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A B S T R A C T 

Background and Aim: Subclinical ketosis (SCK) and subclinical mastitis (SCM) are common disorders of early lactation dairy 
cows, but their concurrent metabolic effects remain poorly characterized. This study aimed to characterize plasma amino 
acid profiles associated with SCK, SCM, and concurrent SCK+SCM, evaluate metabolite-based discrimination among disease 
states, and investigate associations between ketosis status and mastitis pathogens. 

Materials and Methods: Fifty-two Holstein cows at 5–40 days in milk and parity 2–5 were classified into four groups of 13 
cows each: healthy controls, SCK, SCM, and concurrent SCK+SCM. Plasma concentrations of 25 amino acids and related 
metabolites were quantified using high-performance liquid chromatography. Group differences were evaluated using non-
parametric analyses, followed by collinearity-aware multinomial logistic regression and receiver operating characteristic 
analyses to identify metabolites associated with disease classification and discriminatory performance. 

Results: Twelve metabolites differed significantly among groups (p < 0.05). Tryptophan showed the strongest association 
with disease status (χ² = 17.956, p < 0.001), decreasing progressively from 35.5 ± 27.6 μmol/L in healthy cows to 23.9 ± 14.7, 
19.4 ± 21.5, and 14.5 ± 16.4 μmol/L in the SCK, SCM, and SCK+SCM groups, respectively. Conversely, isoleucine and leucine 
increased across the disease continuum and were highest in cows with concurrent SCK+SCM (173.6 ± 63.0 and 212.0 ± 75.3 
μmol/L, respectively). Multinomial logistic regression retained nine metabolites associated with disease classification: 
glutamic acid, alanine, citrulline, isoleucine, tyrosine, ornithine, tryptophan, arginine, and hydroxyproline. Serine (area under 
the curve = 0.811) and tryptophan (area under the curve = 0.760) showed the strongest individual discrimination between 
healthy cows and cows with concurrent SCK+SCM. No significant associations were detected between SCK status and specific 
mastitis pathogens. 

Conclusion: SCK, SCM, and their concurrent occurrence were associated with distinct plasma amino acid profiles, with 
concurrent disease showing the greatest metabolic alterations. Tryptophan, serine, citrulline, and isoleucine emerged as 
candidate components of a multimetabolite signature. Larger longitudinal studies are required to validate their diagnostic 
and predictive utility. 

Keywords: amino acid metabolomics, dairy cattle, early lactation, metabolic biomarkers, subclinical ketosis, subclinical 
mastitis, targeted metabolomics, tryptophan. 

INTRODUCTION 

The transition from late gestation to early lactation involves profound metabolic, endocrine, and 
immunological adaptations that increase dairy cows' susceptibility to metabolic and infectious diseases [1]. 
Negative energy balance (NEB) during this period promotes excessive adipose tissue mobilization, hepatic 
ketogenesis, and higher blood β-hydroxybutyrate (BHBA) concentrations, contributing to subclinical ketosis (SCK) 
[2, 3]. Although SCK occurs without overt clinical signs, it has been associated with reduced milk production, 
impaired reproductive performance, and an increased risk of postpartum diseases [3]. 

Subclinical mastitis (SCM) is among the most prevalent and economically important diseases affecting dairy 
cattle. It is characterized by intramammary infection without visible clinical signs and is commonly associated with 
contagious and environmental pathogens, including Staphylococcus aureus, coagulase-negative staphylococci, 
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Streptococcus spp., and Escherichia coli [4–6]. Despite the absence of overt clinical manifestations, SCM can 
substantially reduce milk yield and quality [4–6]. 

Growing evidence indicates that cows with SCK are at increased risk of developing SCM during early lactation 
[7], suggesting an important relationship between metabolic dysfunction and mammary inflammation. 
Metabolomics provides a valuable approach for investigating these interconnected processes because it enables 
the characterization of alterations in amino acid, energy, and immune-related metabolic pathways associated 
with production diseases [8–15]. Previous metabolomic studies have identified metabolic alterations associated 
with ketosis [10, 11] and mastitis [12–15]; however, researchers have largely investigated these conditions as 
separate disease entities. Consequently, considerably less is known about the metabolic phenotype associated 
with their concurrent occurrence during early lactation. 

An important research gap therefore remains in understanding whether concurrent SCK and SCM are 
associated with a distinct plasma amino acid profile compared with either condition alone. In particular, the extent 
to which the coexistence of metabolic and inflammatory disorders alters circulating amino acid patterns remains 
poorly characterized. Comparisons across previous studies are further complicated by differences in biological 
matrixes, analytical platforms, disease definitions, and study designs [8–15]. Moreover, limited information is 
available regarding amino acid metabolites that can distinguish healthy cows from those with isolated SCK, 
isolated SCM, and concurrent SCK+SCM within the same study population. The integration of conventional group 
comparisons with multivariable classification and receiver operating characteristic (ROC) analyses may therefore 
provide a more comprehensive framework for identifying candidate metabolite signatures associated with these 
distinct disease states. 

