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ABSTRACT. This preliminary study explored potential serum biomarkers for predicting the onset
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Milk fever (MF) is a bovine parturient disease that primarily affects older, high-producing dairy cows that have undergone three
or more lactations [9]. This disease is characterized by severe hypocalcemia (serum calcium concentration <1.5 mmol/L, <6.0 mg/
dL), resulting in flaccid paresis due to neuromuscular dysfunction, ataxia, recumbency, and depression, sometimes with loss of
consciousness [3, 15]. Hypocalcemia disrupts ruminal and abomasal motility, leading to body fat mobilization and an increased
risk of various parturient and metabolic disorders including dystocia, ketosis, and abomasal displacement [5, 15]. Efforts have
been made to prevent MF because of its significant impact on the well-being and economic performance of dairy cows. To ensure
effective preventive measures, it is crucial to identify predictive indicators of MF before parturition. Our recent study showed that
the prepartum concentrations of serum bone biomarkers are related to the degree of hypocalcemia and risk of MF in dairy cows
[19]. In particular, cows with MF exhibited lower serum activity of alkaline phosphatase isoenzyme 3 (ALP3), a specific biomarker
for osteoblast function and bone mineralization, during the 3 weeks before parturition. Interestingly, ALP3 activity had a moderate
positive association with serum calcium concentration on the day of parturition [19]. These findings suggest that osteoblast activity
may be reduced in cows with MF during the prepartum period and that prepartum ALP3 activity has great potential as a predictive
indicator for cows to develop MF.

Metabolomics has been utilized in dairy cows to examine the changes in the metabolome associated with liver function and calcium
metabolism during the parturient period [2, 18]. In contrast, metabolomics studies characterizing the MF and predictive indicators of
the risk of MF prior to parturition are lacking. We hypothesized that metabolomic analysis of cow’s serum samples will reveal useful
biomarkers for predicting MF. In the present study, we performed two-dimensional gas chromatography mass spectrometry (GCxGC/
MS)-based metabolomics analysis using prepartum serum samples from a previous study [19]. Considering the variation of ALP3
between MF and normal groups, we aim to identify serum indicators that can enhance our ability to predict the risk of MF in cows
during the crucial 3-week prepartum period.
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This study analyzed serum samples obtained from 25 late-pregnant Holstein cows approximately 3 weeks (18 to 23 days, average
20.7 days) before parturition (Supplementary Table 1). These samples were originally collected for a previous study [19] and were
kept at —80°C without a freeze—thaw cycle. The experimental procedures of animal care and blood sampling were complied with
the Guide for the Care and Use of Agricultural Animals of Obihiro University of Agriculture and Veterinary Medicine (approval
#19-49). The 25 Holstein cows were multiparous and had been housed at the university farm of Obihiro University of Agriculture
and Veterinary Medicine. The cows were dried-off for approximately 60 days and kept in a free-stall barn with an outside paddock
until 3 to 4 weeks before the expected parturition date. They were moved to another free-stall barn with outside paddock where all
late-pregnant cows were kept. Then they were kept in individual pens between 1 day before and 5 days after parturition. During
the 3 weeks leading up to the expected parturition date, all cows had free access to water, hay, and a total mixed ration. Among the
multiparous cows, eight cows (two cows in their second lactation and six cows in their third or fifth lactation) were diagnosed with
MF within a few hours after parturition. The diagnosis was based on the presence of any of the following eight characteristic clinical
signs of MF: astasia, anorexia, cold extremities, flaccid tail, tachycardia (>80 beats/min), tachypnea (>36 breaths/min), decreased
rectal temperature (<38.0°C), and coma [17].

Each frozen serum sample was thawed on ice for 60 min, and a 100 pL aliquot was transferred into a glass tube. For deproteinization,
400 pL methanol was added to each tube, and then the mixture was centrifuged at 600 x g for 10 min at room temperature
(approximately 22 + 2°C). The resulting supernatant was carefully transferred into a new glass tube and completely dried using a
centrifugal vacuum evaporator (Tomy Kogyo Co., Ltd., Tokyo, Japan) without additional heating. To derivatize the dried samples, 50
pL O-methylhydroxylamine (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) in pyridine (Tokyo Chemical Industry Co., Ltd.) (20
mg/mL) was added to the sample and incubated at 80°C for 15 min for oximation. Subsequently, 50 pL. N-methyl-N (trimethylsilyl)
trifluoroacetamide (GL Science Inc., Tokyo, Japan) was added to the sample and incubated at 80°C for 15 min for trimethylsilyl (TMS)
derivatization. These samples were used for analysis within 24 hr after derivatization.

