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ABSTRACT

The transition from late gestation to early lactation 
is associated with extensive changes in metabolic, en-
docrine, and immune functions in dairy cows. Skeletal 
muscle plays an important role in maintaining the ho-
meorhetic adaptation to the metabolic needs of lacta-
tion. The objective of this study was to characterize 
the skeletal muscle metabolome in the context of the 
metabolic changes that occur during the transition 
period in dairy cows with high (HBCS) versus normal 
body condition (NBCS). Fifteen weeks antepartum, 
38 pregnant multiparous Holstein cows were assigned 
to 1 of 2 groups, which were fed differently to reach 
the targeted BCS and back fat thickness (BFT) un-
til dry-off at −49 d before calving (HBCS: >3.75 and 
>1.4 cm; NBCS: <3.5 and <1.2 cm). During the dry 
period and the subsequent lactation, both groups were 
fed identical diets. The differences in both BCS and 
BFT were maintained throughout the study. The me-
tabolome was characterized in skeletal muscle samples 
(semitendinosus muscle) collected on d −49, 3, 21, and 
84 relative to calving using a targeted metabolomics 
approach (AbsoluteIDQ p180 kit; Biocrates Life Sci-
ences AG, Innsbruck, Austria), which allowed for the 
quantification of up to 188 metabolites from 6 different 
compound classes (acylcarnitines, amino acids, bio-
genic amines, glycerophospholipids, sphingolipids, and 
hexoses). On d −49, the concentrations of citrulline 
and hydroxytetradecadienyl-l-carnitine in muscle were 

higher in HBCS cows than in NBCS cows, but those of 
carnosine were lower. Over-conditioning did not affect 
the muscle concentrations of any of the metabolites on 
d 3. On d 21, the concentrations of phenylethylamine 
and linoleylcarnitine in muscle were lower in HBCS 
cows than in NBCS cows, and the opposite was true for 
lysophosphatidylcholine acyl C20:4. On d 84, the sig-
nificantly changed metabolites were mainly long-chain 
(>C32) acyl-alkyl phosphatidylcholine and di-acyl 
phosphatidylcholine, along with 3 long-chain (>C16) 
sphingomyelin that were all lower in HBCS cows than 
in NBCS cows. These data contribute to a better under-
standing of the metabolic adaptation in skeletal muscle 
of dairy cows during the transition period, although 
the physiological significance and underlying molecular 
mechanisms responsible for the regulation of citrulline, 
hydroxytetradecadienyl-l-carnitine, carnosine, and 
phenylethylamine associated with over-conditioning 
are still elusive and warrant further investigation. The 
changes observed in muscle lysophosphatidylcholine 
and phosphatidylcholine concentrations may point to 
an alteration in phosphatidylcholine metabolism, prob-
ably resulting in an increase in membrane stiffness, 
which may lead to abnormalities in insulin signaling in 
the muscle of over-conditioned cows.
Key words: muscle, targeted metabolomics, body 
condition score (BCS), transition cow

INTRODUCTION

In the dairy cow, late gestation and early lactation 
are associated with comprehensive physiological and 
metabolic changes (Drackley, 1999). Voluntary feed 
intake begins to decrease during the last weeks of 
pregnancy until parturition, and increases more slowly 
than milk yield during the postpartum period (Hayirli 
et al., 2002; Kuhla et al., 2011). As a consequence, 
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high-yielding dairy cows experience negative nutrient 
balance, which may be associated with metabolic disor-
ders, compromised immune and reproductive function, 
and reduced lactation performance (Drackley, 1999). 
To accomplish increasing milk yields in spite of insuffi-
cient feed intake, body reserves—including fat, protein, 
and glycogen—need to be mobilized (Ingvartsen and 
Andersen, 2000). The bulk of the mobilized protein ap-
pears to be derived from peripheral tissues, especially 
skeletal muscle and, to a lesser extent, skin (Meijer et 
al., 1995), mediated by the suppression of tissue protein 
synthesis and probably increased proteolysis (Bell et 
al., 2000; Chibisa et al., 2008). Thus, skeletal muscle, 
the largest internal organ in mammals, plays a major 
role in maintaining metabolic homeostasis and adapta-
tion to the physiological needs of pregnancy and lacta-
tion. However, unlike in liver and adipose tissue, the 
metabolic and regulatory role of skeletal muscle in the 
adaptation of dairy cows to early lactation has not been 
studied extensively.

Body condition score at calving is among the most 
important factors affecting early lactation DMI (Garn-
sworthy and Jones, 1987; Roche et al., 2008), post-
partum BCS loss (Roche et al., 2007a; Gärtner et al., 
2019), lactation performance (Berry et al., 2007; Roche 
et al., 2007b), reproduction (Buckley et al., 2003), 
and periparturient metabolic disorders (Gillund et al., 
2001; Roche and Berry, 2006) in dairy cows. Over-
conditioned cows are more likely to have difficulties at 
and after calving as a result of suboptimal transition 
from pregnancy to lactation and such difficulties may 
lead to substantial economic losses. Results reported on 
performance and metabolic changes as part of this ex-
periment (Schuh et al., 2019) demonstrated that cows 
calving with a high BCS were metabolically challenged 
during early lactation because of a more severe nega-
tive energy balance and intense mobilization of body 
fat associated with reduced early lactation DMI and 
compromised antioxidative capacity.

