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Simple Summary: The present study focuses on the metabolic changes in the diarrhea of calves,
which are manifested with the following symptoms: a thin water-like stool, cold ears and nose,
throbbing bowels, oliguria, a pale or yellowish complexion, a smooth mouth, and a slow pulse.
The differential metabolic pathways in calves with diarrhea were screened by metabolomics.
There were nine biomarkers in the serum of healthy calves and calves with diarrhea. On the
basis of these biomarkers, their associated mineral absorption, protein digestion and absorption,
and other metabolic pathways, the targeted regulation of the metabolic differences of calves with
diarrhea may contribute to the diagnosis, treatment, and discussion of the mechanism of calf diarrhea.

Abstract: The complex etiology, higher morbidity and mortality, poor prognosis, and expensive
cost of calf diarrhea have made it a catastrophic disease in the dairy industry. This study aims to
assess the biomarkers in calves with diarrhea and to predict the biomarkers related to the pathway:.
As subjects, nine calves with diarrhea and nine healthy calves were enrolled, according to strict
enrollment criteria. The serum metabolites were detected by a liquid chromatographic tandem mass
spectrometry (LC-MS/MS), and then analyzed by online multivariate statistical analysis software
to further screen the biomarkers. In addition, the biomarkers involved in the metabolic pathways
of calves with diarrhea and healthy calves were analyzed. In the serum of calves with diarrhea,
nine biomarkers were found to which several biomarkers exhibited a certain relation. Moreover,
these biomarkers were involved in important metabolic pathways, including protein digestion and
absorption, ABC transporters, aminoacyl-tRNA biosynthesis, mineral absorption, and fatty acid
biosynthesis. All these findings suggested that the imbalance of these markers was closely related to
the occurrence and development of calf diarrhea. The targeted regulation of metabolic pathways
involved in these biomarkers may facilitate the diagnosis, treatment, and discussion of the mechanism
of calf diarrhea.
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1. Introduction

Calf diarrhea, a common gastrointestinal disease, causes great financial losses in the dairy industry
due to its complex etiology, high morbidity and mortality, and poor prognosis [1-4]. The etiology and
treatment of calf diarrhea have been the focus of researchers [5,6]. So far, it has been well documented
that certain bacteria, viruses, parasites, feeding environments, and nutritional levels are all important
causes of calf diarrhea [7,8]. The epidemiological investigation of calf diarrhea has shown that calf
diarrhea is prevalent in almost all regions, and different pathogens cause the same clinical symptoms in
calves, which is a huge challenge for clinical veterinarians in providing a timely diagnosis and treatment
schedule [9,10]. Recently, calves with diarrhea were treated with antibiotics and prevented from
catching the disease by improving the feeding conditions and vaccines [11-13]. However, the excessive
use of broad-spectrum antibiotics causes bacterial resistance and drug residue problems. The isolation
and identification of pathogens is the basis of targeted medicine, but pathogen diagnosis takes a certain
amount of time and diagnostic equipment [3]. It takes 2-3 days to diagnose and start the treatment in
a typical scenario on a dairy farm. It has attracted extensive attention in relation to the fight to reduce
the pathogen diagnosis time by effectively alleviating clinical complications, including dehydration
and acidosis.

It is essential to understand the body’s metabolism to effectively alleviate the clinical complications
of calf diarrhea, because the clinical symptoms of many diseases are an external manifestation of the
body’s metabolism imbalance [14,15]. To detect the changes in the substance metabolism of calves
with diarrhea, several blood biochemical indicators have been assessed [16]. However, it is limited
to looking at substance metabolism through several blood biochemical indicators. Metabolomics
is an indispensable and readily used method for detecting changes in metabolism in response to
various stimuli by analyzing alterations in endogenous small molecule metabolites [17,18]. It will
be a promising approach to restore the metabolic balance and alleviate the clinical complications of
diseases on the basis of metabolomics.

Calf diarrhea is manifested by the following symptoms: a thin water-like stool, cold ears and
nose, throbbing bowels, oliguria, a pale or yellowish complexion, a smooth mouth, and a slow
pulse. It is a common disorder in dairy farms. While calf diarrhea has a good conceptualization
based on its clinical symptoms, the underlying mechanisms causing the clinical symptoms are still
unclear, which makes it difficult to effectively alleviate the clinical complications associated with calves
with diarrhea. In this study, the enrollment criteria of calves with diarrhea were drawn up on the
basis of the clinical symptoms. The alterations in the metabolism balance of calves with diarrhea
were investigated using metabolomics. On the basis of the biomarkers and their targeted metabolic
pathways, the targeted regulation of the metabolic state of calves with diarrhea may contribute to the
exploration of the molecular mechanism of calves with diarrhea and aid in the fight to reduce the
pathogen diagnosis time.

