcarnitine in fat 
metabolism (Nelson et al., 2008). Carnitine and acetyl-
carnitine play important roles in transporting activated 
long-chain fatty acids from the cytosol into the peroxi-
some and mitochondria (Wanders et al., 2016). These 
processes occur in both the liver and mammary gland 
cells in lactating cows (Carlson et al., 2007). Moreover, 
in dairy cows, acylcarnitines play a role in peripartum 
adaptations in lipid metabolism and the occurrence of 
metabolic disorders such as excessive lipolysis (Humer 
et al., 2016) or reduced insulin sensitivity (Rico et al., 
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2018). The correlations of carnitine, acetylcarnitine, 
BHB, and acetone in plasma with their concentrations 
in milk, and their positive correlations with energy bal-
ance, indicate the oxidation of fatty acids in the liver 
and the use of fatty acids as an energy source and for 
milk fat synthesis in the mammary glands of dairy cows 
in NEB.

Energy balance was negatively correlated with citrate 
in milk (r = −0.74). Citrate not only plays a role in the 
tricarboxylic acid cycle, but also forms one of the main 
products in buffer systems in milk (Linzell et al., 1976). 
In our previous study, milk citrate was an indicator 
of energy balance in dairy cows (Xu et al., 2018). In 
the mammary gland, epithelial cells are impermeable 
to citrate (Linzell et al., 1976), and the concentration 
of citrate in milk could reflect its role in fat synthesis in 
the mammary gland itself.

Metabolites in Plasma Related to Energy Balance

In the current study, several metabolites—arginine, 
pantothenate, allantoin, glucose, and epinephrine—
were related to energy balance in plasma, but they were 
not related to energy balance in milk. For instance, 
energy balance was positively correlated with arginine 
in plasma (r = 0.59), but not in milk (P > 0.05). In the 
urea cycle (Figure 3), arginine metabolism is related not 
only to nitrogen (urea) metabolism, but also to nitric 
oxide production. Nitric oxide is a major vasodilator 
factor (Kim and Wu, 2009). The low level of arginine in 
dairy cows in NEB could indicate that nitric oxide in 
plasma increases with a concomitant increase in blood 
flow used for a greater supply of nutrients to support 
milk production in the mammary gland. The increased 
blood flow also facilitates the absorption of nutrients 
from the small intestine (Stentoft et al., 2015). In the 
current study, energy balance was negatively correlated 
with plasma pantothenate (r = −0.62) and plasma al-
lantoin (r = −0.70). Both pantothenate and allantoin 
are nutrients for dairy cows that are derived from the 
feed source or produced by ruminal microbes (Giesecke 
et al., 1994; National Research Council, 2001).

Energy balance was positively correlated with plas-
ma glucose (r = 0.80), which was in line with earlier 
studies that plasma glucose decreases after parturition 
(Hammon et al., 2009; Gross et al., 2011a). Dairy cows 
use glucose not only as an energy source (Bauman and 
Currie, 1980), but also as a precursor for synthesizing 
lactose in milk (Kleiber et al., 1955) and as a methyl 
donor via one-carbon metabolism for DNA and RNA 
synthesis during cell renewal (Tedeschi et al., 2013; 
Amelio et al., 2014). Plasma glucose concentration is 
regulated by insulin, which was low for dairy cows in 
early lactation, as we reported previously (van Hoeij et 

al., 2017). For the 24 cows in the current study, plasma 
insulin was 11.1 ± 6.7 U/mL in wk 2 of lactation. Low 
insulin concentrations decrease the uptake of glucose by 
peripheral tissue and facilitate uptake of glucose by the 
mammary gland, which has insulin-independent glucose 
transporters (Laarveld et al., 1981). In the mammary 
gland, one molecule of glucose is converted to galactose, 
which is combined with another molecule of glucose to 
synthesize lactose (Kuhn et al., 1980). In our study, 
low glucose and insulin concentrations in plasma during 
NEB could mirror the high priority of mammary gland 
for glucose (Bauman, 2000; Drackley et al., 2001). 
A shortage of glucose could be compensated for by 
gluconeogenesis. For example, branched-chain amino 
acids (isoleucine, leucine, and valine) can be used for 
gluconeogenesis in liver (Li et al., 2015). In the current 
study, however, none of branched-chain amino acids in 
plasma were correlated with energy balance (P < 0.05).