The GCxGC time-of-flight MS analyses were performed using LECO’s Pegasus 4D instrument (LECO Corp., St. Joseph, MI, USA)
equipped with a multipurpose autosampler (GERSTEL GmbH & Co. KG, Miilheim an der Ruhr, NRW, Germany). The derivatized
serum samples (2 pL aliquots) were analyzed using a split mode (split ratio of 20). The order of sample injections into the instrument
followed the cow’s ID shown in Supplementary Table 1, but did not correspond to the categories between the MF and normal groups.
The GC incorporated two different polarity columns: DB-5MS (38 m length x 0.25 mm i.d. x 0.25 pm df; Agilent Technologies, Inc.,
Santa Clara, CA, USA) and Rtx-200 (1.4 m length x 0.18 mm i.d. x 0.25 um df; Restek Corporation, Bellefonte, PA, USA) as the
secondary column via a thermal modulator. Before secondary column separation, a dual-stage quad-jet thermal modulator released
cold and hot nitrogen gas at 1.5 sec intervals to trap and refocus compounds eluted from the primary column. The carrier gas (pure
helium) flowed at a rate of 1.5 mL/min. The primary column oven temperature was initially held at 40°C for 1 min, was increased at
a rate of 6°C/min, and finally held at 290°C for 6 min. The secondary column oven temperature was programmed with a +10°C offset
from the primary column oven temperature. The modulation offset was 25°C. The mass spectrometer was operated using electron
impact ionization, with the electron energy set to 70 eV and the ion source temperature set to 250°C. Spectra were acquired with the
mass range of 35 to 800 m/z at an acquisition rate of 200 spectra/sec and solvent delay of 400 sec. To ensure reproducibility, all of
the 25 samples were analyzed in triplicate, producing 75 GCxGC/MS results.

ChromaTOF software version. 4.72.0.0 (LECO Corp.) was used to analyze raw instrument data in the following steps. The software
identified peaks from the total ion chromatogram. Each peak underwent chromatographic deconvolution, the raw data were aligned,
and the Wiley 11 and NIST 11 libraries were used for chemical identification with the similarity threshold set at 80% according to the
previous report [11]. This was followed by generation of a data sheet containing information for each peak, including the retention
time, peak area, and similarity to compounds from the libraries. In the present study, all statistical analyses including #-test, calculation
of fold change and false discovery rate, generation of volcano plot, and principal component analysis (PCA) score plots were carried
out using MetaboAnalyst 6.0 (browser version available at www.metaboanalyst.ca). The data were normalized using auto-scaling.
The false discovery rate was set to 0.1 for the analysis parameters, while all other parameters were run with default settings. The
Fisher ratio (FR) was calculated using Microsoft Excel (Microsoft Japan, Tokyo, Japan). The correlation coefficients between the
spot areas of compounds and the calcium concentration were calculated and box plots were drawn using JMP version 12.0.0 (SAS
Institute Inc., Cary, NC, USA).

In this study, groups of cows were established as follows. The MF group included the 8 cows that developed MF after parturition,
and the normal group was made up of the remaining 17 cows that did not develop MF. The serum calcium concentration in the MF
and normal groups ranged from 3.6 to 5.6 mg/dL (average, 4.8 mg/dL) and from 6.3 to 10.3 mg/dL (average, 7.7 mg/dL), respectively,
within 12 hr of parturition (Supplementary Table 1).

Analytical platform using GCxGC/MS was checked by a quality-control sample that were prepared by mixing 100 uL serum
samples of 15 normal cows. The reproducibility was confirmed by coefficient of variation lower than 30% in 562 of the 747 compounds
detected, which was an accepted tolerance for GC/MS [8]. Thus, we examined the 25 serum samples in the GCxGC/MS system in
triplicate. Figure 1A and 1B show representative contour plots of the GCxGC/MS total ion chromatograms of the serum metabolites
from the MF and normal groups, respectively. Each spot indicates a trimethylsilyl-derivatized compound that was characterized by
both the first-dimensional and second-dimensional retention times, resulting in a large number of detectable serum metabolites using
the nontarget GCxGC/MS approach.