The metabolome (representing the terminal down-
stream product of the genome, transcriptome, and 
proteome) and the development of sophisticated bio-
informatics tools have been valuable in unraveling the 
complexity and specificity of metabolic changes in a 
particular condition. Interest is also increasing in me-
tabolomic profiling for the identification of novel bio-
markers to predict the risk of diseases (Zhang et al., 
2017b; Dervishi et al., 2018) or pathway discovery in 
some metabolic diseases in dairy cows during the peri-
parturient period (Hailemariam et al., 2014; Zhang et 
al., 2017a; Zandkarimi et al., 2018). The involvement of 
skeletal muscle protein, glycogen, and fat metabolism 
in the adaptation to early lactation assessed by AA 
profiling and proteome analysis has been reported in 

dairy cows (Kuhla et al., 2011). However, the actual 
alterations in the muscle metabolome associated with 
over-conditioning throughout the transition period in 
dairy cows are not yet clearly understood. Identifica-
tion of specific metabolomic “signatures” associated 
with over-conditioning is of utmost importance to help 
to fill gaps in knowledge related to how metabolic ho-
meostasis might be perturbed during the periparturient 
period. Our previous study in dairy cows in the medium 
BCS range suggests that the ability to complete fatty 
acid (FA) oxidation in the skeletal muscle around par-
turition decreases, likely due to insufficient metabolic 
adaptation in response to a load of FA (Yang et al., 
2019). In the current study, we hypothesized that an 
in-depth metabolomic analysis of skeletal muscle would 
reveal dynamic markers of key regulatory metabolic 
intermediates, primarily belonging to the muscle lipi-
dome, and would reflect changes in oxidative capacity 
in the skeletal muscle around calving that are associ-
ated with BCS at calving and BCS loss postpartum.

MATERIALS AND METHODS

Animals, Management, and Treatments

The experiment was conducted at the Educational 
and Research Center for Animal Husbandry, Hofgut 
Neumuehle, Muenchweiler a.d. Alsenz, Germany. The 
experimental procedures performed in this study were 
in accordance with the European Union Guidelines 
concerning the protection of experimental animals, 
with approval by the local authority for animal wel-
fare affairs (Landesuntersuchungsamt Rheinland-Pfalz, 
Koblenz, Germany; G 14–20–071). The animals were 
part of a trial aiming to establish an experimental 
model of high versus normal body reserve mobilization 
around calving. The basic setup of the trial, together 
with performance data, has already been reported 
(Schuh et al., 2019). In brief, 15 wk before calving, 
38 multiparous German Holstein cows (average parity 
2.9 ± 0.3; mean ± standard error of the mean) were 
allocated to a normal-conditioned (NBCS; n = 19) or 
a high-conditioned group (HBCS; n = 19). To reach 
the targeted differences in BCS and back fat thickness 
(BFT) in the experimental groups (NBCS: BCS < 3.5 
and BFT < 1.2 cm; HBCS: BCS > 3.75 and BFT > 1.4 
cm) until dry-off (wk 7 antepartum), NBCS cows re-
ceived a low-energy ration (6.8 MJ of NEL/kg of DM), 
and HBCS cows received a high-energy ration (7.2 MJ 
of NEL/kg of DM) during late lactation (from wk 15 
to 7 before the anticipated calving date). An overview 
of the experimental setup used in this study is given 
in Figure 1A. During the dry period and subsequent 
lactation, both groups received identical diets. The 
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diets were fed as TMR for ad libitum intake, consist-
ing of 63% roughage and 37% concentrate in the high-
energy diet, or 74% roughage and 26% concentrate in 
the low-energy diet. The diets were formulated to meet 
the nutritional requirements of Holstein cows accord-
ing to the recommendations of the Society of Nutrition 
Physiology (GfE, 2001). A detailed description of the 
ingredients, as well as the composition of the diets, is 

given in Supplemental Table S1 (https:​/​/​doi​.org/​10​
.3168/​jds​.2019​-17566).

During the experimental period (15 wk antepartum 
until 15 wk postpartum), BCS and BFT were moni-
tored biweekly by the same person. Body condition 
score was assessed using a 5-point scale (Edmonson 
et al., 1989), and BFT was assessed in the sacral re-
gion using ultrasonography (Agroscan L, ALR 500, 5 

Sadri et al.: MUSCLE METABOLOMICS IN PERIPARTURIENT COWS

Figure 1. (A) Scheme of the experimental protocol. Changes in (B) BCS, (C) back fat thickness, (D) body condition loss, and (E) back fat 
thickness loss in normal-conditioned (NBCS) and high-conditioned (HBCS) cows during the experimental period. Symbols indicate significant 
differences (*P < 0.05; **P < 0.01) between the groups at a given time point. Different uppercase letters (A–C) indicate differences between 
time points within HBCS cows, and different lowercase letters (a–c) indicate differences between time points within NBCS cows. Data for BCS, 
back fat thickness, body condition loss, and back fat thickness loss are from Schuh et al. (2019). Data are presented as mean ± SEM. a.p. = 
antepartum; p.p. = postpartum.
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MHz, linear-array transducer; Echo Control Medical, 
Angoulême, France).

Sampling and Laboratory Analyses

Biopsies from the semitendinosus muscle were col-
lected at d −49 (±5), 3 (±2), 21 (±2), and 84 (±2) 
relative to calving under local anesthesia (procaine 
hydrochloride, 20 mg/mL, 8 mL per biopsy; Richter 
Pharma AG, Wels, Austria), and while the animals 
were sedated (xylazine i.v., 20 mg/mL, 0.1 mL/100 kg 
BW; CP-Pharma Handels GmbH, Burgdorf, Germany) 
and fixed in a headlock. Muscle samples were collected 
through a 1 cm incision using a Bard Magnum bi-
opsy instrument and Bard Magnum core tissue biopsy 
needles (12 gauge × 20 cm; C.R. Bard Inc., Tempe, 
AZ). After tissue extraction, oxytetracycline hydrochlo-
ride was applied to the skin to prevent infection (25 
mg/mL, Engemycin; MSD Animal Health Innovation 
GmbH, Schwabenheim an der Selz, Germany) and a 
ketoprofen injection (100 mg/mL, 3 mL/100 kg BW; 
Streuli Pharma AG, Uznach, Germany) was given to 
prevent pain. Tissue samples were rinsed with 0.9% 
NaCl to remove any blood contamination, immediately 
snap-frozen in liquid nitrogen, and stored at −80°C 
until analysis.