Body fat metabolism accounts for most of the energy 
lost or gained in dairy cows (Komaragiri et al., 1998), 
but muscle protein is also mobilized (Komaragiri et al., 
1998; Corbin and Zeisel, 2012). In plasma, energy bal-
ance was correlated negatively with plasma creatine (r 
= −0.56) and plasma creatinine (r = −0.51), indicating 
that energy balance is associated with the mobilization 
of muscle protein in dairy cows in NEB. Our results 
were in line with those of a previous study, indicating 
that mobilized muscle protein is related to higher con-
centrations of plasma creatine and creatinine in cows 
with low energy balance (Castillo et al., 2006).

Epinephrine in plasma is one of the hormones corre-
lated with energy balance (r = −0.43), which is consis-
tent with the observation that infusion of epinephrine 
could increase free fatty acids and glucose in plasma 
(Brockman and Laarveld, 1986; Fröhli and Blum, 
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Figure 3. Nitric oxide production from the urea cycle. Arg-S = 
argininosuccinate; CPS I = carbamoyl phosphate synthetase 1.
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1988). Plasma glucose levels are low in dairy cows in 
NEB (Brockman and Laarveld, 1986). In addition to its 
role in body fat mobilization in early lactation (Herdt, 
2000), epinephrine is known to stimulate gluconeo-
genesis in the liver, helping to compensate for the low 
glucose levels to some extent (Whitton et al., 1978). In 
mammals, epinephrine is synthesized via tyrosine in the 
adrenal gland (Udenfriend and Wyngaarden, 1956). In 
the current study, tyrosine was detected in plasma, and 
had a positive but relatively weak correlation (r = 0.23) 
with energy balance. Further studies are needed to 
unravel the relationships among tyrosine, epinephrine, 
and energy balance in dairy cows in early lactation.

Metabolites in Milk Related to Energy Balance

Milk metabolites can originate from several sources, 
including being transferred from blood; leaked from 
damaged somatic cells and bacteria present in milk; or 
secreted from mammary epithelial cells (Davis et al., 
2004; Sundekilde et al., 2013). The correlation between 
energy balance and metabolites in milk rather than in 
plasma could indicate metabolism in the mammary 
gland of dairy cows in lactation wk 2.

Energy balance was negatively correlated with galac-
tose-1-phosphate (r = −0.57) and glucose-1-phosphate 
(r = −0.54) in milk. Both galactose-1-phosphate and 
glucose-1-phosphate are 2 intracellular intermediates in 
lactose synthesis (Linzell and Peaker, 1971). It has been 
suggested that increased levels of galactose-1-phosphate 
and glucose-1-phosphate in dairy cows in NEB result 
from the leakage of cellular content due to cell apopto-
sis in the mammary gland in early lactation (Lu et al., 
2013). Cell apoptosis happens in coordination with cell 
proliferation, which is indicated by the 65% increase 
in total DNA used for meiosis around 10 d pre- and 
postpartum (Akers, 2016). The increased nucleotide 
metabolism could also explain the positive correlation 
between energy balance and milk cytidine monophos-
phate (r = −0.66) and thymidine (r = −0.51). The 
positive correlation between thymidine in plasma and 
its concentration in milk (r = 0.72) indicates that the 
source of thymidine in the mammary gland is plasma. 
In addition to the synthesis of nucleotides, the correla-
tion of energy balance with milk ethanolamine (r = 
0.52) and milk glycerophosphocholine (r = 0.40; P = 
0.05) could be related to the process of cell membrane 
synthesis (Kennedy and Weiss, 1956). In the context of 
cell membrane synthesis, the correlation of energy bal-
ance with acetyl-derivatives, including N-acetylgalac-
tosamine (r = 0.54), N-acetylglucosamine (r = 0.69), 
and UDP-N-acetylgalactosamine (r = −0.66), could be 
related to their roles in the glycosylation pathways of 
proteins.