By aligning the 75 raw data using ChromaTOF software with the chromatographic deconvolution algorithm [12], 4,416 compounds
whose signal-to-noise ratios were over 100 were detected in the 25 serum samples. If the peak area value of a compound was 0 in only
one of the triplicate GCxGC/MS analyses of each sample, it was replaced with the average of the other two peak area values. If the
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peak area value was 0 in two of the triplicate analyses, the non-0
value was replaced with 0. In addition, the FR was calculated for
each compound. The FR reflects the variation between different
classes based on the detected signal, divided by the sum of the
within-class variation in the signal [14]. Compounds with an
FR <10 were excluded from subsequent analyses. Finally, any
compound with three or fewer samples containing non-0 values
was excluded, resulting that 1,498 compounds were obtained
as significant compounds corresponding to serum metabolites
from 75 GCxGC/MS results (Supplementary Table 2). Although
all samples exhibited >700 compounds, only 225 of the 1,498
compounds were consistently detected in all samples. The MF
group had 716 to 813 compounds and the normal group had
721 to 823 compounds, indicating no significant difference in
the number of serum metabolites between the groups 3 weeks
before parturition (P=0.132).

Following statistical analyses used median of peak area
calculated from triplicated results in each serum sample and
we implemented the following strategies to identify specific
compounds in the serum of the MF group (Supplementary Fig. 1).
To examine the variation in serum metabolites between the MF
and normal groups, we conducted unsupervised PCA using a
dataset of the 1,498 compounds. The PCA score plot did not
distinctly separate the 25 cows into MF and normal groups along
the first and second PCs, which explained only 27.6% of the total
variation in the serum metabolic profiles (Fig. 2A). This result
suggests that most of the serum metabolites varied by factors
unrelated to MF among the 25 pregnant cows before parturition.

Considering our hypothesis that some serum metabolites vary
between the MF and normal groups, we next calculated correlation
coefficients between the spot area of each compound in the
dataset (Supplementary Table 2) and the calcium concentration
(Supplementary Table 1). As a result, we could obtain a dataset
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Fig. 2. Nontarget metabolomics analyses of serum metabolites between the milk fever (MF) and normal groups. (A) principal component analysis
(PCA) score plot of 1,498 metabolites (shown in Supplementary Table 2) in 75 Two-dimensional gas chromatography mass spectrometry
(GCxGC/MS) results of serum samples obtained 3 weeks before parturition from pregnant cows that developed MF (MF group, n=8, median
of triplicate data) and did not develop MF (normal group, n=17, median of triplicate data) after parturition. The red and green dots represent the
MF and normal groups, respectively. PC1 and PC2 explain 18.1% and 9.5% of the total variance, respectively. (B) PCA score plot based on 35
metabolites with high correlation coefficients between the serum calcium concentration (Supplementary Table 3) in the 75 GCxGC/MS results.
PC1 and PC2 explain 46.2% and 14% of the total variance, respectively. (C) PCA score plot based on 5 metabolites with statistically significant
differences between the two groups and two-fold larger and half-fold smaller area in the MF group than in the normal group (Supplementary
Table 4). PC1 and PC2 explain 52.6% and 18.3% of the total variance, respectively. MF, milk fever; PCA, principal component analysis;

GCxGC/MS, two-dimensional gas chromatography mass spectrometry
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of 35 compounds with moderate to high correlation coefficients of more than 0.5 or less than —0.5 with the cows’ serum calcium
concentrations within 12 hr after parturition (Supplementary Table 3). We conducted PCA using the dataset of 35 compounds. The
PCA score plot showed a moderate separation between the MF and normal groups (Fig. 2B). This result suggests that some specific
serum metabolites were already distinctly different between the two groups 3 weeks before parturition.

Then we examined differences of the average spot area of 35 compounds between the two groups using a ¢-test and also calculated
the fold change by dividing an average area of each compound in MF group by that of normal group (Supplementary Fig. 2). Based on
statistically significant differences and two-fold larger or half-fold smaller between the two groups, 5 serum metabolites were selected
from the 35 compounds (Supplementary Table 4). In PCA using a subset of the 5 serum metabolites, the plots of normal cows on the
PCA score plots were relatively close, indicating that samples from the Normal group were very homogeneous (Fig. 2C). Notably, the
first two principal components (PC1 and PC2) jointly accounted for 70.9% of the total variance in this PCA. This value was higher
than those of other PCAs, accounting for 27.6% and 60.2% of the variance using the 1,498 and 35 compounds, respectively.