The metabolome was characterized in muscle samples 
using a targeted quantitative metabolomics approach 
and a commercially available kit (AbsoluteIDQ p180 
kit; Biocrates Life Sciences AG, Innsbruck, Austria). 
The metabolite panel consists of 188 different metabo-
lites, including 21 AA, 40 acylcarnitines, 15 sphingo-
myelins, 90 glycerophospholipids, 21 biogenic amines, 
and hexoses. The complete list of metabolites is given 
in Supplemental Table S2 (https:​/​/​doi​.org/​10​.3168/​
jds​.2019​-17566). The abbreviations, written as Cx:y, 
are used to describe the total number of carbons and 
double bonds of all chains, respectively. Sample prepa-
ration and analysis were performed in the Helmholtz 
Zentrum München (GmbH), German Research Center 
for Environmental Health, Genome Analysis Center 
(Munich, Germany). In brief, 25 mg of frozen samples 
were homogenized and extracted using homogenization 
tubes with ceramic beads (1.4 mm) and a Precellys 24 
homogenizer with an integrated cooling unit (PEQLAB 
Biotechnology GmbH, Darmstadt, Germany). Then, 3 
μL of a dry-ice-cooled mixture of ethanol/phosphate 
buffer (85/15, vol/vol) were added per milligram of fro-
zen muscle tissue. Following centrifugation, 10 µL of the 
homogenate supernatant were added to the well plate 
of the AbsoluteIDQ p180 kit. The assay procedures of 
the kit, a detailed description of the tissue preparation, 
and metabolite nomenclature are described in detail 
elsewhere (Zukunft et al., 2013, 2018). Sample handling 

was performed using a Hamilton Microlab STAR robot 
(Hamilton Bonaduz AG, Bonaduz, Switzerland) and an 
Ultravap nitrogen evaporator (Porvair Sciences, Leath-
erhead, UK), along with standard laboratory equip-
ment. Mass spectrometric analyses were performed on 
an API 4000 triple quadrupole system (Sciex Deutsch-
land GmbH, Darmstadt, Germany) equipped with a 
1200 Series HPLC (Agilent Technologies Deutschland 
GmbH, Böblingen, Germany) and an HTC PAL auto 
sampler (CTC Analytics, Zwingen, Switzerland) con-
trolled by Analyst 1.6.1 software. Data evaluation for 
quantification of metabolite concentrations and quality 
assessment was performed using the MetIDQ software 
package, which is an integral part of the AbsoluteIDQ 
p180 kit. Internal standards were used as a reference 
to calculate the concentrations of the metabolites. The 
concentrations in muscle tissue samples were given in 
picomoles per milligram of tissue, and the concentra-
tions of tissue homogenate in micromoles per liter.

Statistical Analyses

Statistical analysis of the muscle metabolite data was 
performed using the web-based metabolomics data pro-
cessing tool MetaboAnalyst 4.0 (Chong et al., 2018). 
Briefly, as a quality control, variables containing more 
than 50% missing values (i.e., values lower than the 
limit of detection) were not considered for statistical 
analysis. The metabolite data were transformed using 
generalized log-transformation and then Pareto-scaled 
to correct for heteroscedasticity, to reduce the skewness 
of the data, and to reduce mask effects (van den Berg 
et al., 2006). Volcano plots were created to provide an 
overview of the significantly affected metabolites. Vol-
cano plots are used to relate fold change to statistical 
significance. Important metabolites were selected by 
volcano plot based on a fold-change threshold of 1.3 
on the x-axis and a t test threshold (P-value) of 0.1 on 
the y-axis. The data for muscle metabolites identified 
by volcano plot were then analyzed using estimation 
methods and presented as mean difference estimation 
plots (Claridge-Chang and Assam, 2016). Effect size 
was measured using Hedges’ g (Greenland et al., 2016) 
and were referred to as trivial (g < 0.2), small (0.2 < 
g < 0.5), moderate (0.5 < g < 0.8), or large (g > 0.8), 
as per standard practice. The effect size was presented 
as a bootstrap 95% confidence interval on separate but 
aligned axes. To indicate estimate precision, 95% con-
fidence intervals for mean differences were calculated 
using bootstrap methods (resampled 5,000 times, bias-
corrected, and accelerated) and are displayed with the 
bootstrap distribution of the mean. The Mann–Whit-
ney U test was used to calculate P-values for pro forma 
reporting exclusively (Crichton, 2000).
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The data were also analyzed using the MIXED proce-
dure in SAS (version 9.4; SAS Institute Inc., Cary, NC), 
with repeated measures followed by Tukey’s honestly 
significant difference test to identify metabolites that 
differed significantly across the time course, regardless 
of treatment. The model consisted of time (day relative 
to calving) as a fixed effect and cow as a random effect. 
An autoregressive (order 1) covariance structure was 
chosen based on the Akaike and Bayesian information 
criteria. The threshold of significance was set at P ≤ 
0.05; trends were declared at 0.05 < P ≤ 0.10.

RESULTS

Body Condition and BFT

A more detailed description of variables character-
izing body condition, BFT, and animal performance 
is given in Schuh et al. (2019). In brief, both BCS 
and BFT differed between the 2 treatment groups 
throughout the study period: HBCS cows had higher 
values than NBCS cows (both P < 0.01; Figure 1B-C). 
With the onset of lactation, BCS and BFT decreased 
in both groups; the declines until wk 15 postpartum 
were greater for HBCS cows than for NBCS cows (P < 
0.005; Figure 1D-E).

Muscle Metabolome Profiles

We performed univariate analysis with a volcano plot 
to obtain a preliminary overview of the metabolites 
that contributed most significantly to differentiating 
between the 2 groups. Figures 2, 3, and 4 show the 
significant metabolites identified by volcano plot on 
d −49, 21, and 84, respectively. As shown in Supple-
mental Figure S1 (https:​/​/​doi​.org/​10​.3168/​jds​.2019​
-17566), we observed no significant differences between 
HBCS and NBC cows on d 3 for muscle concentrations 
of any metabolites. The volcano plots illustrate the 
relationship between the P-values of the statistical test 
and the magnitude of the difference in concentrations 
between the treatment groups.

