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ABSTRACT

Clinical mastitis (CM), the most prevalent and
costly disease in dairy cows, is diagnosed most com-
monly shortly after calving. Current indicators do not
satisfactorily predict CM. This study aimed to develop
a robust and comprehensive mass spectrometry-based
metabolomic and lipidomic workflow using untargeted
ultra-performance liquid chromatography high-resolu-
tion mass spectrometry for predictive biomarker detec-
tion. Using a nested case-control design, we measured
weekly during the prepartal transition period differenc-
es in serum metabolites, lipids, inflammation markers,
and minerals between clinically healthy Holstein dairy
cows diagnosed with mastitis postcalving (CMP; n = §;
CM diagnosis d 1 = 3 cows, d 2 = 2 cows, d 4 = 1 cow;
d 25 =1 cow, and d 43 = 1 cow that had subclinical
mastitis since d 3) or not (control; n = 9). The largest
fold differences between CMP and control cows dur-
ing the prepartal transition period were observed for
3'-sialyllactose in serum. Seven metabolites (N-meth-
ylethanolamine phosphate, choline, phosphorylcholine,
free carnitine, trimethyl lysine, tyrosine, and proline)
and 3 metabolite groups (carnitines, AA metabolites,
and water-soluble phospholipid metabolites) could cor-
rectly classify cows for their future CM status at both
21 and 14 d before calving. Biochemical analysis using
lipid and metabolite-specific commercial diagnostic kits
supported our mass spectrometry-based omics results
and additionally showed elevated inflammatory mark-
ers (serum amyloid A and visfatin) in CMP cows. In
conclusion, metabolic phenotypes (i.e., metabotype)
with elevated protein and lipid metabolism and inflam-
mation may precede CM in prepartal transition dairy
cows. The discovered serum metabolites and lipids may
assist in predictive diagnostics, prevention strategies,
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and early treatment intervention against CM, and
thereby improve cow health and welfare.

Key words: clinical mastitis, lipidomic, metabolomic,
transition period, 3'-sialyllactose

INTRODUCTION

Bovine mastitis is an inflammatory response of the
mammary gland, which is primarily caused by bacte-
rial infections (Eberhardt, 1996; Viguier et al., 2009).
Bovine mastitis can be subdivided into clinical (CM)
and subclinical mastitis (SCM); CM can be diagnosed
by visible changes in milk consistency and mammary
gland appearance (redness, swelling, heat, or pain) or
both, and SCM can be diagnosed by elevated SCC in
milk (>200,000 cells/mL milk) in the absence of vis-
ible changes in milk and udder appearance (Eberhardt,
1996; Sharma et al., 2011). Bovine CM is one of the
most prevalent and costly clinical diseases in dairy
cows, which makes it economically important to the
dairy industry. In the United States, about 16.5% of
the dairy cows have CM in the first 30 d of lactation
(USDA, 2009) and the incurred cost is about $440 per
case (Kelton et al., 1998; Rollin et al., 2015); therefore,
prevention and early treatment of CM are a priority.

Traditional CM indicator studies focus on indica-
tors in milk at the onset of CM, including SCC, serum
proteins, enzymes, electrolytes, degradation products
of milk proteins, and acute phase proteins (Lai et al.,
2009; Sundekilde et al., 2013). In recent years, this re-
search has been extended to metabolomics approaches
to discover indicators in infected bovine milk, which
can aid in the detection, differential diagnosis of CM
based on pathogen, and to examine the pathophysiol-
ogy of CM (Mansor et al., 2013; Thomas et al., 2016;
Xi et al., 2017). Dairy cows are most susceptible to
naturally occurring CM within the first weeks after
calving; however, the infection may occur during the
close-up period or around calving (Rollin et al., 2015),
when milk samples are not available (Hurley and Theil,
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2011). Multiple studies have become available during
recent years that used blood samples collected during
the last 2 mo before and after calving for the discovery
of predictive biomarker of various diseases in early-lac-
tation dairy cows (Imhasly et al., 2015; Dervishi et al.,
2017; Zhang et al., 2017); however, to the best of our
knowledge, none looked at predictive serum indicators
of CM. Dervishi et al. (2015, 2017) reported that cows
subsequently developing SCM had elevated serum con-
centrations of inflammatory markers, monosaccharides,
and AA and their metabolites 4 wk before calving.

Our hypothesis was that untargeted ultra-perfor-
mance liquid chromatography high resolution mass
spectrometry (UPLC-MS®) can be used to discover
serum metabolites and lipids that precede CM during
the close-up period in dairy cows. To accomplish our
goal, our major objectives were (1) to develop a robust
and comprehensive, untargeted MS-based metabolomic
and lipidomic workflow for biomarker detection in se-
rum, which could be also applied to other biological flu-
ids; (2) to identify serum metabolites, lipids, minerals,
and inflammatory markers, individually or as group,
that can classify during the close-up period dairy cows
that develop CM in early lactation; and (3) to describe
temporal changes in serum metabolites, lipids, miner-
als, and inflammatory markers during the prepartal
transition period.

MATERIALS AND METHODS

This study was part of a prospective study designed
to identify predictive serum indicators of periparturi-
ent diseases in dairy cows. All procedures involving
animals were approved by the Oregon State University
Institutional Animal Care and Use Committee (ACUP
Number 3991).

Study Design and Animal Management

The study cohort consisted of 161 purebred Holstein
cows from a 1,000-head commercial dairy farm in
Oregon’s Central Willamette Valley; cows had 1 to 6
completed lactations and were free of clinical diseases,
including abnormal mammary gland appearance (ten-
der, painful or warm to touch, swelling, hardness, or
skin redness), 4 wk before expected calving date. Using
a nested case-control design, we identified 8 cows that
developed CM postcalving (CMP) and matched them
by parity (mean + SD, range; CMP =1.88 + 0.64, 1-3
completed lactations; control = 1.44 + 0.73, 1-3 com-
pleted lactations), BCS (control = 3.68 + 0.19, 3.3-3.9;
CMP = 3.75 4+ 0.29, 3.3—4.1), and calving season with 9
cows that remained free of clinical diseases (control) as
well as subclinical ketosis and hypocalcemia during the
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first 49 d after calving. Clinical mastitis was diagnosed
based on daily test for abnormal milk consistency (e.g.,
flakes, clots) and mammary gland appearance (redness,
swelling, heat, or pain). If abnormal milk consistency,
mammary gland appearance, or both were detected, a
milk sample was collected and on-farm culturing with
blood agar was performed. All CMP cows except 2 were
diagnosed with CM within 4 d after calving: d 1 = 3
cows, d 2 = 2 cows, and d 4 = 1 cow. Another CMP
cow had SCM (SCC >1,000,000 cells/mL) directly
after calving and was diagnosed with CM 43 d after
calving. The only CMP cow without elevated SCC at
the beginning of lactation was diagnosed with CM at
25 d after calving. To identify serum indicators that
could precede CM from various naturally occurring
pathogens rather than indicators specific to 1 type of
pathogens, we selected cows that differed in pathogens
based on cultured growth (gram-positive = 3 cows;
gram-negative = 3 cows; no cultured growth = 2 cows).
Within 1 d of CM diagnosis, cows were treated based
on their cultured growth. Three CMP cows (6, 9, and
10 mo prior) and 1 control cow (11 mo prior) had an
episode of CM in the previous 12 mo. Based on the
cultured growth, the current CM was from a different
pathogen than the prior CM. To avoid confounding
with other diseases, cows that developed other concur-
rent clinical diseases besides CM were excluded from
this nested case-control study.