To address these knowledge gaps, this study aimed to characterize and compare plasma amino acid 
metabolomic profiles among healthy early lactation dairy cows and cows with SCK, SCM, or concurrent SCK+SCM. 
Specifically, the study aimed to determine differences in plasma amino acid concentrations among the four 
groups, identify metabolites independently associated with disease group classification using multinomial logistic 
regression, evaluate the discriminatory performance of individual metabolites using ROC analysis, and investigate 
possible associations between SCK status and mastitis pathogens. By incorporating healthy, metabolic, 
inflammatory, and concurrent disease groups within a single experimental framework, the study aimed to 
determine whether concurrent SCK+SCM is associated with a distinct amino acid metabolomic pattern and to 
identify candidate metabolites for subsequent validation as components of multimetabolite panels for disease 
classification. 

MATERIALS AND METHODS 
Ethical approval 

All procedures involving animals were reviewed and approved by the Institutional Animal Care and Use 
Committee of Jordan University of Science and Technology, Jordan (Approval No. 749/12/4/16, dated 
14/12/2023). The study was conducted in accordance with the institutional guidelines for the ethical use, 
handling, and welfare of animals in research. Animal-related procedures included clinical examination, blood 
collection for BHBA determination and plasma metabolomic analysis, California Mastitis Test evaluation, and 
aseptic collection of milk samples for bacteriological examination. All procedures were performed in accordance 
with the approved study protocol and were limited to those required for health assessment, disease group 
classification, and collection of biological samples for the stated study objectives. 
Study period and location 

The study was conducted from March to August 2025 at a commercial dairy farm in Al-Dhlail, Jordan. The 
farm maintained approximately 1,200 Holstein cows under standard management conditions, including free-stall 
housing, total mixed-ration feeding, three-times-daily milking, and routine herd health monitoring. 
Study design 

A cross-sectional study was conducted in early lactation Holstein cows to compare plasma amino acid 
metabolomic profiles among healthy cows and cows with SCK, SCM, or concurrent SCK+SCM. A total of 80 cows 
were initially screened, of which 52 met the eligibility and diagnostic criteria and were enrolled. The enrolled cows 
were classified into four groups of 13 animals each: healthy control, SCK, SCM, and SCK+SCM. This four-group 
design enabled direct comparison of metabolomic profiles among healthy cows and cows with isolated metabolic 
disease, isolated inflammatory disease, or concurrent metabolic and inflammatory disorders. Health and disease 
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status were determined using clinical examination, blood BHBA measurement, California mastitis test (CMT), and 
bacteriological culture of milk samples. 
Inclusion and exclusion criteria 

Cows were eligible for inclusion if they were 5–40 DIM, had a parity of 2–5, and showed no evidence of 
systemic illness. Eligibility and disease classification were determined through a comprehensive physical 
examination, blood BHBA measurement, CMT, and bacteriological culture of milk samples. 

Cows were excluded if they exhibited clinical signs of ketosis or clinical mastitis. Animals with concurrent 
systemic or metabolic disorders, including displaced abomasum, metritis, retained fetal membranes, 
hypocalcemia, lameness, or respiratory disease, were also excluded to minimize potential confounding effects on 
metabolite profiles. In addition, cows that had received antibiotics, nonsteroidal anti-inflammatory drugs, 
corticosteroids, or metabolic supplements within 2 weeks before sampling were excluded because these 
interventions could influence circulating metabolite concentrations. Other exclusion criteria included teat injuries, 
chronic mastitis, udder abnormalities that could interfere with CMT interpretation or bacteriological culture 
results, and failure to meet the predefined diagnostic criteria for any study group. 
Study groups 

Of the 80 Holstein cows initially screened, 28 were excluded because they did not meet the eligibility criteria 
or could not be unequivocally assigned to one of the predefined diagnostic groups. Consequently, 52 cows were 
enrolled and allocated to four groups of 13 cows each. 

The control group comprised clinically healthy cows with blood BHBA concentrations <1.2 mmol/L, negative 
CMT results, and no bacterial growth on milk culture. The SCK group comprised cows with blood BHBA 
concentrations of 1.2–2.9 mmol/L, no clinical signs of ketosis [2, 11], negative CMT results, and no bacterial growth 
on milk culture. The SCM group comprised cows with a positive CMT result (score ≥1+), positive bacterial culture, 
blood BHBA concentrations <1.2 mmol/L, and no clinical signs of mastitis. The SCK+SCM group comprised cows 
that simultaneously fulfilled the diagnostic criteria for SCK (BHBA concentration of 1.2–2.9 mmol/L) and SCM 
(positive CMT and bacterial culture results). 
Physical examination 

Each cow underwent a comprehensive physical examination performed by a trained veterinarian. General 
appearance, including alertness, posture, and gait, was assessed, and rectal temperature was measured using a 
digital thermometer. The udder and teats were examined and palpated for abnormalities in symmetry, 
temperature, firmness, and pain. Milk from each quarter was visually examined for abnormalities, including flakes, 
clots, and watery consistency. Hydration status, mucous membrane color, heart rate, respiratory rate, and fecal 
consistency were also evaluated and recorded. 
Blood sample collection and detection of SCK 

Blood samples were collected from the jugular or coccygeal vein using sterile vacuum needles. Initial 
screening for SCK was performed on the farm by measuring blood BHBA concentrations using a handheld ketone 
meter (On Call GK Dual, ACON Laboratories, Inc., USA) according to the manufacturer’s instructions. A small 
aliquot of fresh blood was applied to a device-specific test strip, and the BHBA concentration was recorded. Cows 
with BHBA concentrations >1.2 mmol/L were preliminarily identified for inclusion in the ketosis groups [11]. 