Figure 3A compares the peak areas of the 5 compounds between the MF and normal groups. All 5 serum metabolites were
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Fig. 3. Comparison of peak areas of the 5 metabolites that exhibited significant variation between the milk fever and normal groups and their
correlations with serum calcium concentration. (A) Box-and-whisker plots showing the median, interquartile range, and maximum and minimum
values. The y-axis indicates the peak area of 5 metabolites. (B) Mass spectra of the 5 metabolites from the representative samples. (i) Benzoic acid,
3-[(trimethylsilyl) oxy]-, trimethylsilyl ester. (ii) Hexadecanoic acid, trimethylsilyl ester. (iii) Analyte 1076. (iv) Analyte 1988. (v) Analyte 2989.

J Vet Med Sci 86(6): 606-611, 2024 609



The Journal of

Veterinary

Medical

Science S ICHIZAWA ET AL

significantly higher in the MF group than in the normal group. Two compounds were benzoic acid and hexadecenoic acid. However,
we encountered challenges in identifying the molecular species of 3 out of the 5 compounds. Unfortunately, MS libraries did not have
the mass spectra with high similarity to those of the three compounds (Fig. 3B). These suggests that benzoic acid and hexadecenoic
acid may be putative metabolites that varied in cows with risk of the MF 3 weeks before parturition. To improve our understanding
of pathophysiology for MF in cows, further investigations are required to determine the molecular species of these unidentified
compounds by analyzing their accurate mass and data of nuclear magnetic resonance.

There is a limited reports on utilizing GCxGC/MS for exploring biomarkers in veterinary medicine. The comprehensive analysis
of all serum compounds presents in a given biological sample poses a challenge for instrumental analysis. In conventional GC, where
derivatized serum compounds are separated in a capillary column, the co-elution of several derivatized serum compounds with the
same retention time often becomes problematic. However, the use of GCxGC can overcome this issue. In GCxGC, effluents from the
first-dimensional (1D) column are trapped in a temperature-controlled modulator for a few seconds and then injected into the second
dimension (2D) column [7]. During the second process, derivatized serum compounds that still co-elute at the end of the 1D separation,
due to similar boiling points, can be separated based on their different polarities in the 2D phase. As a result, GCxGC/MS can detect
ten times more serum compounds than conventional GC/MS. We propose that GCxGC/MS is useful for investigating serum metabolic
profiles with complex mixtures of derivatized serum compounds, aiding in the examination of metabolic syndromes, including MF.

Metabolomics has been used to investigate the underlying causes of diseases and understand physiological states based on
comprehensive profiles [1]. Given the need to detect a large number of serum metabolites for comprehensive nontarget metabolomics,
GCxGC/MS with two distinct polarity columns provides advantages over conventional GC with a column that is limited by peak
capacity [6, 13]. In the present study, GCxGC/MS-based serum metabolic fingerprints of 25 pregnant cows 3 weeks before parturition
revealed that specific examination of certain compounds, including carboxylic acids, enabled us to distinguish between the MF and
normal groups, while the overall profiles of the serum metabolites showed minimal variation between these two groups. A previous
study showed that the serum concentrations of lactate, tumor necrosis factor, serum amyloid A, and haptoglobin were higher in cows
with than without MF 4 weeks before parturition [20]. These findings strongly suggest that the serum levels of certain metabolites
are altered in cows before the onset of MF. Nonetheless, however, we were unable to identify the molecular species of most serum
metabolites that exhibited variation between the two groups because of minimal similarity with the MS libraries. By identifying such
unknown MF-associated metabolites, we may gain an understanding of the pathophysiology underlying the onset of MF and develop
efficient preventive strategies.

In this study, two approaches were used to investigate significant serum metabolites that exhibited variation in pregnant cows
prior to the onset of MF. The first involved selection of compounds with high correlation coefficients between the serum calcium
concentrations and the content of each compound detected from GCxGC/MS data of serum metabolites from the 25 cows for PCA.
The second involved application of #-tests and fold-change analyses to each compound between the MF and normal groups to identify
compounds suitable for PCA. Remarkably, both of these approaches identified carboxylic acids, among the extensive pool of more than
1,000 compounds. A previous report indicated that the serum profiles of fatty acids in pregnant cows change at least 1 week before
parturition [16]. Fatty acids are also considered indicators of homeostasis disorders [4, 10]. Fatty acids may serve as biomarkers for
predicting MF onset in cows. Further studies are needed to elucidate the potential pathological mechanisms underlying MF and the
relationship between the pathogenesis and fatty acids.
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