2. Materials and Methods

2.1. Chemicals and Materials

Ammonium acetate (cat number: 70221) was supplied by Sigma (St. Louis, MO, USA). Deionized
water (18.25 MW) was prepared with a Direct-Qfi3 system (Millipore, Bedford, MA, USA). MS-grade
acetonitrile (cat number: 1499230-935) and MS-grade methanol (cat number: 103726) were purchased
from Merck (Darmstadt, Germany). A vacuum blood collection tube was purchased from Laiwu
Yaohua Pharmaceutical Packing Co., Ltd. (Shandong, China). A Sorvall Legend XT centrifuge was
purchased from Thermo Fisher Scientific Inc. (Shanghai, China). An Agilent 1290 Infinity LC system
was purchased from Agilent Technologies (Palo Alto, CA, USA). An AB Triple TOF 5600+ mass
spectrometer was purchased from SCIEX (Foster City, CA, USA). An ACQUITY UPLC BEH Amide
column was purchased from Waters (Milford, MA, USA).
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2.2. Animals and Specimen Collection

This trial was conducted for two weeks at a dairy farm, located in the Gansu province in the
northwest of China, housing approximately 5000 Holstein calves. Within 4 h after birth, all calves
received 4 L of optimum quality colostrum by suckling or via an oro-esophageal feeder. The colostrum
was harvested within 1 to 2 h after calving, and all calves were transferred to individual outdoor
hutches within 24 h of birth. The calves with diarrhea were enrolled according to the following criteria:
(1) fecal scores > 3, according to the fecal scoring system [19], which is as follows: 1 = normal (formed),
2 = mild diarrhea (semi-formed pasty), 3 = moderate diarrhea (loose but stays on top of the bedding),
and 4 = severe diarrhea (watery diarrhea that sifts through the bedding); (2) first occurrence of diarrhea,
showing obvious clinical symptoms, such as cold ears and nose, throbbing bowels, oliguria, a pale
or yellowish complexion, a smooth mouth, and a slow pulse, but not treated with drugs; (3) fourth
parity, 10-14 days old and female. The calves enrolled as healthy calves (fecal scores = 1) were of
the same sex, parity, and age as the calves with diarrhea and had a good mental and physical state
and appetite. Besides, they did not show any clinical diarrhea symptoms. All enrolled calves had
a clinical history of veterinary quarantine and clinical records. The protocols used in this study were in
compliance with the Guidelines for the Care and Use of Laboratory Animals, as described by the US
National Institutes of Health, and the protocols, including all sampling methods and experimental
manipulations used in this study, were reviewed and approved by the Institutional Animal Care and
Use Committee of the Lanzhou Institute of Husbandry and Pharmaceutical Science of CAAS (Animal
Use Permit: SCXK201908-1259).

Blood samples of the calves were collected within 12 h of the first onset of diarrhea from the
anterior vena cava. Moreover, all samples were collected before treatment of calf diarrhea. The blood
was left at room temperature for 2 h and then centrifuged at 3500x g for 10 min at 4 °C, according to the
technical specifications for the collection, storage, and transportation of veterinary diagnostic specimens
of the People’s Republic of China Agricultural Industry Standard (NY/T541-2016). The serum was
transferred to new cryopreservation tubes and stored in liquid nitrogen, prior to performing the
metabolomics analysis.

2.3. Serum and Quality Control Sample Preparation

The serum samples were taken out of the liquid nitrogen and slowly thawed at 4 °C. From each
sample, 20 pL of serum was taken, which was mixed with the rest to prepare a quality control (QC)
sample. Then, the mixture was divided into aliquots, with the same volume as the other samples,
and prepared using the method described below. A cold methanol/acetonitrile (1:1, v/v) mixture was
added to the serum (4:1, v/v), vortexed for 1 min, incubated at —20 °C for 20 min, and centrifuged at
12,000x g for 15 min at 4 °C. The supernatant was transferred to a new tube and dried by a vacuum
freeze dryer. The lyophilized powder was dissolved with 100 uL of acetonitrile/water (1:1, v/v),
vortexed for 1 min, and then centrifuged at 14,000x g for 15 min at 4 °C. The supernatant was
transferred into sample vials.