The muscle concentrations of citrulline (effect size, 
g = 0.905; P = 0.05) and hydroxytetradecadienyl-
l-carnitine (C14:​2​-OH; g = 0.934; P = 0.02) were 
greater in HBCS cows than in NBCS cows on d −49 
(Figure 2C-D), whereas those of carnosine (g = −0.65; 
P = 0.05) were lower (Figure 2B). On d 21, the muscle 
concentrations of phenylethylamine (PEA; g = −1.1; 
P = 0.002) and octadecadienylcarnitine (C18:2; g = 
−0.57; P = 0.01) were lower in HBCS cows than in 
NBCS cows (Figure 3B-C), whereas those of lysophos-
phatidylcholine acyl (lysoPC a) C20:4 (g = 0.511; P 
= 0.05) showed a reverse change (Figure 3D). On d 84, 

the muscle concentrations of phosphatidylcholine acyl-
alkyl (PC ae) C34:3 (g = −0.755; P = 0.03), C36:3 (g 
= −0.956; P = 0.007), C36:4 (g = −0.91; P = 0.02), 
C36:5 (g = −0.816; P = 0.02), C38:3 (g = −1.23; P = 
0.01), C38:4 (g = −1.21; P = 0.001), C38:5 (g = −1.17; 
P = 0.001), C38:6 (g = −1.06; P = 0.01), C40:4 (g = 
−1.17; P = 0.001), C40:5 (g = −1.46; P = 0.0003), 
and C40:6 (g = −0.57; P = 0.01), as well as phos-
phatidylcholine di-acyl (PC aa) C32:3 (g = −0.789; 
P = 0.01), C34:4 (g = −1.17; P = 0.002), C36:0 (g = 
0.87; P = 0.01), C36:6 (g = −1.19; P = 0.003), C38:0 
(g = −1.32; P = 0.0002), C38:4 (g = −0.493; P = 
0.07), C42:4 (g = −0.725; P = 0.04), and C43:3 (g = 
−0.784; P = 0.06), were lower or tended to be lower in 
HBCS cows than in NBCS cows (Figure 4). The muscle 
concentrations of methionine (g = −0.732; P = 0.02), 
methioninesulfoxide (Met-SO; g = −0.688; P = 0.05), 
sphingomyelin (SM) C18:0 (g = −0.714; P = 0.05), SM 
(OH) C16:1 (g = −1.27; P = 0.001), valerylcarnitine 
(g = 0.54; P = 0.06), and hydroxyisovalerylcarnitine/
hydroxy-2-methylbutyryl/hydroxyvalerylcarnitine (g = 
−0.706; P = 0.01) on d 84 were lower or tended to be 
lower in HBCS cows than in NBCS cows (Figure 4).

The muscle metabolites that were affected by time 
(regardless of treatment) during the transition from 
late gestation to early lactation in dairy cows are pre-
sented in Table 1. Muscle acylcarnitines including ace-
tylcarnitine (C2), hexanoylcarnitine (fumarylcarnitine) 
[C6 (C4:​1​-DC)], pimelylcarnitine, hydroxyhexadeca-
dienylcarnitine (C16:​2​-OH), octadecanoylcarnitine 
(C18), and octadecadienylcarnitine (C18:2) changed 
over time [P ≤ 0.05, except for C6 (C4:​1​-DC), P = 
0.08] and followed a similar pattern; that is, they had 
lowest concentrations on d −49, followed by d 3, and 
highest concentrations on d 21 and 84. Three AA in-
cluding α-aminoadipic acid (α-AAA), histidine, and 
citrulline changed over time (P ≤ 0.04) in muscle. 
Muscle α-AAA increased from d −49 to 3, declined to 
almost prepartum values by d 21and then remained un-
changed. Muscle histidine and citrulline were elevated 
from d −49 to 21 and then remained unchanged.

DISCUSSION

In the current study, we used a targeted metabolo-
mics, in which a specific set of known compounds are 
identified and quantified. This approach is a hypothe-
sis-testing application and is generally used to provide 
absolute quantification of well-defined groups of me-
tabolites or metabolic pathways of interest. We tested 
the hypothesis that a targeted metabolomic analysis of 
skeletal muscle would reveal dynamic markers of key 
regulatory metabolic intermediates, primarily belong-
ing to the muscle lipidome associated with calving BCS 
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and BCS loss postpartum. Another main approach for 
carrying out metabolic profiling—untargeted metabolo-
mics—is a hypothesis-generating discovery application 
and allows for detection of a broad range of known and 
unknown metabolites.

Carnosine is an abundant endogenous dipeptide 
(β-alanine and l-histidine) synthesized primarily in 
skeletal muscle, where it plays various important roles 
such as pH-buffering and metal–ion chelation; it also 
has antioxidant properties (Boldyrev et al., 2013). As 
reported previously (Ghaffari et al., 2019a), in contrast 
to muscle, serum concentrations of carnosine were 
higher in HBCS cows than in NBCS cows on d −49. 
Skeletal muscle, which contains the vast majority of the 

carnosine present in the body, is among the few tissues 
with very high expression of the enzyme responsible 
for carnosine synthesis (carnosine synthase; Boldyrev, 
2012). This may point to a possible role for skeletal 
muscle as a production, storage, and release organ for 
carnosine (Boldyrev, 2012). Thus, as part of a physi-
ological regulatory process, skeletal muscle that synthe-
sizes carnosine can also release it into the circulation, 
probably through dipeptide transporters, to supply the 
needs of other tissues where it can be degraded or used 
(e.g., for delivery of l-histidine or β-alanine; Boldyrev, 
2012). The finding that not only carnosine but also 
serum histidine concentrations were greater in HBCS 
cows on d −49 (Ghaffari et al., 2019b), may indicate 
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Figure 2. (A) Volcano plot visualizing muscle metabolites that differed between high-conditioned (HBCS) and normal-conditioned (NBCS) 
cows on d −49 relative to calving. The x-axis represents the mean of log2 fold-change (FC) value, and the y-axis corresponds to the negative loga-
rithm of the P-values. Each circle represents a single metabolite. The horizontal line represents the level of significance for the t tests performed 
(0.10), and the vertical lines display the threshold set for fold change (1.3). The pink circles show metabolites that were significantly changed 
and the gray circles show metabolites that were not significantly changed. Effect size, shown as Hedges’ g between NBCS and HBCS cows, is 
shown in the Gardner–Altman estimation plots of muscle (B) carnosine, (C) citrulline (Cit), and (D) hydroxytetradecadienylcarnitine (C14:​2​
-OH). Both groups are plotted on the left axes; the mean difference is plotted on floating axes on the right as a bootstrap sampling distribution. 
The mean difference is depicted as a dot; the 95% confidence interval is indicated by the ends of the vertical error bar.
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that a proportion of the released carnosine might have 
been hydrolyzed. The physiological function of such a 
mechanism in dairy cows needs to be elucidated.