Two additional blood samples were collected from each cow for subsequent laboratory analyses. For plasma 
metabolomic analysis, blood was collected into 10-mL vacuum tubes containing K₂EDTA. The tubes were gently 
inverted 8–10 times and maintained on ice. Within 30 min after collection, the samples were centrifuged at 1,400 
× g for 10 min at 4°C. The resulting plasma was carefully aspirated, aliquoted into sterile 2-mL cryogenic vials, 
immediately flash-frozen in liquid nitrogen, and stored at −80°C until high-performance liquid chromatography 
(HPLC) analysis. 

For laboratory confirmation of serum BHBA concentrations, blood was collected into 10-mL plain red-top 
vacuum tubes and allowed to clot at room temperature (24oC) for 30 min. The samples were subsequently 
centrifuged at 2,500 × g for 10 min at 4°C. The serum was carefully separated, aliquoted into sterile cryovials, and 
stored at −80°C until analysis. 
Detection of SCM 

SCM was detected using the CMT [4]. Before milking, the teats were thoroughly cleaned, disinfected, and 
dried using single-use paper towels. Each teat end was then disinfected with an alcohol swab, and the first three 
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streams of foremilk were discarded. Approximately 2 mL of milk from each quarter was collected aseptically into 
a sterile vial. 

The CMT was performed immediately by dispensing approximately equal volumes (2 mL each) of milk and 
CMT reagent (Surge, Nasco, USA) into the corresponding wells of a four-well CMT paddle. The paddle was gently 
rotated in a horizontal plane for 10–15 s, and gel formation was visually scored as 0 (negative, fluid mixture), T 
(trace, slight precipitation), 1+ (weak positive, distinct precipitation), 2+ (distinct positive, thickening with gel 
formation), or 3+ (strong positive, cohesive gel with a convex surface). Cows with a CMT score ≥1+ in at least one 
quarter were considered CMT-positive for the purposes of SCM classification. 

Following CMT evaluation, separate 10-mL milk samples were aseptically collected from CMT-positive 
quarters into sterile, labeled tubes for bacteriological examination. Samples were maintained on ice and 
transported to the laboratory within 4 h of collection. When immediate processing was not possible, the samples 
were stored at −20°C until bacteriological analysis. 
Milk bacteriological culture and identification 

Frozen milk samples were thawed at room temperature, and a 10-μL loopful of each sample was streaked 
onto 5% sheep blood agar and MacConkey agar plates (Oxoid, UK) [5, 6]. The plates were incubated aerobically at 
37°C and examined for bacterial growth after 24 and 48 h. Isolates were initially characterized according to colony 
morphology, hemolytic patterns on blood agar, and Gram-staining characteristics [5, 6]. 

Gram-positive cocci were differentiated using the catalase test with 3% H₂O₂, with catalase-positive isolates 
classified as presumptive Staphylococcus spp. and catalase-negative isolates as presumptive Streptococcus spp. A 
coagulase test using rabbit plasma was subsequently performed to differentiate S. aureus from coagulase-
negative staphylococci. Streptococcus spp. were further identified by hemolytic characteristics and CAMP test 
results. Gram-negative bacilli were characterized based on lactose fermentation on MacConkey agar and 
subsequently identified using triple sugar iron agar and the indole, methyl red, Voges–Proskauer, and citrate tests. 
Cows from which significant growth of a recognized mastitis pathogen was obtained were considered 
bacteriologically positive and, together with the predefined CMT and BHBA criteria, were classified as SCM cases. 
Laboratory confirmation of serum BHBA 

Frozen serum samples were thawed, and BHBA concentrations were quantified using a Beta-Hydroxy-
butyrate Assay Kit (Abcam Limited, USA) according to the manufacturer’s instructions. A 10-mM BHBA standard 
was serially diluted in assay buffer to prepare a standard curve at concentrations of 0, 0.5, 1, 2, and 4 mM. Serum 
samples were diluted 1:10 in the supplied assay buffer. Subsequently, 50 μL of each standard, diluted serum 
sample, or blank (assay buffer) was added in duplicate to a clear 96-well microplate. Then, 50 μL of reaction 
mixture containing the enzyme substrate was added to each well. The plate was incubated at 25°C for 30 min 
while protected from light. Optical density was measured at 450 nm using a microplate reader (BioTek ELx808; 
Marshall Scientific LLC, USA). Serum BHBA concentrations were calculated by interpolation from the standard 
curve and corrected for the 1:10 dilution factor. The final concentrations were expressed in mmol/L. 
Metabolite profiling using HPLC 

Frozen plasma samples were thawed, and a 100-μL aliquot of each sample was deproteinized by adding 400 
μL of cold HPLC-grade methanol (Merck, Germany) [8–10]. The mixture was vortexed for 60 s and centrifuged at 
12,000 × g for 15 min at 4°C. The resulting clear supernatant was filtered through a 0.22-μm 
polytetrafluoroethylene syringe filter (Millipore, Merck, Germany) into an HPLC vial. 

Metabolite analysis was performed using an HPLC system (Sykam S 7130; Sykam GmbH, Germany) equipped 
with a binary pump (Sykam S 2100; Sykam GmbH, Germany), autosampler (Sykam S 5200; Sykam GmbH, 
Germany), column oven, and ultraviolet/visible detector (Sykam S 3210; Sykam GmbH, Germany). Chromato-
graphic data were acquired and processed using ChromGate software version 3.3.2 (KNAUER, Germany). 
Separation was performed using a reversed-phase C18 column (250 mm × 4.6 mm, 5-μm particle size; Pheno-
menex, USA). 