2.4. UPLC/QTOF-MS Analysis of Serum Metabolites

2.4.1. Chromatographic Conditions

The serum metabolite analysis was performed with an Agilent 1290 Infinity LC system (Agilent
Technologies, Palo Alto, CA, USA), coupled with a Triple TOF 5600+ mass spectrometer (AB/Sciex,
Foster City, CA, USA). Chromatographic separation of serum samples was performed on an ACQUITY
UPLC BEH Amide column (1.7 pum, 2.1 mm X 100 mm, Waters, Milford, MA, USA), which was
maintained at 25 °C, and a 2 pL aliquot of each sample was injected into the column. The mobile phase
consisted of solvent A (25 mM ammonium acetate and 25 mM ammonia in water) and B (acetonitrile).
The optimized gradient program was established as shown in Table 1. The samples were randomly
placed in a 4 °C autosampler throughout the analysis to avoid instrument detection signal fluctuations
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and to monitor and evaluate the system stability and reliability of the experimental data. To detect the
stability of the instruments and systems, the QC sample was run at the beginning, the middle and the
end of the sample queue.

Table 1. Optical UPLC gradient elution program of the serum samples.

Time (min) A% B% Column Temperature (°C) Flow Rate (mL/min)
0 5.0 95.0 25 0.3
1 5.0 95.0 25 0.3
14 35.0 65.0 25 0.3
16 60.0 40.0 25 0.3
18 60.0 40.0 25 0.3
18.1 5.0 95.0 25 0.3
23 5.0 95.0 25 0.3

2.4.2. Mass Spectrometry Conditions

The serum metabolites were separated by UHPLC and analyzed by mass spectrometry using
a Triple TOF 5600 mass spectrometer. Mass spectrometry was performed in both positive (ESI+) and
negative (ESI-) electrospray ionization modes. The ESI source conditions were set as follows: ion
source gasl (Gasl), 60; ion source gas2 (Gas2), 60; curtain gas (CUR), 30; source temperature, 600 °C;
and ion spray voltage floating (ISVF) £5500 V (positive/negative modes). The mass spectrometry
conditions were optimized as follows: TOF MS scan m/z range: 60-1000 Da; product ion scan m/z
range: 25-1000 Da; TOF MS scan accumulation time: 0.20 s/spectra; and product ion scan accumulation
time: 0.05 s/spectra. The MS/MS data were acquired using information-dependent acquisition (IDA)
in high-sensitivity mode. The MS/MS conditions were set as follows: declustering potential: +60 V;
collision energy: 35 + 15 eV; exclusion of isotopes: within 4 Da; candidate ions to monitor per cycle: 6.

2.5. Multivariate Statistical Analysis of Serum Metabolites Data

The raw MS data were initially converted into the mzXML format and imported into online
multivariate statistical analysis software (XCMS) [20] to filter the noise, correct the baseline, align the
peaks, and identity and quantify the peaks. Retention time errors of less than 0.1 min were applied to
align the peaks. The obtained data were preprocessed using the SIMCA-P software (Umetrics AB, Umea,
Sweden) through pattern recognition and Pareto-scaling, and then multivariate statistical analysis was
performed, whereas principal component analysis (PCA), partial least squares discriminant analysis
(OPLS-DA), and the evaluation of OPLS-DA models were performed on the dataset. The potential
biomarkers were selected in accordance with the variable importance in projection (VIP) score > 1
from the OPLS-DA model. The potential biomarkers were further optimized by student’s t-test for
the abundance of potential biomarkers of the calves with diarrhea and healthy calves. p < 0.05 was
considered to be statistically significant. The biomarkers were further screened in accordance with
a VIP score > 1, p < 0.05 and fold changes > 2 or <0.5.