One of our findings was that levels of citrulline were 
higher in HBCS cows than in NBCS cows on d −49. 
Citrulline, a nonessential and nonproteinogenic AA, 
was considered for a long time to be an intermediate of 
the urea cycle and just one of many AA (Breuillard et 
al., 2015). However, other metabolic properties of this 
AA have become known over time: it is a precursor of 
nitric oxide (Romero et al., 2006; Figueroa et al., 2017), 
and a modulator of nitrogen homeostasis (Breuillard et 
al., 2015), probably by acting as a regulator of muscle 

protein synthesis (Osowska et al., 2006). The reason 
for the greater concentrations of citrulline observed in 
HBCS cows on d −49 is not clear, but this finding 
might be explained, at least in part, by the different 
diets used in these cows from wk 15 to 7 before calving, 
because the observed differences disappeared on d 3 
(i.e., when the cows received identical diets). Citrulline 
can be synthesized from other AA, including glutamine, 
proline, and glutamate (Curis et al., 2005). However, 
we did not observe any differences in the concentrations 
of these metabolites in muscle on d −49.

Among the measured acylcarnitines was 1 metabolite, 
C14:​2​-OH, that was elevated in the muscle of HBCS 
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Figure 3. (A) Volcano plot visualizing muscle metabolites that differed between high-conditioned (HBCS) and normal-conditioned (NBCS) 
cows on d +21 relative to calving. The x-axis represents the mean of log2 fold-change (FC) value, and the y-axis corresponds to the negative 
logarithm of the P-values. Each circle represents a single metabolite. The horizontal line represents the level of significance for the t tests per-
formed (0.10), and the vertical lines display the threshold set for fold change (1.3). The pink circles show metabolites that were significantly 
changed and the gray circles show metabolites that were not significantly changed. Effect size, shown as Hedges’ g between NBCS and HBCS 
cows, is shown in the Gardner–Altman estimation plots of muscle (B) phenylethylamine (PEA), (C) octadecadienylcarnitine (C18:2), and (D) 
lysophosphatidylcholine acyl C20:4 (lysoPC a C20:4). Both groups are plotted on the left axes; the mean difference is plotted on floating axes 
on the right as a bootstrap sampling distribution. The mean difference is depicted as a dot; the 95% confidence interval is indicated by the ends 
of the vertical error bar.
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cows on d −49. The long-chain acylcarnitine C14:​2​-OH 
is the carnitinated form of C14:​2​-OH​-CoA, an interme-
diate produced during β-oxidation of tetradecadienoic 
acid (1 cycle) or linoleic acid (2 cycles; Mirzoyan et 
al., 2017). In diabetic mice, C14:​2​-OH was positively 
correlated with the ratio of urine albuminuria to urine 
creatinine, glomerular hypertrophy, blood glucose, and 
plasma lipids (Mirzoyan et al., 2017). This metabolite 
might also be an important marker of or contributor 
to underlying changes in the metabolism of skeletal 

muscle due to over-conditioning, and it warrants fur-
ther investigation.