Gradient elution was performed using solvent A, consisting of 10 mM ammonium acetate in water adjusted 
to pH 5.0 with acetic acid, and solvent B, consisting of acetonitrile. The gradient program was as follows: 0–5 min, 
2% B; 5–25 min, 2%–30% B; 25–35 min, 30%–95% B; 35–40 min, 95% B; and 40–45 min, 95%–2% B, followed by a 
10-min re-equilibration period at 2% B. Ultraviolet detection was performed at 254 nm for most amino acids. 
Metabolites were identified by comparing their retention times with those of pure commercial standards (Merck, 
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Germany). Quantification was performed by integrating chromatographic peak areas against external standard 
calibration curves constructed for each target metabolite. 

A total of 25 metabolites were quantified: taurine, aspartic acid, threonine, serine, asparagine, glutamic acid, 
glutamine, glycine, alanine, citrulline, aminobutyric acid, valine, cystine, methionine, isoleucine, leucine, tyrosine, 
phenylalanine, ornithine, lysine, histidine, tryptophan, arginine, hydroxyproline, and proline. 
HPLC quality control conditions 

Quality control procedures were applied throughout chromatographic analysis to ensure consistency and 
reliability of the analytical measurements. All plasma samples were analyzed under identical chromatographic 
conditions using the same analytical column, mobile-phase gradient, detector settings, and peak-integration 
parameters. Before quantitative analysis, chromatograms were visually examined for baseline stability, peak 
symmetry, chromatographic resolution, and retention time consistency. 

Metabolite identification was confirmed by agreement between sample peak retention times and those of 
the corresponding external standards. Identical peak-integration criteria were applied to all chromatograms. 
Peaks exhibiting inadequate resolution, co-elution, excessive baseline interference, or uncertain identification 
were excluded from quantitative analysis. Analytical runs were accepted only when the chromatograms 
demonstrated stable baselines, reproducible retention times, and adequate separation of the target metabolites. 
Minor variations in retention time were observed among analytical runs but did not interfere with metabolite 
identification. 
Statistical analysis 

Differences in plasma metabolite concentrations among the four study groups were evaluated using the 
Kruskal–Wallis test. When a significant overall group difference was detected (p < 0.05), pairwise comparisons 
were performed using the Wilcoxon rank-sum test. Differences in parity and DIM among the groups were also 
assessed using the Kruskal–Wallis test. Associations between SCK status and individual bacterial isolates were 
evaluated using Fisher’s exact test. Relationships between metabolite concentrations and parity and DIM were 
assessed using Spearman’s rank correlation coefficient (ρ). 

Before multivariable modeling, collinearity among the 25 metabolites was assessed using a Spearman rank 
correlation matrix. Isoleucine and leucine were highly correlated (ρ = 0.953); therefore, leucine was excluded from 
the subsequent multivariable model to reduce redundancy and improve model stability and interpretability. 
Multinomial logistic regression was then performed using the diagnostic group as a four-level categorical outcome 
and metabolite concentrations as continuous predictors. Model reduction was guided by likelihood-ratio tests, 
with metabolites that significantly contributed to discrimination among the diagnostic groups retained in the final 
model. The final model comprised nine metabolites: glutamic acid, alanine, citrulline, isoleucine, tyrosine, 
ornithine, tryptophan, arginine, and hydroxyproline. Given the number of predictors relative to the number of 
cows in each group (nine predictors and 13 cows/group), the model was considered exploratory, and individual 
classification probabilities were not reported. 

For each of the 12 metabolites showing a significant overall difference in the Kruskal–Wallis analysis, 
discriminatory performance was further explored using ROC curves derived from separate binary logistic 
regression models. Four pairwise comparisons were evaluated: control versus SCK, control versus SCM, control 
versus SCK+SCM, and SCK versus SCK+SCM. Discriminatory performance was quantified using the AUC. For each 
analysis, the optimal cutoff was determined by maximizing the Youden index (J = sensitivity + specificity − 1). 
These analyses identified individual metabolites with potential discriminatory value between clinically relevant 
disease states. 

All statistical analyses were performed using JMP Pro version 16 (SAS Institute Inc., USA). Continuous 
variables are presented as mean ± standard deviation, whereas categorical variables are presented as counts and 
percentages. All statistical tests were two-sided, and p < 0.05 was considered statistically significant. Because the 
study was exploratory and hypothesis-generating, nominal p-values were reported without formal adjustment for 
multiple comparisons. Accordingly, consider the possibility of increased type I error when interpreting individual 
statistical comparisons. Consistency of the observed associations was examined across complementary analytical 
approaches, including univariate group comparisons, multinomial logistic regression, and ROC analysis. The 
multinomial and ROC analyses were considered exploratory, and the resulting metabolite signatures and 
discriminatory estimates require validation in larger, independent populations. 



doi: 10.14202/vetworld.2026.4322-4335 
 

 
4327 

RESULTS 
Study population 

All 52 enrolled cows completed the study, and no animals were excluded after enrollment. Mean serum 
BHBA concentrations were 0.91 ± 0.24 mmol/L in control cows, 2.72 ± 0.81 mmol/L in SCK cows, 1.10 ± 0.46 
mmol/L in SCM cows, and 2.71 ± 0.85 mmol/L in SCK+SCM cows. Parity and DIM did not differ significantly among 
the four groups (p = 0.305). 
Plasma metabolite concentrations across study groups 