Management of the cows and animal health surveil-
lance and disease treatment has been described in
detail previously (Qu et al., 2014); additional informa-
tion is provided in Supplemental File S1 (https://doi
.org/10.3168/jds.2017-13977). Starting 28 d before the
expected calving date, BCS of cows were scored once
weekly by 3 trained independent evaluators until 4 wk
after calving (Edmonson et al., 1989). Before calving,
cows were housed in a straw-bedded freestall barn and
were fed once in the morning (0730 h), a TMR based
on corn, corn silage, and alfalfa and triticale hay that
met NRC guidelines (NRC, 2001), as summarized in
Supplemental Table S1 (https://doi.org/10.3168/
jds.2017-13977). After calving, cows were housed in
freestall pens with slatted floors and were fed in head
gates around 0800 and 1330 h a TMR based on corn,
corn silage, and alfalfa hay (Supplemental Table S1)
that met NRC guidelines (NRC, 2001).

Sample Collection

Blood samples were taken from the coccygeal vein
or artery at 3 (—24 to —18 d), 2 (—17 to —11 d), and
1 wk (=10 to —4 d) before calving and the morning
after calving within 10 min after morning feeding. We
chose serum rather than plasma as biological matrix
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because of higher metabolite signal intensities with
serum than plasma using LC-MS (Yu et al., 2011; Lin
et al., 2014); serum is the preferred biological matrix in
recent metabolomic studies in dairy cows (Huber et al.,
2016; Dervishi et al., 2017; Zhang et al., 2017). Serum
samples were prepared by centrifugation at 1,600 x g¢
for 20 min at 4°C and stored at —80°C until biochemi-
cal, metabolomic, and lipidomic analyses.

Sample Preparation for Mass Spectrometric Analysis

For metabolomic analysis, metabolites were extracted
from serum samples by 1:4 dilution with ethanol/meth-
anol (1:1, vol/vol), as described previously (Kirkwood
et al., 2013). Briefly, each sample was vortexed and
centrifuged at 16,000 x ¢ for 20 min at 4°C to remove
precipitated proteins. Supernatant was transferred to a
glass vial for MS analysis.

For lipidomic analysis, 3 sample preparation methods
were initially compared, as described in detail in Sup-
plemental File S2 (https://doi.org/10.3168/jds.2017
-13977). The isopropyl alcohol-induced (IPA) protein
precipitation method was used for all subsequent
lipidomic analyses. Lipids were extracted from serum
samples by 1:3 dilutions with 240 pL of chilled IPA
(1:3 vol/vol) containing nonendogenous lipid standards
with final concentrations of 1 mg/L. Each sample was
vortex-mixed vigorously for 5 min and incubated on ice
for 10 min. Samples were stored at —20°C overnight
to enhance protein precipitation. On the following day,
each sample was vortex-mixed for 5 min and centri-
fuged at 16,000 x g for 15 min at 4°C. Supernatant was
transferred to a fresh tube and stored at —80°C until
MS analysis.

Metabolomic Analysis

Metabolomic analysis was performed by injecting 3
pwL of each sample using the flow-through needle mode
on Waters Acquity UPLC T class system (Waters,
Milford, MA) coupled to a Synapt G2 HDMS mass
spectrometer (Waters). Metabolites were separated
on an Acquity UPLC BEH amide column (2.1 mm x
150 mm, 1.7 pm, Waters). Mobile phase A consisted of
H,0/acetonitrile (95:5, vol/vol), and mobile phase B
was H,O/acetonitrile (5:95, vol/vol); both mobile phas-
es contained 0.1% formic acid. The elution gradient was
0 min, 99% B; 7.5 min, 40% B; 9 min, 99% B; 10 min,
99% B; and 12 min, 99% B. The flow rate was 0.4 mL/
min. The temperature of the column compartment was
set to 45°C. The autosampler tray was maintained at
6°C. Sample analysis was performed over a 12-min total
run time.

5533

The Synapt G2 mass spectrometer was operated in
the MS® mode. All analyses were conducted in both
positive and negative electrospray ionization modes.
Mass spectral data were acquired from m/z 50 to 1200.
A capillary voltage of () 2.5 kV and a sampling cone
voltage of (£) 35 V were used. Source and desolvation
temperature were kept at 100 and 400°C, respectively.
Nitrogen was used as desolvation gas with a flow rate
of 650 L/hr in the positive ionization mode, and 750 L/
hr in the negative ionization mode. Dependent on the
ionization mode the protonated molecular ion of leucine
enkephalin, [M+H]" (m/z 556.2771) or the deproton-
ated molecular ion [M-H| (m/z 554.2615) was used as
a lock mass for accurate mass measurement. Leucine
enkephalin, dissolved in 50% aqueous acetonitrile con-
taining 0.1% formic acid at a concentration of 2 ng/
pL, was introduced with a flow rate of 5 wL/min. The
lock mass was acquired for 0.3 s and repeated every 10
s in a separate acquisition channel. In MS® mode, the
low-energy function was set to 4 eV in the transfer cell
(first function), and for collision-induced dissociation
the energy in the transfer cell (second function) was
increased from 15 to 35 eV.

Lipidomic Analysis

Lipidomic analysis was performed by injecting 5 L
of each sample using the flow-through needle mode
on Waters Acquity UPLC I class system coupled to a
Synapt G2 HDMS mass spectrometer (Waters). Lipids
were separated on an Acquity HSS T3 column (2.1 mm
x 100 mm, 1.8 pm, Waters). Mobile phase A consisted
of acetonitrile/H,O (40:60, vol/vol), and mobile phase
B was IPA/acetonitrile/H,O (85:10:5, vol/vol/vol);
both mobile phases contained 10 mM ammonium ac-
etate and 0.1% acetic acid. The elution gradient was 0
min, 40% B; 1 min, 40% B; 11 min, 100% B; 14 min,
100% B; 15 min, 40% B; and 16 min, 40% B (1 min for
re-equilibration time). The flow rate was 0.4 mL/min.
The temperature of the column compartment was set
to 55°C. The autosampler tray was maintained at 6°C.
Sample analysis was performed over a 15-min total run
time. The Synapt G2 mass spectrometer was operated
in the data-independent (MS¥) mode using the same
settings as described above for the metabolomics analy-
sis. The exception is that for collision-induced dissocia-
tion the energy in the transfer cell (second function)
was increased from 25 to 60 eV.