2.6. Biomarkers Identification and Metabolic Pathways Analysis

The optimization of candidate biomarkers was performed by comparing the accuracy of the m/z
values (<25 ppm), and the MS/MS spectra were interpreted using a self-built metabolite database
(Shanghai Applied Protein Technology Co., LTD, shanghai, China), based on their MS and MS/MS
signature. Cluster analysis and correlation analysis of the optimized candidate biomarkers were
performed using R (version 3.6.1) [21]. The metabolic pathways involved in the optimized candidate
biomarkers were identified using the KEGG database [22].
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3. Results

3.1. Animal Enrollment and Quality Control of the Metabolites Detection System

The animals enrolled in this study were from isolated incidents. According to the enrollment
criteria, 18 calves were included in the experiment: nine calves were placed in the healthy group,
and the other nine were placed in the diarrhea group. The pathogen detection results showed that
there were different types of pathogens in these calves with diarrhea (3 bacteria, 2 viruses, 1 parasite,
2 bacteria and virus, and 1 other). To assess the stability and reliability of the metabolites detection
system, the alteration in the total ion chromatogram (TIC) and correlation based on the MS data among
the QC samples were investigated. The results showed that the response intensity and retention
time of the chromatographic peak of the QC samples were highly consistent (Figure S1). Moreover,
the correlation coefficient of the MS data among the QC samples was more than 0.9 (Figure S1).
All these results suggested that the metabolites detection system was stable and reliable.

3.2. The Alterations of the Metabolic Profile in the Serum of Diarrheal Calves

The serum metabolites of healthy calves and calves with diarrhea were detected using
UPLC-Q-TOF/MS to explore the alteration of the metabolic profile. The representative total ion
chromatograms (TICs) of the serum samples showed a fine separation and strong sensitivity of the
established method. In the positive and negative ion modes, 3022 and 3397 metabolite ion peaks were
identified, respectively.

To detect the metabolic profile of the healthy and diarrhea groups, principal component analysis
(PCA) was performed, based on the MS data of the serum samples acquired in the positive and negative
modes. The results showed that the parameter, R2X, of the PCA model was 0.586 and 0.603 in the
positive and negative modes, respectively, suggesting that the obtained MS data were highly elucidated
by the PCA models. The metabolic profiles of the serum samples from the healthy and diarrhea groups
were clearly separated in the negative mode, while they could not be effectively separated in the
positive mode. These findings suggested that, based on the generated PCA score plots, only data
acquired in the negative mode had diagnostic values, since a clear distinction between the healthy and
diarrhea groups was possible.

To further investigate the potential biomarker of healthy and diarrheal calves, orthogonal
projections to latent structures discriminate analysis (OPLS-DA) and a permutation test were performed,
based on the obtained MS data. The permutation tests generated Q2 regression lines, with a negative
intercept (Figure 1). In the positive and negative ionization modes, 329 and 388 potential biomarkers
were screened in accordance with VIP > 1, respectively.
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Figure 1. Differentiation of the metabolic profiles of the serum of healthy calves and that of calves with
diarrhea. (A,B) PCA score plots based on the serum metabolic profiles of the healthy and diarrhea
groups in the positive and negative modes: ESI+: R? = 0.568, ESI-: R? = 0.603. (C,D) OPLS-DA
score plots of the healthy and diarrhea groups in the positive and negative modes: ESI+: R2X = 0.235,
R2Y =0.953, Q2 = 0.451; ESI-: R2X = 0.257, R2Y = 0.969, Q2 = 0.684. (EF) Permutation test of the
OPLS-DA model: ESI+: the intercepts of RZ =0.892 and Q2 = —0.197, ESI—: the intercepts of R? =(.848
and Q2 = —0.217. C: healthy group; Q: quality control samples; T: diarrhea group.

3.3. Serum Metabolome Differences between Healthy Calves and Calves with Diarrhea

In the positive and negative ionization modes, 27 and 41 potential biomarkers were found with
a VIP score > 1 and p < 0.05, respectively. These potential biomarkers could be roughly divided into
five categories, including amino acids, organic acids, fatty acids, amines, and other kinds. To clarify
the relationship between the potential biomarkers, a correlation analysis of candidate biomarkers was
performed. As indicated by the correlation analysis shown in Figure 2, many potential biomarkers had
a strong positive or negative correlation with each other. Among amino acids metabolites, proline was
positively correlated with L-leucine and L-lysine. Dodecanoic acid, a kind of fatty acids metabolite,
was positively correlated with capric acid and arachidic acid. These findings suggested that the closely
related potential biomarkers might be involved in the same or related metabolic pathway. To assess
the rationality of a potential candidate, we comprehensively and intuitively found the differential
abundance patterns of potential biomarkers among the different serum samples by performing cluster
analysis. The dendrogram coupled with a heat map showed that most serum samples of calves with
diarrhea formed a cluster and were separated from the serum samples of healthy calves based on the
abundance of potential biomarkers in the negative (ESI-) electrospray ionization mode, while in the
positive (ESI+) electrospray ionization mode, the serum samples of the calves with diarrhea and healthy
calves could not be clustered well (Figure 3), which was similar to the results of OPLS-DA analysis.
These results suggested that the potential biomarkers screened in the negative (ESI-) electrospray
ionization mode were better interpretable for experiment subjects, compared to candidate biomarkers
screened in the positive (ESI+) electrospray ionization mode.
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Figure 2. Correlation effects of potential biomarkers in the serum of calves with diarrhea in the
positive (ESI+) electrospray ionization mode (A) and negative (ESI-) electrospray ionization mode (B),
respectively. The circle dot scale represents the relevance of potential biomarkers.
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Figure 3. The relationship between healthy samples and diarrhea samples, and the expression patterns
of the potential biomarkers in different samples in the positive (ESI+) electrospray ionization mode
(A) and negative (ESI-) electrospray ionization mode (B). C: healthy group samples, T: diarrhea
group samples.