HPLC analysis quantified 25 plasma metabolites in all cows (Table 1), of which 12 differed significantly among 
the four groups (p < 0.05). Tryptophan concentrations decreased progressively across the groups and showed the 
largest Kruskal–Wallis statistic (χ² = 17.956, p < 0.001), declining from 35.5 ± 27.6 μmol/L in control cows to 23.9 
± 14.7 μmol/L in SCK cows, 19.4 ± 21.5 μmol/L in SCM cows, and 14.5 ± 16.4 μmol/L in SCK+SCM cows. 

Isoleucine concentrations also differed significantly among groups (χ² = 15.256, p = 0.0016), increasing from 
136.2 ± 45.4 μmol/L in control cows to 148.8 ± 49.6 μmol/L in SCK cows, 148.8 ± 53.1 μmol/L in SCM cows, and 
173.6 ± 63.0 μmol/L in SCK+SCM cows. A similar pattern was observed for leucine (χ² = 11.756, p = 0.0082), with 
concentrations of 175.5 ± 66.5, 191.7 ± 57.4, 201.7 ± 74.5, and 212.0 ± 75.3 μmol/L in the control, SCK, SCM, and 
SCK+SCM groups, respectively. 

Serine concentrations differed significantly among groups (χ² = 11.446, p = 0.0095), with the highest mean 
concentration observed in control cows and the lowest in SCK+SCM cows. Hydroxyproline also differed 
significantly among groups (χ² = 9.856, p = 0.0198), with the highest mean concentration observed in SCK cows 
and lower concentrations in SCM and SCK+SCM cows. Significant group differences were also detected for 
aminobutyric acid, cystine, glutamic acid, phenylalanine, histidine, citrulline, and glycine (p < 0.05). The remaining 
13 metabolites—taurine, aspartic acid, threonine, asparagine, glutamine, alanine, valine, methionine, tyrosine, 
ornithine, lysine, arginine, and proline—did not differ significantly among groups (p > 0.05). 

Table 1: Mean (± SD) plasma concentrations of 25 target metabolites in the four study groups (n = 13/group). 

Metabolite Control SCK SCM SCK+SCM KW χ² p-value 

Taurine 87.8 ± 38.2 78.6 ± 27.1 83.3 ± 23.8 69.2 ± 16.7 3.814 0.2823 
Aspartic acid 6.3 ± 4.4 4.0 ± 2.9 7.1 ± 6.3 3.2 ± 3.8 6.675 0.0830 
Threonine 84.0 ± 39.2 70.6 ± 26.6 72.7 ± 34.7 56.5 ± 23.4 4.239 0.2368 
Serine 131.2 ± 78.2 88.7 ± 37.0 115.9 ± 28.2 81.9 ± 29.7 11.446 0.0095 
Asparagine 110.7 ± 54.3 92.0 ± 38.0 110.4 ± 46.4 84.3 ± 33.7 5.440 0.1421 
Glutamic acid 63.2 ± 41.3 68.3 ± 16.3 70.4 ± 25.6 49.4 ± 23.6 8.574 0.0355 
Glutamine 235.0 ± 120.5 219.8 ± 64.6 205.8 ± 50.2 204.3 ± 73.7 7.347 0.0617 
Glycine 564.9 ± 353.4 476.9 ± 171.9 472.0 ± 103.0 505.7 ± 175.8 8.040 0.0452 
Alanine 266.4 ± 97.7 216.1 ± 100.5 286.4 ± 100.1 210.8 ± 79.9 7.300 0.0630 
Citrulline 70.7 ± 34.4 67.1 ± 39.2 48.4 ± 26.7 49.2 ± 21.6 8.256 0.0409 
Aminobutyric acid 30.6 ± 25.3 24.1 ± 26.2 21.4 ± 23.1 24.8 ± 29.9 9.765 0.0207 
Valine 160.9 ± 83.5 175.6 ± 74.7 184.0 ± 65.8 168.7 ± 75.9 5.056 0.1679 
Cystine 8.8 ± 15.0 3.5 ± 3.6 3.7 ± 3.5 2.1 ± 2.7 9.056 0.0286 
Methionine 28.3 ± 13.7 22.7 ± 10.4 26.2 ± 12.6 22.2 ± 7.2 4.856 0.1826 
Isoleucine 136.2 ± 45.4 148.8 ± 49.6 148.8 ± 53.1 173.6 ± 63.0 15.256 0.0016 
Leucine 175.5 ± 66.5 191.7 ± 57.4 201.7 ± 74.5 212.0 ± 75.3 11.756 0.0082 
Tyrosine 55.2 ± 20.1 46.3 ± 18.5 57.1 ± 24.0 44.4 ± 16.4 7.056 0.0703 
Phenylalanine 66.4 ± 18.1 59.3 ± 14.1 66.2 ± 20.4 62.5 ± 15.7 8.556 0.0358 
Ornithine 45.8 ± 22.2 43.8 ± 11.8 46.9 ± 22.7 36.6 ± 11.6 5.856 0.1190 
Lysine 92.5 ± 46.8 97.2 ± 22.4 96.2 ± 37.8 88.8 ± 26.6 6.556 0.0876 
Histidine 75.1 ± 39.2 53.5 ± 13.6 61.9 ± 15.4 49.4 ± 15.3 8.456 0.0374 
Tryptophan 35.5 ± 27.6 23.9 ± 14.7 19.4 ± 21.5 14.5 ± 16.4 17.956 <0.001 
Arginine 85.3 ± 39.8 72.3 ± 26.8 80.9 ± 41.9 73.2 ± 25.3 6.756 0.0800 
Hydroxyproline 16.8 ± 17.6 20.8 ± 20.8 12.9 ± 13.0 12.3 ± 12.8 9.856 0.0198 
Proline 136.0 ± 43.3 106.9 ± 45.1 140.0 ± 55.4 104.6 ± 44.8 7.556 0.0561 
SCK = Subclinical ketosis; SCM = Subclinical mastitis; SCK+SCM = Concurrent subclinical ketosis and subclinical mastitis; KW χ² = Kruskal–Wallis chi-square; 
SD = Standard deviation. 