Detailed information about quality control (QC),
metabolite and lipid validation are provided in Sup-
plemental File S3 (https://doi.org/10.3168/jds.2017
-13977). Detailed information about data processing
and feature annotation for lipidomic and metabolomics

Journal of Dairy Science Vol. 101 No. 6, 2018
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analysis is provided in Supplemental File S4 (https://
doi.org/10.3168/jds.2017-13977).

Biochemical Analysis

Serum concentrations of total glucose, BHB, fatty
acids, urea nitrogen, haptoglobin, visfatin, cholesterol,
a-tocopherol, calcium, magnesium, and phosphorus
were determined as reported previously (Qu et al.,
2013, 2014; Fadden and Bobe, 2015). Serum concen-
trations of serum amyloid A (SAA) were determined
using a multispecies ELISA kit (Catalog No. KAA0021;
Life Technologies, Grand Island, NY), as SAA is highly
conserved across species. Manufacturer’s instruc-
tions  (https://www.thermofisher.com/order/catalog/
product /KAA0021) were followed for chemical analysis.
Absorbance was measured at 450 nm with a FLUOstar
Omega microplate auto-reader (BMG Labtech Inc.,
San Francisco, CA). Serum concentration of serum
tumor necrosis factor-a was measured with a bovine
ELISA kit (Catalog No. RAB0522-1KT; Sigma Al-
drich, St. Louis, MO) according to the manufacturer’s
instructions (https://www.sigmaaldrich.com/technical
-documents/protocols/biology/elisa-protocols.html).
Inter- and intra-assay coefficients of variation are in
Supplemental Table S2 (https://doi.org/10.3168/jds
.2017-13977).

Data Processing, Statistical Analysis,
and Self-Organizing Maps

Data acquisition was performed in MassLynx (ver-
sion 4.1, Waters Corp., Milford, MA) software (ver-
sion 4.1) in centroid mode. Mass spectrometery data
preprocessing and feature extraction were performed
using an open-source XCMS package (version 1.39.4)
in R (version 3.1.2; R Core Team, 2013) environment
for peak picking, retention time alignment, and filter-
ing, as provided under Supplemental File S4 (https://
doi.org/10.3168/jds.2017-13977). The area counts for
each feature (i.e., signal intensities) in each sample
were used for creating bar plots. We performed statisti-
cal analyses using MetaboAnalyst, version 2.0 (Xia et
al., 2012), GraphPad Prism version 7.00 for Windows
(GraphPad Software, La Jolla, CA), and SAS version
9.4 (SAS Institute Inc., Cary, NC). For metabolomic
data, we normalized area counts for each metabolite
in each sample using the Loess algorithm to correct
for variations originating from interday running differ-
ences of the instrument platform (Ejigu et al., 2013).
To compare data obtained by biochemical analysis with
data obtained by metabolomics or lipidomics, Pearson
correlation coefficient was used.

The potential predictive strength were evaluated
by determining how accurately individual serum me-
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tabolites and lipids or summed biological families could
classify cows for their future CM status. An area under
the receiver operating curve (AUC-ROC) value of
1 indicates that an individual serum metabolite and
lipid or summed biological groups could discriminate
between cow groups with 100% accuracy (i.e., complete
separation between groups). We also computed AUC-
ROC for individual serum metabolites and lipids or
summed biological groups that misclassified only 1 or 2
cows. We did not compute AUC-ROC for combinations
of serum metabolites and lipids, as individual serum
metabolites and lipids or summed biological families
were sufficient to classify cows.

Significance of differences between CMP and control
cows were evaluated by the nonparametric Wilcoxon
rank-sum test. To correct for multiple testing, the Ben-
jamin-Hochberg method was used to compute ¢-values
(Broadhurst and Kell, 2007). The results of parametric
t-test with Welch-Satterthwaite approximation are not
shown because their variance estimates are more sus-
ceptible to outliers and violation of normality.

To evaluate differences between CMP and control
cows for the whole data sets (lipidomic, metabolomic,
and biochemical data), linear group differences of natu-
ral log-transformed, autoscaled data were calculated
and visualized using principal component analysis (un-
supervised analysis) and partial least squares discrimi-
nant analysis (PLS-DA; supervised analysis). Model
validation was carried out using a cross-validation test.
The goodness of fit (R?) and predictive power of PLS-
DA score plots were calculated.

To evaluate temporal changes within and across
CMP and control cows, a repeated-measures-in-time
analysis of natural log-transformed data was conducted
in PROC MIXED of SAS. Repeated measures within
cows were modeled using a first-order heterogeneous
variance-covariance matrix and the Kenward-Roger
approximation was used to adjust the P-values for re-
peated measures of the same animal. Fixed effects were
time (21, 14, 7 d before and directly after calving),
group (control and CMP cows), and their interaction.

To visualize for the whole data sets temporal changes
within and across CMP and control cows, the self-or-
ganizing maps (SOM) algorithm implemented in Gene
Expression Dynamics Inspector (GEDI) software (ver-
sion 2.1, https://apps.childrenshospital.org/clinical/
research /ingber / GEDI/gedihome.htm; Children’s
Hospital, Boston, MA) was used. For each sampling
time, signal intensities of individual lipids from those
lipid subclasses were exported into GEDI. Ninety (9
x 10) grid coordinates were then defined and trained
by using 80 first-phase and 160 s-phase iterations. The
resulting heat maps indicate the location of clustered
lipids or metabolites as series of coherent mosaic tiles.
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Figure 1. (A) Experimental workflow of untargeted metabolomic, lipidomic, and biochemical analyses for predictive biomarker discovery
of bovine clinical mastitis during the close-up period (21, 14, 7, and 0 d before calving), and (B) data preprocessing pipeline using the XCMS
package in R (http://www.R-project.org; EIC: extracted ion chromatogram; more details provided in Supplemental Table S5, https://doi.
org/10.3168/jds.2017-13977). CMP = cows diagnosed with mastitis postcalving; IPA = isopropyl alcohol-induced; METLIN = The Metabolite
and Tandem Mass Spectrometry Database; HMDB = The Human Metabolome Database; LIPIDMAPS = The Lipid Maps Database; UPLC-
MSF = ultra-performance liquid chromatography high resolution mass spectrometry; SOM = self-organizing maps. Color version available online.

Because of the small number of measured biochemical
parameters (n = 11), changes could not be visualized
for biochemical data.

RESULTS
Analytical Workflow

The UPLC-MS" metabolomic and lipidomic ana-
lytical workflow for predictive biomarker discovery of
bovine CM is summarized in Figure 1A. Using a nested
case-control design, we measured serum metabolites,
lipids, inflammatory markers, and minerals at —21,
—14, =7, and 0 d from cows that in early lactation
did or did not develop CM. The extracted serum me-
tabolites and lipids were separated using hydrophilic
interaction liquid chromatography and reversed-phase
UPLC, respectively, and detected and quantified by
high-resolution MS® and ion mobility spectrometry-
mass spectrometry. We used the XCMS-package in R
for data extraction and preprocessing as summarized in

Figure 1B. We applied parametric and nonparametric
approaches to classify cows for future CM and deter-
mine dynamic changes within and across groups, which
were visualized using linear and nonlinear clustering
methods. We used online databases (https://metlin
.scripps.edu, http://www.lipidmaps.org, http://www
.hmdb.ca) for tentative identification of features. Mass
spectrometry-based omics was complemented by bio-
chemical assays for clinical diagnostics and validation
of MS-derived findings.