The potential biomarkers were further optimized, with a VIP score > 1, p < 0.05 and fold changes >
1.5 in positive and negative ionization (Figure 4). In the positive and negative ionization modes, 16 and
27 candidate biomarkers were found, respectively. Moreover, antipyrine was identified as a candidate
biomarker in the serum of healthy calves and calves with diarrhea. Antipyrine, an antipyretic analgesic
and anti-inflammatory drug, could be used to relieve postpartum pain in dairy cows. We speculate
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that the antipyrine might be from colostrum. In addition, nine biomarkers were found with a VIP > 1,
p < 0.05 and fold changes > 2 or <0.5, as shown in Table 2.

-log1QP-value

|092 Fold change (T/C) |092 Fold change (T/C)

Figure 4. The candidate biomarkers in the serum of healthy calves and calves with diarrhea. The circle
dot scale represents the variable importance of the projection (VIP) value; the red circle dot represents
the metabolites that had a p-value < 0.05 and fold change > 1.5. (A) Positive (ESI+) electrospray
ionization mode; (B) Negative (ESI-) electrospray ionization mode.

Table 2. The result of biomarkers identified in the serum of calves with diarrhea.

Metabolite VIP p-Vaule Fold Change (T/C)  Retention Time (min) SM
Oxindole 14 0.017 7.28 0.53 +
Acetylcarnitine 7.5 0.021 2.66 10.04 +
L-lysine 1.8 0.032 0.1 14.55 +
N2-acetyl-L-ornithine 1.3 0.032 0.15 11.94 +
2-methylbutyroylcarnitine 3.2 0.046 3.6 7.95 +
(S)-2-Hydroxyglutarate 1.3 0.01 2.44 11.17 -
Indoxyl sulfate 10.7 0.014 4.29 4.64 -
p-Cresol 1 0.029 2.82 8.15 -
Benzoic acid 3 0.029 2.01 2.75 -

RT: retention time; VIP: variable importance in the projection; SM: scan mode; +: metabolites identified in the
positive (ESI+) electrospray ionization mode; —: metabolites identified in the negative (ESI-) electrospray ionization
mode. T/C: calves with diarrhea, compared with healthy calves.

3.4. The Disorder in the Metabolic Pathways of Calves with Diarrhea

To investigate the effect of the candidate biomarkers on metabolic pathways, KEGG pathway
enrichment analysis was performed using the KEGG database. As indicated by the KEGG pathway
enrichment analysis and KEGG pathway shown in Figure 5, protein digestion and absorption,
ABC transporters, aminoacyl-tRNA biosynthesis, and the mineral absorption pathway were significantly
changed in calves with diarrhea. Nine candidate biomarkers including L-arginine and L-lysine were
involved in the protein digestion and absorption pathway. Ten candidate biomarkers were related
to the ABC transporters pathway. Moreover, several candidate biomarkers including arginine,
L-lysine, L-leucine and L-isoleucine, were simultaneously enriched into multiple metabolic pathways.
These findings suggested that the balance of mineral absorption, protein digestion and absorption,
and ABC transporters might be disturbed in calves with diarrhea, which caused the significant changes
of candidate biomarkers.
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Figure 5. The enriched KEGG pathway (A) as well as protein digestion and absorption pathway
involving the candidate biomarkers (B).