Figure 1 presents the mean concentrations of the six metabolites with the strongest group-related 
differences. Tryptophan and serine concentrations were lower in the disease groups than in control cows, 
whereas isoleucine and leucine concentrations increased across the groups and were highest in SCK+SCM cows. 
Aminobutyric acid concentrations were lower in all disease groups than in control cows. Hydroxyproline showed 
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a different distribution, with the highest mean concentration in SCK cows and lower concentrations in SCM and 
SCK+SCM cows. 

 
Figure 1: Mean plasma concentrations of the six metabolites showing the strongest differences among the four study groups. 
Bars represent group means, and error bars represent the standard error of the mean. Control = Healthy cows; SCK = 
Subclinical ketosis; SCM = Subclinical mastitis; SCK+SCM = Concurrent subclinical ketosis and subclinical mastitis. 

Figure 2 presents the Z-score-standardized mean concentrations of the six selected metabolites across the 
four study groups. Tryptophan and serine showed their lowest relative concentrations in SCK+SCM cows, whereas 
isoleucine and leucine showed their highest relative concentrations in this group. Aminobutyric acid was relatively 
higher in control cows than in the disease groups. Hydroxyproline showed a distinct pattern, with a relatively 
higher concentration in SCK cows. 

 
Figure 2: Heatmap of Z-score-standardized mean plasma concentrations of the six metabolites showing the strongest group-
related differences. Each cell represents the standardized mean concentration of a metabolite within a study group. Positive 
Z-scores indicate concentrations above the overall mean for the corresponding metabolite, whereas negative Z-scores 
indicate concentrations below the overall mean. Because the heatmap represents standardized group means rather than 
individual observations, measures of variability are not shown. Control = Healthy cows; SCK = Subclinical ketosis; SCM = 
Subclinical mastitis; SCK+SCM = Concurrent subclinical ketosis and subclinical mastitis. 

Multinomial logistic regression analysis of disease-associated metabolites 
An exploratory multinomial logistic regression model was fitted using plasma metabolite concentrations. The 

overall model was statistically significant (χ² = 84.98, df = 27, p < 0.0001). Following model reduction using 
likelihood-ratio tests, nine metabolites remained significantly associated with disease group assignment: glutamic 
acid, alanine, citrulline, isoleucine, tyrosine, ornithine, tryptophan, arginine, and hydroxyproline (Table 2). 
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Among the retained metabolites, isoleucine had the largest likelihood-ratio statistic (L-R χ² = 36.854, p < 
0.0001), followed by tryptophan (L-R χ² = 24.784, p < 0.0001), citrulline (L-R χ² = 16.749, p = 0.0008), and alanine 
(L-R χ² = 16.172, p = 0.0010). Glutamic acid (p = 0.0233), tyrosine (p = 0.0088), ornithine (p = 0.0264), arginine (p 
= 0.0040), and hydroxyproline (p = 0.0105) were also retained in the final model. Given the modest number of 
animals in each group relative to the number of retained predictors, this model was considered exploratory and 
hypothesis-generating rather than a validated disease classification model. 

Table 2: Metabolites significantly associated with disease group in the multinomial logistic regression model. 

Metaboliteᵃ Nparm df L-R χ² p-value 

Glutamic acid 3 3 9.499 0.0233 
Alanine 3 3 16.172 0.0010 
Citrulline 3 3 16.749 0.0008 
Isoleucine 3 3 36.854 <0.0001 
Tyrosine 3 3 11.610 0.0088 
Ornithine 3 3 9.227 0.0264 
Tryptophan 3 3 24.784 <0.0001 
Arginine 3 3 13.328 0.0040 
Hydroxyproline 3 3 11.244 0.0105 
ᵃMetabolites retained in the final multinomial logistic regression model after likelihood-ratio test model reduction. L-R χ² = Likelihood-ratio chi-square; 
Nparm = Number of parameters. Overall model: χ² = 84.98, df = 27, p < 0.0001. 

Diagnostic performance of individual plasma metabolites 
ROC analyses were performed for four pairwise comparisons: control versus SCK, control versus SCM, control 

versus SCK+SCM, and SCK versus SCK+SCM (Figure 3 and Table 3). For the control versus SCK comparison, serine 
showed the highest AUC (0.7278), followed by glycine (0.681) and cystine (0.6509). For the control versus SCM 
comparison, citrulline (AUC = 0.7219) and tryptophan (AUC = 0.7101) showed the highest AUC values. 