Within the analytical workflow, we tested 3 lipid ex-
traction or precipitation methods: 2 lipid-liquid extrac-
tion methods, methanol/methyl tert-butyl ether and
dichloromethane/methanol, and 1 protein precipitation
method with TPA (Supplemental File S2; https://doi
.0rg/10.3168/jds.2017-13977). We were able to extract
the major lipid classes and subclasses with all 3 methods
(Supplemental Figure S1; https://doi.org/10.3168/jds
2017-13977); the total numbers of extracted features
for each of the tested protocol were around 2,250 and
1,450 ions in the positive and negative modes, respec-
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tively. The 3 extraction methods, however, resulted in
differences in signal intensities for fatty acids (negative
mode), triacylglycerol (TAG), and cholesteryl esters
(ChoE; both in positive mode), with the IPA precipita-
tion yielding the highest ion intensities for fatty acids,
TAG, and ChoE (Supplemental Figure S1). The TPA
method was used for all subsequent lipidomic analyses
and provided satisfactory recovery and reproducibility
coefficients of variation (both <12%) for all the major
lipid classes and subclasses (Supplemental Figure S2 and
Supplemental Tables S3, S4; https://doi.org/10.3168 /jds
.2017-13977). For validation of our lipidomic workflow,
we compared results of the summed signal intensities of
individual fatty acids with the total fatty acid results
using the biochemical colorimetric method. As shown
in Supplemental Figure S3 (https://doi.org/10.3168/
jds.2017-13977), results for summed signal intensities
of individual fatty acids using MS were in close agree-
ment with the fatty acid results using the biochemical
colorimetric method for the 68 examined samples, as
exemplified by the Pearson correlation (r = 0.91 and R’
= 0.84). Further details and the discussion about the
analytical workflow are provided in the Supplemental
Files (https://doi.org/10.3168/jds.2017-13977).

Serum Metabolite Differences Between
CMP and Control Cows

A total of 2,200 features were detected in both
UPLC-MS" positive and negative modes combined
during a 12-min retention time window. We annotated
putatively 81 unique molecular metabolites to be 17
proteinogenic AA, 16 AA metabolites, 4 dipeptides, 15
carnitines (Car), 7 bile acids (BA), 6 water-soluble
phospholipid (PL) metabolites, 6 carbohydrates, 4
nucleotides and nucleotide metabolites, 3 cholesterol
and ChoE, 2 vitamins, and 1 sphingosine metabolite
(Supplemental Table S6; https://doi.org/10.3168/jds
.2017-13977). Linear, supervised multivariate analysis
of extracted metabolite features from the negative
mode displayed distinct clustering and clear separa-
tion of CMP and control cows at each sampling time
(Supplemental Figure S4A and File S5; https://doi
.org/10.3168/jds.2017-13977).

Of the 81 metabolites, 17, 7, 0, and 1 could correctly
classify for future CM of cows (AUC-ROC = 1) at
—21, =14, =7, and 0 d, respectively (Table 1). Each
metabolite was higher before calving in CMP versus
control cows, and median fold changes of each me-
tabolite decreased as calving approached. Each of the
7 metabolites, N-methylethanolamine phosphate, cho-
line, phosphorylcholine, free carnitine, trimethyl lysine,
tyrosine, and proline, that could correctly classify for
future CM at —14 d could also do so at —21 d. Summed
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signal intensities of AA metabolites, water-soluble PL
metabolites, and carnitines could correctly classify for
future CM of cows (AUC-ROC = 1) at both —21 and
—14 d.

Significant (P < 0.05) group differences between
CMP and control cows were observed at all 4 sampling
time for 2 metabolites, 3'-sialyllactose (3'-SL; Figure
2A) and glycodeoxycholic acid (Table 1); the presence
of both was confirmed by comparison with commercial
standards and fragmentation patterns (Supplemental
Figure S5 for 3'SL; https://doi.org/10.3168/jds.2017
-13977). Five additional metabolites, lactose, betaine,
free carnitine, Car C3:0, Car C18:1, and proline, dif-
fered at —21, —14, and —7 d (all higher in CMP wvs.
control cows), as did summed signal intensities of AA
metabolites (Figure 2B), carnitines (Figure 2C), and
water-soluble PL metabolites (Figure 2D). Three addi-
tional metabolites, hippuric acid, taurocholic acid, and
glycocholic acid, were higher in CMP versus control
cows at —21 and —14 d and lower at 0 d, as were
summed signal intensities of conjugated BA (Figure
2E). The largest fold changes before calving among all
metabolites and lipids were observed for the mammary
gland-derived carbohydrates 3'-SL and lactose (Table
1), which showed similar temporal group differences
(Figure 2A).

Before calving, 5 metabolite families, AA metabolites,
proteogenic AA (Figure 2B), water-soluble PL, carni-
tines, and conjugated BA (see Supplemental Figures
S6, S7, and S8 for PL, carnitines, and conjugated BA,
respectively; https://doi.org/10.3168/jds.2017-13977),
had over half of the individual metabolites with higher
signal intensities in CMP versus control cows: 14, 11,
and 2 of 16 identified AA metabolites; 5, 6, and 4 of 6
identified water-soluble PL; 9, 9, and 7 of 15 identified
carnitines; and 4, 3, and 1 of 5 identified conjugated
BA were higher in CMP versus control cows at —21,
—14, and —7 d, respectively. The largest group differ-
ences of individual metabolites were observed at —21 d
and the smallest at —7 d.

At calving, serum metabolites were either lower in
CMP versus control cows or similar (Supplemental
Table S7; https://doi.org/10.3168/jds.2017-13977). Of
the 14 metabolites that differed, 11 were lower. Those
included all 5 identified conjugated BA individually
(Supplemental Figure S8) as well as their summed sig-
nal intensities (Figure 2E). The remaining metabolites
that differed at calving in CMP versus control cows
were distributed over all metabolite families: lower were
1 conjugated BA precursor (glycine), 1 water-soluble
PL metabolite (glyceryl-phosphoethanolamine), 1 AA
metabolite carrier (Car C5:0), and 2 AA metabolites
(hippuric acid, indoxyl sulfate) and higher were 1 AA
(histidine), 1 AA metabolite (ketoleucine) and 3'-SL.
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Figure 2. Summed serum signal intensities (mean + SEM) of (A) 3'-sialyllactose and lactose, (B) AA metabolites and proteogenic AA, (C)
free and acylated carnitines, (D) water-soluble phospholipids, and (E) conjugated bile acids in serum of cows diagnosed with mastitis postcalv-
ing (CMP; n = 8) and control (n = 9) cows at 21, 14, 7, and 0 d before calving. Crosses (f) indicate complete group separation (area under
the curve-receiver operating characteristics = 1), and asterisks indicate significant (P < 0.05) group differences between CMP and control cows
using Wilcoxon rank sum test.
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Serum Lipid Differences Between CMP
Versus Control Cows