4. Discussion

Diarrhea, a common gastrointestinal disease, is widely prevalent in dairy farming [7].
The immature immune system and poor self-regulation ability of calves make them the main subjects
of diarrheal diseases [23,24]. To find a targeted treatment for and explore the molecular mechanism of
calves with diarrhea, many studies focus on the development of pathogen identification technology
and exploration of the pathogenic mechanism. The complex pathogen and urgent course of calf
diarrhea constitutes a huge challenge for pathogen identification and studies on pathogenic mechanism
in calves with diarrhea. Metabolomics can quickly, sensitively, and comprehensively detect changes in
the metabolites of the organism under physiological or pathological conditions, which contributes to
the identification of diagnostic markers and investigation of the pathogenic mechanism in calves with
diarrhea [25,26]. In the present study, in order to avoid the effects of parity, age, gender, and other
factors on the metabolites of the organism, 18 calves were enrolled in the project, according to the strict
enrollment criteria. The metabolites in the serum were detected by UPLC-Q-TOF/MS. The results of
the principal component analysis, based on the acquired metabolites data, suggested that there were
significant changes in the metabolites of healthy calves and calves with diarrhea. However, in the
diarrhea group, two samples could not be clustered in the cluster analysis, based on the candidate
biomarkers screened in the negative (ESI-) electrospray ionization mode. The complexity of the
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clinical samples and the complex biological information of clinical samples could not be completely
represented and clarified by several special biomarkers. In the present study, most calves with diarrhea
were clustered into a cluster based on candidate biomarkers, which suggested that these biomarkers
might play a vital role in calf diarrhea.

To further investigate the biological significance reflected by these candidate biomarkers,
the candidate biomarkers and the signal pathway involved in the candidate biomarkers were identified
by MS/MS, combined with the related database, such as the self-built metabolite database and KEGG
database. The candidate biomarkers, including indoxyl sulfate, p-cresol, 2-methyl-3-hydroxybutyric
acid, D-galacturonic acid, 2-hydroxy-butanoic acid, and acetoacetic acid, were significantly increased
in the serum of calves with diarrhea. We speculate that the antipyrine may be from colostrum.
As for the physiological condition, indoxyl sulfate is a metabolite of dietary protein or tryptophan,
while an excessive accumulation of indoxyl sulfate would cause physiological disorders, such as
an increase of reactive oxygen species (ROS) and a decrease of antioxidant capacity [27,28]. Moreover,
it has been documented that indoxyl sulfate is also a microbial metabolite of Escherichia [29]. In the
present study, we speculated that the increase of indoxyl sulfate might be associated with the
intestinal Escherichia imbalance in calves with diarrhea. A previous study of our group also
showed that Escherichia is a major pathogen in calves with diarrhea. In server gastrointestinal
disorders, alterations in the intestinal flora could cause an overgrowth of specific bacteria that
are p-cresol producers [30,31]. The increase of p-cresol might be associated with the intestinal
flora of calves with diarrhea. The immoderate p-cresol would block cell K+ channels, resulting in
an electrolyte imbalance [32]. The increase of 2-methyl-3-hydroxybutyric acid, 2-hydroxy-butanoic
acid, and acetoacetic acid in the serum of calves with diarrhea might be the result of a metabolic
imbalance of ketogenic amino acid and ketone body.

The results of the signal pathway involved in the candidate biomarkers suggested that the protein
digestion and absorption, ABC transporter, mineral absorption pathway, fatty acid and unsaturated
fatty acid biosynthesis, and aminoacyl-tRNA biosynthesis pathway in calves with diarrhea changed
significantly. It has been well documented that an imbalance of protein digestion and absorption
and mineral absorption plays a pivotal role in diarrhea. On the basis of the biomarkers and their
targeted metabolic pathways, the targeted regulation of the metabolic state of calves with diarrhea
may contribute to the exploration of the molecular mechanism of calves with diarrhea.

Metabolomics is an effective and irreplaceable method for finding biomarkers in many diseases,
but the quality and credibility of the biomarkers is dependent on large samples. Therefore, more samples
need to be enrolled to clarify the biological significance of the biomarkers.

5. Conclusions

The metabolic profile of calves with diarrhea had undergone significant changes compared with
that of healthy calves. Moreover, the occurrence and development of calf diarrhea were closely related
to the changes of nine significant biomarkers and their targeted metabolic pathways. The targeted
regulation in the metabolic state of calves with diarrhea may have great potential to facilitate the
diagnosis, treatment, and discussion about the mechanism of calf diarrhea.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/5/769/s1,
Figure S1: Ion chromatogram and correlation analysis of QC samples.
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