In the current study, the concentrations of lysoPC a 
C20:4 in muscle, were elevated in HBCS cows compared 
to NBCS cows on d 21. Lysophosphatidcholines have 
structural and signaling roles and originate primar-
ily from cell-membrane-derived phosphatidylcholine 
(PC) hydrolysis catalyzed by phospholipase A2 (van 
der Veen et al., 2017). Different lysophospholipids are 
distinguished by their length and the saturation of their 
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Figure 4. (A) Volcano plot visualizing muscle metabolites that differed between high-conditioned (HBCS) and normal-conditioned (NBCS) 
cows on d +84 relative to calving. The x-axis represents the mean of log2 fold-change (FC) value, and the y-axis corresponds to the negative loga-
rithm of the P-values. Each circle represents a single metabolite. The horizontal line represents the level of significance for the t tests performed 
(0.10), and the vertical lines display the threshold set for fold change (1.3). The pink circles show metabolites that were significantly changed 
and the gray circles show metabolites that were not significantly changed. Effect size, shown as Hedges’ g between NBCS and HBCS cows, is 
shown in the above Gardner–Altman estimation plots of muscle (B) acyl alkyl phosphatidylcholine (PC ae) C40:5, (C) di-acyl phosphatidylcho-
line (PC aa) C38:0, (D) PC ae C40:6, (E) PC ae C38:5, (F) PC ae C38:6, (G) hydroxysphingomyeline [(SM (OH)] C16:1, (H) PC ae C38:3, (I) 
PC ae C38:4, (J) PC ae C40:4, (K) PC aa C36:6, (L) PC aa C34:4, (M) PC ae C36:3, (N) PC aa C32:3, (O) PC aa C36:0, (P) PC ae C36:4, 
(Q) methionine (Met), (R) PC ae C36:5, (S) hydroxyvaleryl-/-isovaleryl-/-methylbutyryl-carnitine [C5-OH (C3-DC-M)], (T) PC aa C34:3, (U) 
methionine sulfoxide (Met-SO), (V) valeryl-carnitine (C5), (W) sphingomyelin (SM) C18:0, (X) PC ae C34:3, (Y) SM (OH) C22:1, (Z) PC aa 
C42:4, (ZZ) PC aa C38:4, and (ZY) asymmetric dimethyl-arginine (ADMA). Both groups are plotted on the left axes; the mean difference is 
plotted on floating axes on the right as a bootstrap sampling distribution. The mean difference is depicted as a dot; the 95% confidence interval 
is indicated by the ends of the vertical error bar.
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Figure 4 (Continued). (A) Volcano plot visualizing muscle metabolites that differed between high-conditioned (HBCS) and normal-con-
ditioned (NBCS) cows on d +84 relative to calving. The x-axis represents the mean of log2 fold-change (FC) value, and the y-axis corresponds 
to the negative logarithm of the P-values. Each circle represents a single metabolite. The horizontal line represents the level of significance for 
the t tests performed (0.10), and the vertical lines display the threshold set for fold change (1.3). The pink circles show metabolites that were 
significantly changed and the gray circles show metabolites that were not significantly changed. Effect size, shown as Hedges’ g between NBCS 
and HBCS cows, is shown in the above Gardner–Altman estimation plots of muscle (B) acyl alkyl phosphatidylcholine (PC ae) C40:5, (C) di-
acyl phosphatidylcholine (PC aa) C38:0, (D) PC ae C40:6, (E) PC ae C38:5, (F) PC ae C38:6, (G) hydroxysphingomyeline [(SM (OH)] C16:1, 
(H) PC ae C38:3, (I) PC ae C38:4, (J) PC ae C40:4, (K) PC aa C36:6, (L) PC aa C34:4, (M) PC ae C36:3, (N) PC aa C32:3, (O) PC aa C36:0, 
(P) PC ae C36:4, (Q) methionine (Met), (R) PC ae C36:5, (S) hydroxyvaleryl-/-isovaleryl-/-methylbutyryl-carnitine [C5-OH (C3-DC-M)], (T) 
PC aa C34:3, (U) methionine sulfoxide (Met-SO), (V) valeryl-carnitine (C5), (W) sphingomyelin (SM) C18:0, (X) PC ae C34:3, (Y) SM (OH) 
C22:1, (Z) PC aa C42:4, (ZZ) PC aa C38:4, and (ZY) asymmetric dimethyl-arginine (ADMA). Both groups are plotted on the left axes; the 
mean difference is plotted on floating axes on the right as a bootstrap sampling distribution. The mean difference is depicted as a dot; the 95% 
confidence interval is indicated by the ends of the vertical error bar.
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Figure 4 (Continued). (A) Volcano plot visualizing muscle metabolites that differed between high-conditioned (HBCS) and normal-con-
ditioned (NBCS) cows on d +84 relative to calving. The x-axis represents the mean of log2 fold-change (FC) value, and the y-axis corresponds 
to the negative logarithm of the P-values. Each circle represents a single metabolite. The horizontal line represents the level of significance for 
the t tests performed (0.10), and the vertical lines display the threshold set for fold change (1.3). The pink circles show metabolites that were 
significantly changed and the gray circles show metabolites that were not significantly changed. Effect size, shown as Hedges’ g between NBCS 
and HBCS cows, is shown in the above Gardner–Altman estimation plots of muscle (B) acyl alkyl phosphatidylcholine (PC ae) C40:5, (C) di-
acyl phosphatidylcholine (PC aa) C38:0, (D) PC ae C40:6, (E) PC ae C38:5, (F) PC ae C38:6, (G) hydroxysphingomyeline [(SM (OH)] C16:1, 
(H) PC ae C38:3, (I) PC ae C38:4, (J) PC ae C40:4, (K) PC aa C36:6, (L) PC aa C34:4, (M) PC ae C36:3, (N) PC aa C32:3, (O) PC aa C36:0, 
(P) PC ae C36:4, (Q) methionine (Met), (R) PC ae C36:5, (S) hydroxyvaleryl-/-isovaleryl-/-methylbutyryl-carnitine [C5-OH (C3-DC-M)], (T) 
PC aa C34:3, (U) methionine sulfoxide (Met-SO), (V) valeryl-carnitine (C5), (W) sphingomyelin (SM) C18:0, (X) PC ae C34:3, (Y) SM (OH) 
C22:1, (Z) PC aa C42:4, (ZZ) PC aa C38:4, and (ZY) asymmetric dimethyl-arginine (ADMA). Both groups are plotted on the left axes; the 
mean difference is plotted on floating axes on the right as a bootstrap sampling distribution. The mean difference is depicted as a dot; the 95% 
confidence interval is indicated by the ends of the vertical error bar.
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acyl chains (van der Veen et al., 2017). Lysophospholip-
ids, mainly lysoPC, seem to be important molecules in 
obesity and related disorders (Pietiläinen et al., 2007; 
Barber et al., 2012; Heimerl et al., 2014). Obesity has 
been shown to have a substantial effect on lysophos-
pholipid metabolism, leading to changes in the plasma 
lysophospholipid profile and apparently contributing to 
the onset or progression of alterations associated with 
obesity, such as inflammation, insulin resistance, and 
fatty liver disease (del Bas et al., 2016) through their 
interaction with G protein-coupled receptors (Grzelczyk 
and Gendaszewska-Darmach, 2013). Han et al. (2011) 
have reported that lysoPC levels were increased in the 
muscle of insulin-resistant db/db mice and provided 
evidence showing that lysoPC were acting as media-
tors of FA-induced insulin resistance in L6 myotubes. 
Increased concentrations of lysoPC species may sug-
gest that the onset of the alterations related to obesity 
are associated with transient increases of lysoPC (del 
Bas et al., 2016). Whether lysoPC acts in the same 
manner in dairy cows is unknown, and clarification is 
needed of the predictive capacity and role of specific 
lysoPC species including lysoPC a C20:4 in metabolic 
status associated with over-conditioning. However, the 
changes observed in muscle PC profiles from d 21 to 
84 in HBCS cows support a sequential time course of 
increased lysoPC a C20:4, followed by a reduction of 
PC. Because of our study design, we were unable to 
assess whether changes in lysoPC a C20:4 between d 21 
and 84 were transient or long-lasting changes.

In the current study, muscle concentrations of PEA 
were lower in HBCS cows than in NBCS cows on d 21. 