A total of more than 2,200 features were detected
in both UPLC-MS" positive and negative modes com-
bined during a 15-min retention time window. We an-
notated putatively 204 individual molecular lipids to
be 41 phosphocholine (PC), 24 phosphoethanolamine
(PE), 10 phosphoinositol (PI), 21 phosphoserine
(PS), 19 sphingomyelin (SM), 12 lysophosphocholine
(LPC), 10 lysophosphoethanolamine (LPE), 1 lyso-
phosphoinositol (LPI), 2 diacylglycerols (DG), 23
TAG, 4 ChoE, 12 ceramides (Cer), and 24 fatty acids
(Supplemental Table S8; https://doi.org/10.3168/jds
.2017-13977). Supervised, linear, multivariate analysis
on the extracted lipidomic features from the negative
mode depicts distinguishable clustering of control and
CMP cows at each sampling time (Supplemental Fig-
ure S4B and File S5; https://doi.org/10.3168/jds.2017
-13977). However, none of the individual lipids or lipid
families could correctly classify for future CM status
of cows (AUC-ROC = 1). The best lipid discrimina-
tor was the relative proportion of free on total fatty
acids (free/total fatty acids%), which could correctly
classify at calving for future CM status of cows ex-
cept for the only CMP cow that had normal SCC at
the onset of lactation (Figure 3A). The only 2 lipids
that had significant differences in signaling intensities
at >3 sampling times were PC (16:0/16:1) and TAG
(16:0/18:0/18:1; Table 1).

At —21 d, 23 lipids differed (all P < 0.05) between
CMP and control cows. Summed signal intensities of
esterified fatty acids (sum of fatty acids of Cer, TAG,
DG, LPC, LPE, LPI, PC, PE, PI, PS, and SM; +23%)
were higher (P = 0.04) in CMP versus control cows
(Figure 3A); this was primarily due to higher signal in-
tensities of the most abundant esterified fatty acids, PC
(+35%; Figure 3B) and UFA containing TAG (+24%;
Figure 3B). Moreover, the ratio of 18:1 to 18:0 fatty ac-
ids (C18 desaturase index) in TAG was higher (+57%)
in CMP versus control cows. In contrast, summed signal
intensities of very long chain SFA (20:0 to 28:0; —45%)
and n-3 PUFA (18:3, 20:5, 22:5; —33%) were lower (all
P < 0.05) in CMP versus control cows at —21 d before
calving (Figure 3C). As calving approached, less lipid
ions differed between CMP versus control cows (11 at
—14 d and 12 at —7 d).

At calving, the largest number (i.e., 59) of lipids dif-
fered between CMP versus control cows (Supplemental
Table S9; https://doi.org/10.3168/jds.2017-13977).
Summed signal intensities of fatty acids (+121%) were
higher (P = 0.01) in CMP versus control cows (Figure
3A), which was primarily due to the higher signal inten-
sities of the most abundant fatty acids, long-chain SFA
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(+112%; P = 0.02), and MUFA (+182%; P = 0.005)
(Figure 3C). Signal intensities of each identified long-
chain fatty acid and MUFA were higher in CMP versus
control cows (Supplemental Figure S9; https://doi
.org/10.3168/jds.2017-13977). In contrast to long-chain
fatty acids, summed signal intensities of very long chain
SFA (—23%; P = 0.007), PC (—19%; P = 0.03; Figure
3B), PI (—26%; P = 0.02; Figure 3B), 18:0-containing
TAG (—53%; P = 0.02), monohexosyl Cer (—29%; P =
0.04), and summed signal intensities of UFA-containing
LPC (—46%; P = 0.007; Supplemental Figure S10;
https://doi.org/10.3168/jds.2017-13977), LPE (—42%;
P = 0.01; Supplemental Figure S11; https://doi.org/10
3168/jds.2017-13977), and ChoE (—41%; P = 0.004)
were lower in CMP versus control cows (Figure 3D).
Moreover, the ratio of UFA-containing LPE to PE
(=65%; P < 0.0001, complete group separation) and
the ratio of UFA-containing LPC to PC (—17%; P <
0.03) were lower in CMP versus control cows, whereas
the ratio of 18:1 to 18:0 FA (C18 desaturase index) in
TAG was higher (+274%; P < 0.007).

Serum Biochemical Differences Between
CMP Versus Control Cows

For biochemical analysis, we quantified serum concen-
trations of markers of acute and chronic inflammation
(haptoglobin, SAA, tumor necrosis factor-a, visfatin;
Supplemental Figure S12A, https://doi.org/10.3168/
jds.2017-13977), lipoprotein metabolism (a-tocopherol,
cholesterol; Supplemental Figure S12B), energy status
(fatty acids, BHB, glucose, urea N; Supplemental Fig-
ure S12C), and mineral status (calcium, magnesium,
phosphorus; Supplemental Figure S12D). In addition,
we measured BCS at each sampling time (Supplemental
Figure S13; https://doi.org/10.3168/jds.2017-13977).
The PLS-DA score plots showed distinct clustering of
CMP and control cows at each sampling time except at
14 d before calving (Supplemental Figure S4C and File
S5; https://doi.org/10.3168/jds.2017-13977).

Separation between CMP and control cows was driv-
en by SAA, visfatin, and a-tocopherol. Whereas mark-
ers of inflammation were higher in CMP versus control
cows throughout the sampling period, serum concentra-
tions of a-tocopherol were lower (Table 1). Complete
group separation were observed for visfatin at —7 and 0
d. Significant group differences at all 4 sampling times
were observed for visfatin and a-tocopherol and at the
last 3 sampling times for SAA and summed concentra-
tions of inflammatory markers (Figure 4).

Similar to the results obtained with MS, serum con-
centrations of total fatty acids were higher (P < 0.05)
in CMP versus control cows at —7 (+139%) and 0 d
(+178%). Higher serum concentrations of haptoglobin
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Figure 3. Summed serum signal intensities (mean + SEM) of total (A) free fatty acids, esterified fatty acids, and proportion of free on total

fatty acids, (B) phosphatidylcholine, unsaturated triacylglycerol (TAG), and phosphatidylinositols, (C) very long chain SFA, n-3 PUFA, and
long-chain MUFA, and (D) UFA-containing lysophosphocholine (LPC), lysophosphoethanolamine (LPE), and cholesteryl esters in serum of cows
diagnosed with mastitis postcalving (CMP; n = 8) and control (n = 9) cows at 21, 14, 7, and 0 d before calving. Asterisks indicate significant
(P < 0.05) group differences between CMP and control cows using Wilcoxon rank sum test.

were not observed in CMP versus control cows until
after calving (0 d = +251%; results after calving not
shown). Other indicators and indicator families showed

no or limited ability to predict CM and differed (P
< 0.05) between CMP and Control cows at only 1
(glucose, phosphorus) or 0 sampling times (BHB, cal-
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cium, cholesterol, magnesium, urea N, tumor necrosis

factor-a, BCS).