For the control versus SCK+SCM comparison, serine showed the highest AUC (0.8106), followed by 
tryptophan (0.7604), histidine (0.7456), citrulline (0.7337), and hydroxyproline (0.7041). For the SCK versus 
SCK+SCM comparison, tryptophan showed the highest AUC (0.7101). Because the ROC analyses used the same 
modest dataset as the metabolite identification and were not externally validated or cross-validated, the resulting 
AUC estimates are exploratory. 

 
Figure 3: Receiver operating characteristic analysis of selected plasma metabolites. Heatmap cells represent AUC values for 
pairwise comparisons among control cows and cows with SCK, SCM, and SCK+SCM. Warmer colors represent higher AUC 
values. Serine and tryptophan showed the highest AUC values for the comparison between control and SCK+SCM cows. 

Association between bacterial isolates, parity, DIM, and metabolite profiles 
A total of 20 bacterial isolates were identified. Coagulase-negative staphylococci were the most frequently 

recovered isolates (9/20, 45.0%), followed by E. coli (6/20, 30.0%), Klebsiella spp. (4/20, 20.0%), and S. aureus 
(1/20, 5.0%). No significant associations were detected between SCK status and the individual bacterial isolates 
recovered from milk samples, including coagulase-negative staphylococci, S. aureus, E. coli, and Klebsiella spp. (p 
> 0.05). 

Spearman correlation analysis showed no significant relationships between plasma metabolite 
concentrations and either parity or DIM (p > 0.05). No significant correlations with parity or DIM were detected 
for the nine metabolites retained in the multinomial logistic regression model. 
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Table 3: Individual metabolite ROC performance for pairwise group comparisons. 

Comparison Metabolite AUC Cutoff (μmol/L) Sensitivity (%) Specificity (%) 

Control vs. SCK Tryptophan 0.5976 39.9 92.3 30.8  
Serine 0.7278 79.6 61.5 92.3  
Hydroxyproline 0.6095 15.0 61.5 69.2  
Aminobutyric acid 0.5976 7.2 53.8 76.9  
Cystine 0.6509 3.0 61.5 69.2  
Glutamic acid 0.5681 41.7 92.3 46.2  
Phenylalanine 0.5976 70.0 92.3 46.2  
Citrulline 0.5917 46.6 46.2 84.6 

Control vs. SCM Tryptophan 0.7101 21.3 69.2 84.6  
Serine 0.5148 107.9 46.2 69.2  
Hydroxyproline 0.5621 2.1 38.5 84.6  
Aminobutyric acid 0.6272 32.6 84.6 46.2  
Cystine 0.5266 – – –  
Glutamic acid 0.5976 43.3 92.3 46.2  
Phenylalanine 0.4497 66.3 69.2 46.2  
Histidine 0.5621 68.8 84.6 38.5  
Citrulline 0.7219 54.5 76.9 76.9 

Control vs. SCK+SCM Tryptophan 0.7604 15.1 69.2 84.6  
Isoleucine 0.6746 116.4 92.3 46.2  
Leucine 0.6450 261.6 38.5 100.0  
Serine 0.8106 93.5 76.9 84.6  
Hydroxyproline 0.7041 25.5 92.3 30.8  
Aminobutyric acid 0.5799 16.9 69.2 61.5  
Glutamic acid 0.5681 73.8 92.3 46.2  
Histidine 0.7456 68.0 92.3 46.2  
Citrulline 0.7337 70.2 92.3 53.8  
Glycine 0.5325 399.1 38.5 92.3 

SCK vs. SCK+SCM Tryptophan 0.7101 29.6 92.3 46.2  
Isoleucine 0.5976 116.4 92.3 30.8  
Leucine 0.5917 225.9 46.2 84.6  
Serine 0.4970 108.2 92.3 23.1  
Aminobutyric acid 0.5444 8.4 61.5 53.8  
Cystine 0.6006 4.6 92.3 38.5  
Histidine 0.5503 33.8 23.1 100.0  
Glycine 0.5503 736.5 15.4 100.0 

AUC = Area under the curve; ROC = Receiver operating characteristic; SCK = Subclinical ketosis; SCM = Subclinical mastitis; SCK+SCM = Concurrent subclinical 
ketosis and subclinical mastitis. Cutoffs were determined by the maximum Youden index (sensitivity + specificity − 1). A dash indicates that an optimal cutoff 
was not estimated because the ROC model showed limited discriminatory ability or no unique maximum Youden index could be identified. 

DISCUSSION 
Overall metabolomic pattern across disease states 

To our knowledge, this study provides one of the first targeted plasma amino acid metabolomic 
characterizations of early lactation dairy cows simultaneously comparing SCK, SCM, and concurrent SCK+SCM. 
Previous metabolomic investigations have largely examined ketosis [10, 11] and mastitis [12–14] as separate 
disease entities, whereas recent reviews have emphasized the broader application of metabolomics to dairy cattle 
health [8, 9] but have provided limited information on the metabolic consequences of concurrent metabolic and 
inflammatory disorders. The four-group design used in the present study enabled direct comparison of healthy 
cows and cows with isolated metabolic disease, isolated inflammatory disease, or concurrent disease within the 
same experimental framework. 