In an earlier study (Klein et al., 2012), a ratio of 
glycerophosphocholine to phosphocholine in milk of less 
than 2.5 was related to an increased risk of ketosis. 
In our study, energy balance was positively correlated 
with the ratio of glycerophosphocholine to phosphocho-
line (r = 0.49; P = 0.02) and choline in milk (r = 0.71). 
Choline acts as a methyl donor for biological processes 
involving the folate cycle, redox balance status, and cell 
renewal (Friesen et al., 2007), and choline is regarded as 
a limiting nutrient for transition dairy cows (Grummer, 
2012). The supplementation of rumen-protected choline 
can increase milk production (Pinotti et al., 2003; Zahra 
et al., 2006), which is possibly due to the facilitating ef-
fect of choline in exporting fat into the plasma from the 
liver in cows (Piepenbrink and Overton, 2003; Cooke et 
al., 2007). Based on this hypothesis, dairy cows supple-
mented with rumen-protected choline should have low 
plasma BHB and free fatty acids. In our study, choline 
in plasma was not correlated with plasma BHB or ac-
etone (P > 0.05), a finding that was supported by stud-
ies showing that supplemented rumen-protected choline 
is not correlated with a decreased plasma BHB and free 
fatty acids in dairy cows (Guretzky et al., 2006; Zahra 
et al., 2006). We speculate that the majority of choline 
is consumed in the mammary gland to facilitate cell 
proliferation in early lactation.

Integrated Analysis with a Combination  
of NMR and LC-MS

In our studies, a total of 15 metabolites in plasma and 
10 metabolites in milk were detected using both NMR 
and LC-MS. Some of these metabolites had correla-
tions >0.85 between NMR and LC-MS measurements 
in plasma [alanine (r = 0.95), choline (r = 0.87), cre-
atine (r = 0.87), creatinine (r = 0.85), glutamine (r = 
0.85), glycine (r = 0.96), lactate (r = 0.95), and valine 
(r = 0.95)] and in milk [(acetyl-carnitine (r = 0.97), 
choline (r = 0.98), cytidine monophosphate (r = 0.99), 
and uridine (r = 0.97)]. The high correlations between 
NMR and LC-MS for the intensity of these metabolites 
indicated that both NMR and LC-MS measurements 
were performed with the desired quality, and that the 
data sets were reliably interpreted.

To our knowledge, our study is the first to report 
metabolic profiles in plasma and in milk, and their cor-
relation with estimated energy balance in dairy cows 
in early lactation. It is known that cows with the same 
estimated energy balance and same lactation stage can 
differ in metabolic status (Kessel et al., 2008). This 
inconsistency between energy balance and metabolic 
status could be due to inaccuracy or assumptions made 
to estimate energy balance, which could be relevant for 
extremely low NEB values (Van Knegsel et al., 2012); 
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or individual variations in physiological adaptation to 
the start of lactation and NEB (Kessel et al., 2008). In 
the case of the latter, a metabolomics profile in early 
lactation could be more informative about the physi-
ological status of the cow and subsequent adjustment 
of management strategies than information on energy 
balance alone.

CONCLUSIONS

In addition to the classical indicators for energy 
balance (e.g., BHB, acetone, and glucose), the current 
study presents some new metabolites (e.g. glycine in 
plasma and milk or kynurenine, panthothenate, or 
arginine in plasma) in lactating dairy cows that are 
related to energy balance and may be of interest as new 
indicators of energy balance. Further validation studies, 
as well as the development of technical applications, are 
essential to facilitate their practical use.
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