Temporal Serum Metabolite and Lipid Changes
During the Prepartal Transition Period

Temporal serum metabolite changes during the pre-
partal transition period were visualized using SOM in
GEDI. For metabolomics results, GEDI grouped car-
nitines, AA and their metabolites, and conjugated BA
in distinct and separate tiles (Figure 5A). Temporal
metabolite changes differed between metabolite fami-
lies as well as between CMP and control cows. Larger
decreases in summed signal intensities were observed
in CMP versus control cows for AA (—60 vs. —34%
Figure 2B) and AA metabolites (—46 vs. —22%; Figure
2B), free Car (=91 vs. —69%; Figure 2C), and water-
soluble PL (=91 vs. —69%; Figure 2D), all of which
primarily decreased between —14 and —7 d. Summed
signal intensities of acylated carnitines (control cows
= +6%, P = 0.56; CMP cows = —52%, P < 0.0001,
primary decrease between —14 and —7 d; Figure 2C)
and conjugated BA (control cows = +37%, P = 0.33;
CMP cows = —87%, P < 0.0001, consistent decrease
throughout; Figure 2E) only decreased in CMP cows.

For the lipidomics results, GEDI grouped fatty acids,
TAG, PC, LPC and LPE, and PE in distinct and sepa-
rate tiles (Figure 5B). Temporal metabolite changes
differed between metabolite families as well as between
CMP and control cows. During the prepartal transition
period, cows transitioned from lipid synthesis to lipid
catabolism. Relative abundance of fatty acids increased
exponentially starting —7 d, whereas the relative abun-
dance of esterified fatty acids, including TAG, LPC and
LPE, and PC, decreased until calving. Larger temporal
changes were observed in CMP versus control cows; the
proportion of free on total fatty acids (free/total fatty
acids%) increased greater in CMP versus control cows
(4333 vs. +82%; P = 0.02; Figure 3A), as summed
signal intensities of fatty acids (CMP vs. control cows:
+338 vs. +89%; Figure 3A) and summed signal intensi-
ties of LPC (=59 vs. —39%), PC (—49 vs. —15%), PE
(=24 vs. +5%), and PI (—26% vs. +36%) changed in
opposite directions, the change being significant only
in CMP cows. Summed signal intensities of PS, LPE,
SM, monohexosyl Cer, and ChokE as well as cholesterol
decreased similarly in both groups during the prepartal
transition period.

Integrative Overview of Dynamic Changes During
the Prepartal Transition Period

Dynamic changes of metabolites, lipids, and inflam-
matory markers during the prepartal transition period
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are linked and integrated in Figure 6 to provide a
schematic representation of our study results. At —21
d (Figure 6A), serum markers of muscle protein break-
down (AA and their metabolites, odd short-chain acyl
carnitines), muscle and liver FA oxidation (long-chain
acyl carnitines), chronic inflammation (visfatin), liver
choline metabolism (water-soluble PL metabolites),
mammary gland development (mammary gland-derived

ZANDKARIMI ET AL.

carbohydrates), and liver lipid synthesis, packaging, se-
cretion, and recycling (conjugated BA, PL, TAG) were
higher in CMP versus control cows. Whereas group
differences between serum metabolites decreased until
calving, except for markers of early mammary gland
development, signal intensities of serum markers of
acute inflammation (SAA) and adipocyte TAG break-
down (long-chain saturated and monounsaturated fatty

Days before calving

I114313

Control 3522,

-27268

SOM map
color bar

SOM map
color bar

CMP

Figure 5. Self-organizing maps (SOM) of (A) metabolomic and (B) lipidomic data of cows’ serum samples diagnosed with clinical mastitis
postcalving (CMP) and control cows at 21, 14, 7, and 0 d before calving are visualized in Gene Expression Dynamics Inspector (GEDI; https://
apps.childrenshospital.org/clinical /research /ingber/ GEDI/gedihome.htm). LPC = lysophosphocholine; LPE = lysophosphoethanolamine; PE =

phosphotidylethanolamine. Color version available online.
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acids) increased in CMP cows starting at —14 d but
not in control cows before calving. At calving (Figure
6B), serum markers of acute and chronic inflamma-
tion (SAA, visfatin) and adipocyte TAG breakdown
catabolism (long-chain SFA and MUFA) were higher
and markers of liver lipid synthesis, packaging, secre-
tion, and recycling as well as intestinal lipid absorption
and synthesis (esterified fatty acids, PC, PI, C18:0
containing TAG, unsaturated LPC, LPE, and ChoE,
and conjugated BA) were lower in CMP versus control
cows at calving.

DISCUSSION

The last 3 wk before calving, also called prepartal
transition period, is marked by homeorhetic metabo-
lomic and lipidomic adaptations for the upcoming
parturition and lactation, which are orchestrated by
hormonal changes (Drackley, 1999; Ingvartsen, 2006).
Reasons for these adaptations include exponentially
increasing energy, AA, and lipid requirements for the
growing fetus and expanding mammary gland; and
accumulation of minerals and vitamins, growth fac-
tors, antioxidants, immunoglobulins, and bactericidal
compounds in the colostrum to strengthen immune-re-
sponse of the immune-naive neonate. In addition, fetus
size may limit rumen size and, thus, feed intake. Dur-
ing the transition period, immunosuppression results in
increased susceptibility to infectious diseases such as
CM. Given this physiological background, the objective
of our study was to identify predictive indicators that
precede CM in dairy cows.

Metabotype Differences Between CMP and Control
Cows at -21 and -14 Days

Elevated signal intensities of multiple serum AA and
AA metabolites and carnitines were observed in CMP
cows at —21 and —14 d. Carnitine and AA metabolism
are linked, as the breakdown of endogenous proteins
containing trimethyl lysine residues is recognized as
the starting point for free carnitine synthesis (Servillo
et al., 2014). Acylated carnitines play important roles
in both AA oxidation, specifically short-chain odd ac-
ylcarnitines (Car C3:0 and CarC 5:0), and fatty acid
B-oxidation, specifically long-chain even acylcarnitines
in muscle and liver (Koves et al., 2008). Medium-chain
acylcarnitines (Car C10:0) indicate incomplete fatty
acid (B-oxidation when fatty acid availability exceeds
the amount that can be oxidized in the mitochondria.
Elevated AA and AA metabolites and carnitines have
been reported in previous research at 8 or 4 wk pre-
partum in cows diagnosed postpartum with various
diseases, including SCM (Hailemariam et al., 2014;
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Dervishi et al., 2017; Zhang et al., 2017). It was pro-
posed that inflammation caused the observed metabolic
changes; for example, elevated concentrations of serum
haptoglobin, tumor necrosis factor-c, and IL-1 preceded
SCM diagnosis 4 wk prepartum (Dervishi et al., 2015).