Phenylethylamine is an endogenous neurotransmitter, 
likely acting as a neuromodulator for catecholamines. 
This metabolite is synthesized from the AA phenyl-
alanine by the action of aromatic AA decarboxylase 
(Irsfeld et al., 2013). Phenylethylamine is known for 
its antidepressant effects, and the biochemical effects 
of this metabolite in human and laboratory animal 
have been studied with an emphasis on the possible 
relevance of its antidepressant action. The presence 
of this metabolite has been reported in bovine mam-
mary epithelial cells (Fusi et al., 2008) as well as in cow 
biofluids (rumen fluid, serum, milk, and urine; Sun et 
al., 2017) and liver (Suzuki et al., 1980); however, to 
our knowledge no data are available describing PEA 
content in other tissues of ruminants, including skeletal 
muscle. These limited data make it difficult to draw 
conclusions about the potential roles of PEA in the 
skeletal muscle of periparturient dairy cows.

In the current study, the decrease in long-chain ac-
ylcarnitine C18:2 in the muscle of HBCS cows on d 
21 coincided with greater negative energy balance and 
more intense mobilization of body fat, as evidenced by 
greater BCS and BFT loss, as well as elevated concen-
trations of nonesterified fatty acids and BHB in the 
serum of HBCS cows (Schuh et al., 2019). Increased 
concentrations of medium- and long-chain acylcarni-
tines reflect the excess of lipolysis-derived nonesterified 
fatty acids, resulting in mitochondrial overload and 
release of acylcarnitines as intermediates of β-oxidation 
(Wolf et al., 2013). At present, we have no explanation 
for the observed decrease in the muscle concentrations 
of C18:2 in HBCS cows on d 21. However, we could 
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Table 1. The muscle metabolites (pmol/mg of tissue; least squares means ± SEM) that were affected by time 
(P < 0.05) during the transition from late gestation to early lactation in dairy cows

Item1

Days relative to calving

SEM P-value−49 +3 +21 +84

Acylcarnitine            
  C2 234b 256b 329a 304ab 26.7 0.03
  C6 (C4:​1​-DC) 0.316b 0.370ab 0.365ab 0.402a 0.01 0.08
  C7-DC 0.081b 0.090ab 0.096a 0.091ab 0.01 0.05
  C16:​2​-OH 0.050b 0.050b 0.053a 0.054a 0.001 0.02
  C18 0.186b 0.212ab 0.255a 0.289a 0.02 0.05
  C18:2 0.024b 0.022b 0.028a 0.031a 0.002 0.02
Amino acid            
  α-AAA 10.9b 15.2a 11.1b 13.2ab 1.87 0.01
  Histidine 79.8b 99.1ab 107a 104ab 4.08 0.03
  Citrulline 23.9b 26.0b 31.2a 31.7a 2.86 0.04
a,bValues within a row with different letters differ by post hoc testing (Tukey’s honestly significant difference) 
after repeated-measures ANOVA. 
1α-AAA = α-aminoadipic acid; C2 = acetylcarnitine; C6 (C4:​1​​-DC) = hexanoylcarnitine (fumarylcarnitine); 
C7-DC = pimelylcarnitine; C16:​2​​-OH = hydroxyhexadecadienylcarnitine; C18 = octadecanoylcarnitine; C18:2 
= octadecadienylcarnitine.
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speculate that an increased oxidative capacity for FA in 
skeletal muscle might have contributed to reducing the 
metabolic load of FA in the liver of HBCS cows.

The plasma membranes of many mammalian cells 
contain several distinct phospholipid species with con-
siderable variation in their FA composition that may 
alter the structure and dynamics of the membrane and 
affect the function of membrane-bound proteins and 
their actions (van der Veen et al., 2017). Phosphati-
dylcholine and phosphatidylethanolamine are the most 
abundant membrane phospholipid constituents, with 
phosphatidylcholine accounting for approximately 50% 
of the total phospholipid species and phosphatidyletha-
nolamine accounting for another 20 to 30% (Takagi, 
1971). In addition, SM, which make up about 10 to 15% 
of lipids in the plasma membrane, are a molecularly 
diverse group of phospholipids. They are composed of a 
backbone of ceramide base and a phosphocholine head 
group (Gault et al., 2010; Slotte, 2013). Thus, PC and 
SM play critical roles in regulating membrane structure 
and integrity, protein dynamics, and cellular signaling 
(Gault et al., 2010; Slotte, 2013; van der Veen et al., 
2017). In the current study, the significantly changed 
metabolites on d 84 were mainly long-chain (>C32) PC 
ae and PC aa, along with 3 long-chain SM that were all 
lower in HBCS cows than in NBCS cows. It has been 
well documented that the phospholipid acyl composi-
tion of skeletal muscle is related to insulin sensitivity in 
humans (Borkman et al., 1993; Vessby et al., 1994; Pan 
et al., 1995). High levels of long-chain PUFA in skeletal 
muscle membrane phospholipids were positively as-
sociated with estimates (e.g., fasting plasma insulin) 
and direct measures (e.g., hyperinsulinemic-euglycemic 
clamp) of insulin sensitivity (Borkman et al., 1993; 
Vessby et al., 1994; Pan et al., 1995). Greater insulin 
sensitivity in cells with membranes that have increased 
PUFA content is likely due to increased membrane 
fluidity and glucose uptake (GLUT-4 translocation) 
after insulin stimulation (Pilch et al., 1980), as well as 
enhanced insulin receptor kinetics (Pilch et al., 1980; 
Ginsberg et al., 1981; Nadiv et al., 1994). In the current 
study, muscle PC ae seemed to be more influenced by 
degree of saturation than by chain length. This might 
indicate a shift from PUFA toward saturated or mono-
saturated FA PC in the muscle cell membrane of HBCS 
cows. We therefore speculate that these changes might 
result in an increase of membrane stiffness, which may 
be associated with abnormalities in insulin signaling 
and glucose transporter translocation in the muscle of 
HBCS cows. As reported previously from this experi-
ment, HBCS cows had greater insulin concentrations 
than NBCS cows across all time points, but differences 
could not be assigned to individual time points (Schuh 
et al., 2019). In addition, greater insulin concentra-