To evaluate whether inflammation associated with
infection may have triggered the CMP metabotype ob-
served at —21 d, we measured serum markers of chronic
(visfatin) and acute inflammation (SAA, haptoglobin,
tumor necrosis factor-a). Visfatin, but not markers of
acute inflammation, were elevated in CMP versus con-
trol cows. We checked also for previous SCC and masti-
tis events of CMP cows, and the results indicated that
CMP cows were most likely free of mammary infections
at —21 d. Thus, chronic inflammation may precede AA
and FA catabolism, which may cause those cows to be
more susceptible to mammary infections (Sordillo et
al., 2009).

One question that arises is whether the elevated
AA and FA catabolism can be explained by decreased
feed intake rather than inflammation. The answer is
not straightforward, as a synergistic interrelation exists
between inflammation, decreased feed intake, and ele-
vated AA and FA catabolism. Inflammation-associated
cytokine and hormone release decreases feed intake
and increases protein and lipid catabolism in liver and
muscle; however, the reverse is also true (Sordillo et
al., 2009; Kuhla et al., 2011). Thus, the question be-
comes what happened first: inflammation, the AA and
FA catabolic metabolic phenotype (i.e., metabotype),
or low feed intake. We cannot answer this question,
as chronic inflammation and the AA and FA catabolic
metabotype both were evident at —21 d. A limitation
for the interpretation of our data is that we did not
measure feed intake; however, we can use fatty acids,
BHB, and BCS as indicator of energy status (Moyes et
al., 2013), and none differed between CMP and control
cows at —21 and —14 d. We propose that cows develop
a chronic inflammatory metabotype (i.e., “inflammag-
ing”) as they age, similar to what has been proposed in
literature on humans (Franceschi et al., 2007). Besides
chronic inflammation, hallmarks of inflammaging are
progressive mitochondrial dysfunction, as indicated by
elevated AA and FA catabolism, and increased reac-
tive oxygen species accumulation and cellular damage
(Lépez-Otin et al., 2013), which may be the cause of
low serum concentrations of a-tocopherol in CMP
cows. In support of our proposed mechanism, Huber et
al. (2016) observed an inflammatory metabotype with
mitochondrial dysfunction in early-lactation dairy cows
that later failed to conceive, which was not linked to
decreased feed intake.

Whereas Huber et al. (2016) and other recent studies
used a targeted metabolomics approach, our untargeted
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Figure 6. Schematic representation of proposed cross-talk between mammary gland, adipose tissue, muscle, liver, small intestine, and
pathogenic bacteria in cows diagnosed with mastitis postcalving (CMP) versus control cows (A) at 21 d before calving and (B) at calving.
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metabolomic and lipidomic study allowed us to look at
a broader number of metabolite and lipid families (e.g.,
BA and water-soluble PL). At —21 and —14 d, elevated
levels of conjugated BA were observed in CMP cows.
Our results for conjugated BA are similar to those ob-
served in human pregnancy-associated cholestasis, in
which pregnancy hormones stop or slow down bile flow,
resulting in a build-up of BA in the liver that spills in
the blood stream (Lammert et al., 2000; Geenes and
Williamson, 2009). Our observed elevated PC levels
at —21 d may be related to the elevated conjugated
BA levels indicating pregnancy-associated cholestasis.
Decreased bile flow, as indicated by elevated conju-
gated BA concentrations, may interfere with hepatic
removal of pathogens and their toxic products. Future
studies are warranted to examine whether pregnancy-
associated cholestasis is a health problem in dairy cows.

At —21 and —14 d, nearly all water-soluble PL me-
tabolites were elevated in CMP versus control cows. In
humans, pregnancy (i.e., increased choline transfer into
the fetus) as well as various diseases (e.g., coronary
heart disease) are associated with elevated circulating
choline concentrations (Danne et al., 2007; Yan et al.,
2012). This is likely because the high needs for methyl
groups of fast-growing and metabolizing tissues (i.e.,
nucleotide synthesis, methylation) and high choline and
betaine excretion result in elevated choline metabolism
(Yan et al., 2012; Ducker and Rabinowitz, 2017). Car-
nitine, AA and AA metabolites, and water-soluble PL
metabolites are metabolically linked, as choline via be-
taine provides methyl groups for carnitine biosynthesis
(Griffith, 1987; Zhou et al., 2017), which is essential for
AA and fatty acid metabolism. Thus, elevated serum
levels of water-soluble PL metabolites may indicate
both inflammation-associated diseases and elevated AA
and fatty acid catabolism in muscle and liver.

One of the most intriguing observations from a physi-
ologic perspective involved summed signal intensities
of esterified fatty acids (sum of fatty acids of Cer, DG,
LPC, LPE, LPI, PC, PE, PI, PS, SM, and TAG). At
—21 d, summed signal intensities of esterified fatty ac-
ids were higher in CMP versus control cows, which was
primarily due to higher signal intensities of the most
abundant esterified fatty acid-containing lipid ions, PC
and TAG containing 18:1, 18:2, or both. Circulating
TAG are primarily associated with very low density
lipoprotein (VLDL), and the fatty acid composition
of TAG mainly reflects hepatic lipid metabolism and
secretion (Gray et al., 2013). We interpret our observa-
tion as an indication of elevated hepatic lipid biosyn-
thesis and VLDL secretion in CMP versus control cows.
Stearoyl-CoA desaturase is the rate-limiting enzyme
in MUFA synthesis and critical for both hepatic lipid
biosynthesis and VLDL secretion (Stefan et al., 2008).
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We observed higher 18:1-t0-18:0 fatty acid ratios (i.e.,
C18 desaturase index) in TAG of CMP versus control
cows at —21 d, suggesting greater hepatic stearoyl CoA
desaturase activity in CMP versus control cows. In
humans, greater hepatic stearoyl CoA desaturase 1 ac-
tivity is related to more VLDL secretion and less liver
fat, but also to increased hepatic lipid synthesis and
less hepatic fatty acid oxidation (Stefan et al., 2008;
Silbernagel et al., 2012). Thus, CMP cows may differ
from control cows in endogenous lipid metabolism (i.e.,
higher stearoyl CoA desaturase activity).

Summed signal intensities of 2 fatty acid subfami-
lies, n-3 PUFA and very long chain SFA, were lower in
CMP versus control cows at —21 d. Serum n-3 PUFA
are known to have anti-inflammatory properties (Tai
and Ding, 2010). Lower circulating concentrations of
very-long chain SFA, which have important roles in
membrane structure and intracellular signaling, are
associated with increased risk of chronic diseases in
humans (Lee et al., 2015; Malik et al., 2015). We are
not aware of studies examining the relation between
circulating very long chain SFA, their synthesis and
degradation, and bovine diseases, indicating an area of
future research.

Consistent Metabotype Differences Between
CMP and Control Cows

The most consistent single discriminant metabolite
in our data was 3'-SL, followed by lactose; both me-
tabolites are synthesized exclusively in the mammary
gland. Sialyllactose is the smallest acidic oligosaccha-
ride and most abundant oligosaccharide in bovine milk
(>50% of oligosaccharides) and occurs in 2 isomeric
forms 3'-SL and 6'-SL (Gopal and Gill, 2000); 3'-SL is
more abundant in bovine milk than 6-SL, which is the
major SL in human milk (Nakamura et al., 2003; Tao
et al., 2009; ten Bruggencate et al., 2014). We detected
and validated the presence of 3'-SL and 6'-SL by com-
paring the serum samples with commercial standards,
and we only detected 3'-SL in our serum samples. The
proposed function of 3'-SL: and 6'SL is to protect calves
against infections (Nakamura et al., 2003) and to sup-
port innate immunity in newborns (ten Bruggencate
et al., 2014); thus, 3'-SL may be increased during an
infection. Both 3'-SL and lactose increased during the
prepartal transition period in control cows, whereas
their values were already elevated at —21 d in CMP
cows, indicating earlier mammary gland development in
CMP cows. We excluded delayed calving as a potential
explanation for earlier mammary gland development
because pregnancy length did not significantly differ
between CMP and control cows (P = 0.12). Elevated
3'-SL and lactose in serum of CMP cows may indicate
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passive transfer of mammary gland-derived compounds
into serum as a result of pathogen-induced damage of
the mammary gland epithelial barrier between blood
and milk (Mackenzie and Lascelles, 1968). Tt is intrigu-
ing that a mammary gland-derived oligosaccharide in
serum may assist in CM prediction, given that several
blood-derived metabolites in milk are used as indica-
tors of CM (Viguier et al., 2009). Further studies are
required to validate and quantify this proposed me-
tabolite as a robust predictive indicator of CM and
potentially SCM.

Serum visfatin concentrations were elevated and se-
rum o-tocopherol concentrations were lower in CMP
versus control cows throughout the prepartal transition
period. This is similar to what we previously reported
in dairy cows that subsequently developed retained pla-
centa and other diseases (Qu et al., 2013, 2014; Fadden
and Bobe, 2015), indicating chronic inflammation and
depleted antioxidant reserves are potential risk factors
of CM.

Metabotype Differences Between CMP
and Control Cows at Calving

Metabotype differences started to change between
—14 and —7 d. A shift occurred from elevated AA and
fatty acid oxidation to increased adipose lipolysis in
CMP cows, which may relate to the decrease in carnitine
levels and depleted carnitine stores for fatty acid and
AA oxidation. We propose that the shift is the result of
an acute infection, as indicated by increased SAA con-
centrations in CMP cows, suggesting that during this
time period CMP cows became infected with CM. The
SAA increase preceded the increase in long-chain SFA
and MUFA, which are fatty acids enriched in adipose
tissue (Rukkwamsuk et al., 2000), indicating that acute
inflammation most likely caused adipose lipolysis. This
sequence of events has been reported in metabolomics
studies for other postpartum diseases (Hailemariam et
al., 2014; Dervishi et al., 2015, 2017).

Novel findings are the lower serum conjugated BA
levels in CMP versus control cows directly after calv-
ing, which may indicate decreased intestinal lipid ab-
sorption and bile recycling postpartum. This could also
explain the lower PL levels of CMP versus control cows
at calving. Lower serum BA levels may also explain, in
part, the higher acute phase protein concentrations in
CMP versus control cows after calving, because lower
BA concentrations may result via less farnesoid X re-
ceptor activation in more proinflammatory cytokine
synthesis and inflammation (Wang et al., 2008).

Also novel were the lower signal intensities of esteri-
fied fatty acids, PC, PI, C18:0-containing TAG, unsat-
urated LPC, LPE, and ChoE in CMP versus control
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cows at calving. As a consequence, the proportion of
free on total fatty acids (free/total fatty acids%) was
2-fold higher in CMP versus control cows with com-
plete separation of groups except for the only CMP
cow that was without disease directly after calving.
This makes biological sense, as free on total fatty acid
proportion accounts not only for the increased fatty
acid release from adipose tissue but also for the de-
creased esterified fatty acids release from the liver in
sick cows. Inadequate PC and PI availability has been
implicated in decreased hepatic lipoprotein assembly
and lipid secretion in transition dairy cows (Bobe et
al., 2004). Serum ChoE are synthesized in serum high-
density lipoproteins by transacylation of PC, a reaction
that is inhibited by inflammation (Kontush et al., 2013;
Kessler et al., 2014). Our results are consistent with a
cytokine-induced decrease in hepatic lipoprotein secre-
tion in response to an acute mammary infection (Gruys
et al., 2005; Bannerman et al., 2009). Thus, we inter-
preted our observations as indication of lower hepatic
lipid biosynthesis or secretion in CMP versus control
cows at calving in response to acute inflammation and
lower intestinal lipid absorption.

Noteworthy is that greater decreases with calving
and in CMP versus control cows were observed in fully
or partly deacylated PL metabolites than in PL itself.
As a result, LPC-to-PC ratio and LPE-to-PE ratio
were lower in CMP versus control cows at calving. The
results suggest that phospholipase or acyltransferase
activity of the Lands cycle may be affected by mastitis
infections. In support, pathogenic bacteria and infection
have been reported to inhibit phospholipase activity
(Hailemariam et al., 2014). In humans, the LPC-to-PC
ratio has been proposed as inflammation marker; for
example, lower LPC-to-PC ratios were associated with
increased risk of mortality in sepsis patients (Drobnik
et al., 2003). Thus, decreases in LPC-to-PC ratio and
LPE-to-PE ratio may indicate an acute CM infection in
dairy cows, as pathogenic bacteria alter PL metabolism.

CONCLUSIONS

We described and evaluated a novel analytical
workflow, suitable for comprehensive global lipidomics
and metabolomics profiling of biological specimens
(discussed in Supplemental File S6; https://doi.org/
10.3168/jds.2017-13977). The observed shifts in serum
metabolic, lipidomic, and inflammation profile suggest
metabolic crosstalk between mammary gland, muscle,
adipose tissue, liver, intestine, and pathogenic bacteria
to adapt to parturition and an infectious challenge,
which will be the objective of future research. Based
on the observed shifts, we propose a time sequence of
events potentially preceding and following naturally oc-
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curring CM during the close-up period. Early mammary
gland development, pregnancy-associated cholestasis,
chronic inflammation, elevated choline metabolism,
mitochondrial dysfunction, and depleted antioxidant
reserves preceded CM and are potential risk factors
of CM. Serum markers of acute inflammation followed
by elevated adipocyte lipolysis and decreased lipid and
bile synthesis, secretion or recycling may follow CM in-
fection and potentially indicate early subclinical stages
of CM. Further studies are required to validate and
quantify these proposed risk factors and indicators and
determine whether these changes are specific to CM or
also occur with other diseases.
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