tions coincided with greater glucose concentrations in 
HBCS cows, likely pointing to decreased insulin sensi-
tivity (Schuh et al., 2019). The notion that high BCS 
is associated with decreased insulin sensitivity is quite 
common, but is mainly based on surrogate indices for 
insulin sensitivity and not on clamp studies considered 
the gold standard for assessing insulin sensitivity. How-
ever, clamp studies performed in dry or late lactating 
cows are in support of an association between decreased 
insulin sensitivity and increased BCS (e.g., De Koster 
et al., 2015). Insulin sensitivity was reported to be, in 
part, dependent on muscle fiber type (Clore et al., 1998). 
In the current study, the muscle biopsy was obtained 
only from the semitendinosus muscle, and muscle fiber 
type composition was not determined in the samples; it 
is likely that each fiber type contributes differently in 
response to over-conditioning. The response of muscles 
with different fiber types to over-conditioning in dairy 
cows has yet to be determined.

In addition to its role as the building block of pro-
teins, Met is essential for many important cellular 
and biosynthetic functions, including the initiation of 
protein synthesis. Methionine sulfoxide, the oxidized 
form of Met, originates from oxidation of the sulfur of 
Met, which takes place under both physiological and 
pathophysiological conditions (Vogt, 1995). Compared 
with the other AA, the sulfur-containing AA (i.e., Met 
and cysteine) are more readily oxidized. Nevertheless, 
in contrast to other AA, Met-SO can be reduced by 
NAD(P)H dependent enzymatic action, through Met-
SO reductases (Levine et al., 2000). Therefore, Met-SO 
has been suggested as a potential biomarker for oxida-
tive stress, in particular for oxidative protein damage 
(Levine et al., 2000). The reasons for lower Met in the 
muscle of HBCS cows on d 84 that might reflect lower 
protein synthesis in the muscle of HBCS cows are not 
clear. However, lower muscle Met-SO is likely due to 
less available free Met that could be oxidized to Met-
SO.

Skeletal muscle plays important roles in coping 
with the increasing concentrations of FA during late 
gestation and early lactation. In the current study, 
the longitudinal changes in muscle metabolites during 
the transition from pregnancy into lactation showed 
that muscle C2 concentrations on d 21 were greater 
than those on d −49 and 3, which were accompanied 
by the elevated concentrations of muscle long-chain 
acylcarnitine species C16:​2​-OH, C18, and C18:2. Ace-
tylcarnitine, the universal degradation product of all 
metabolic substrates, derives from acetyl-CoA by the 
action of carnitine acetyltransferase for transport out of 
the mitochondria (Flanagan et al., 2010). These results 
point to increased FA β-oxidation postpartum, which 
did not coincide with an upregulation of downstream 
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metabolic pathways such as the tricarboxylic acid cycle 
and respiratory chain.

An interesting finding of the current study was the 
increased α-AAA in the muscle of dairy cows on d 
3 compared with d −49 and 21. αAminoadipic acid, 
a non-proteinogenic α-AA, is an intermediate in the 
metabolism of lysine. Studies in rats have shown that 
plasma α-AAA concentrations, along with those of 3 
branched-chain AA (leucine, isoleucine, and valine), 
are elevated in the prediabetic phase, and α-AAA may 
thus serve as a predictive biomarker for the develop-
ment of diabetes (Wijekoon et al., 2004). In support of 
this, Wang et al. (2013) found that α-AAA is a marker 
of diabetes risk and a potential modulator of glucose 
homeostasis in humans. In addition, α-AAA has been 
identified as a potential small-molecule marker of oxi-
dative stress (Zeitoun-Ghandour et al., 2011). Whether 
α-AAA acts in the same manner in dairy cows is cur-
rently unknown; however, on the basis of these previous 
studies and on our observations, muscle α-AAA might 
contribute to a reduction of insulin sensitivity in the 
skeletal muscle of dairy cows immediately postpartum.

In the current study, concentrations of proteinogenic 
AA (except for histidine) in muscle remained fairly 
constant throughout the observation period despite, 
as reported previously (Ghaffari et al., 2019b), a con-
comitant decline in serum levels. The reason for these 
observations is not clear, but it is likely that muscle 
has increased transport activity to offset the decline 
in serum concentrations and thus maintain intracel-
lular concentrations of the respective AA, assuming 
measurement at a single time point is reflective of the 
steady state.

As stated above, besides other metabolic properties, 
citrrulline has been shown as a modulator of nitrogen 
homeostasis (Breuillard et al., 2015), likely by acting 
as a regulator of muscle protein synthesis (Osowska et 
al., 2006). Thus, the elevated concentration of muscle 
citrulline observed on d 21 and 84 in the current study 
might imply contribution of this AA in the move of 
skeletal muscle toward anabolism, and warrants further 
investigation.

CONCLUSIONS

Overall, our results suggest that over-conditioning 
has an effect on PC metabolism, modifying the pro-
file of muscle lysoPC and long-chain PC. Because of 
the role of lysoPC and PC as signaling molecules that 
modulate processes that are usually altered in obesity, 
these data may provide more evidence for understand-
ing the mechanisms that favor the progression of altera-
tions such as insulin sensitivity and inflammation in the 
muscle of HBCS cows. Considering the literature, small 

alterations in phospholipid levels appear to have broad 
implications for several functions in skeletal muscle 
linked to mitochondria, cell growth, inflammation, and 
insulin sensitivity. More research is needed to better 
understand how alterations in phospholipid composi-
tion in muscle may contribute to regulating the activity 
of membrane proteins involved in insulin signaling and 
energy metabolism in over-conditioned cows. Moreover, 
the role of other significantly changed metabolites, in-
cluding citrulline, hydroxytetradecadienyl-l-carnitine, 
carnosine, and phenylethylamine in metabolism, signal-
ing, or immunological responses associated with over-
conditioning in dairy cows are not yet clear and need 
to be elucidated.
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