A progressive pattern of amino acid alterations was observed across these groups. Plasma tryptophan 
concentrations decreased from healthy cows through the single-disease groups to cows with concurrent 
SCK+SCM, whereas isoleucine and leucine increased and reached their highest values in the concurrent disease 
group. These reciprocal changes suggest increasing disruption of amino acid homeostasis across the disease 
spectrum. However, because the study was cross-sectional, the findings demonstrate associations with disease 
status and do not establish that concurrent SCK and SCM directly caused greater metabolic disruption than either 
condition alone. 
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Tryptophan alterations and possible involvement of the kynurenine pathway 
Among the evaluated metabolites, tryptophan showed the strongest univariate association with disease 

status. Plasma tryptophan concentrations decreased from 35.5 ± 27.6 μmol/L in control cows to 23.9 ± 14.7 
μmol/L in SCK cows, 19.4 ± 21.5 μmol/L in SCM cows, and 14.5 ± 16.4 μmol/L in SCK+SCM cows (p < 0.001). 
Previous metabolomic studies have reported alterations in tryptophan metabolism in dairy cows with ketosis [10, 
16 and mastitis [15, 17]. Studies of mastitis have also demonstrated changes in tryptophan, kynurenine, and 
kynurenic acid concentrations in serum and milk [15, 17], whereas plasma metabolomic studies of ketotic cows 
have identified disturbances in tryptophan-related metabolism as part of broader metabolic adaptations 
associated with ketosis [10, 16]. These findings are consistent with the progressive reduction in plasma tryptophan 
observed in the present study. 

Tryptophan depletion may reflect enhanced catabolism through the kynurenine pathway, an important 
route of tryptophan metabolism during inflammatory responses [12, 15, 17]. Previous studies reporting altered 
concentrations of tryptophan and kynurenine-related metabolites in mastitis and ketosis support the plausibility 
of this mechanism [15, 16]. The lowest tryptophan concentrations in cows with concurrent SCK+SCM may 
therefore reflect a greater alteration in tryptophan utilization when metabolic stress and mammary inflammation 
coexist. Nevertheless, kynurenine and related pathway intermediates were not quantified in the present study; 
therefore, increased kynurenine pathway activity cannot be confirmed and should be regarded as a biologically 
plausible explanation requiring direct investigation. 
Branched-chain amino acid alterations 

In contrast to tryptophan, isoleucine and leucine increased across the disease groups and reached their 
highest concentrations in cows with concurrent SCK+SCM. Isoleucine increased from 136.2 ± 45.4 μmol/L in 
control cows to 173.6 ± 63.0 μmol/L in the concurrent disease group, whereas leucine increased from 175.5 ± 66.5 
to 212.0 ± 75.3 μmol/L. Alterations in branched-chain amino acid (BCAA) metabolism have previously been 
reported in metabolomic studies of ketosis and mastitis [10, 11, 13]. Grispoldi et al. [18] reported associations 
between S. aureus infection and BCAA concentrations in bovine milk, whereas Ianni et al. [19] identified 
relationships between milk somatic cell counts and isoleucine, leucine, and tyrosine concentrations. These 
findings indicate that BCAA metabolism may be altered in both metabolic and mammary inflammatory conditions. 

During NEB, mobilization of body reserves, including tissue protein, can alter circulating amino acid 
concentrations as part of the metabolic adaptation to early lactation and ketosis [1, 2, 10, 11]. The higher 
concentrations of isoleucine and leucine observed in cows with SCK+SCM may therefore reflect altered BCAA 
utilization, mobilization, or turnover associated with coexisting metabolic and inflammatory stress. However, the 
present study did not directly measure protein turnover or BCAA catabolic flux. Accordingly, the reciprocal pattern 
of decreasing tryptophan and increasing BCAA concentrations is best interpreted as evidence of altered amino 
acid homeostasis rather than proof of a specific underlying mechanism. 
Citrulline, serine, and hydroxyproline alterations 

Citrulline was also associated with disease status and was retained in the multinomial logistic regression 
model. Citrulline is closely linked to arginine metabolism and nitrogen homeostasis, and the citrulline–arginine 
pathway contributes to nitric oxide synthesis and other metabolic processes relevant to immune and vascular 
function [20, 21]. The lower citrulline concentrations observed in cows with SCM and SCK+SCM may therefore be 
associated with altered nitrogen utilization or arginine-related metabolism. However, pathway intermediates and 
nitric oxide metabolism were not directly measured, and the physiological significance of the observed citrulline 
differences remains to be established. 

Serine also differed significantly among groups and showed the highest individual AUC for the control versus 
SCK+SCM comparison. Serine contributes to one-carbon metabolism and participates in nucleotide synthesis, 
methyl-group transfer, and redox-related pathways involved in cellular metabolism and immune function [22, 23]. 
Recent evidence in dairy cattle has also linked serine metabolism with immune regulation under fatty acid-
induced metabolic stress [22]. The lower serine concentrations observed in cows with concurrent SCK+SCM may 
therefore reflect altered utilization or regulation of serine-dependent metabolic pathways. Nevertheless, because 
one-carbon pathway intermediates were not quantified, this interpretation requires direct metabolic 
confirmation. 

Hydroxyproline showed a different pattern from the other metabolites, with its highest mean concentration 
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in SCK cows and lower concentrations in SCM and SCK+SCM cows. Hydroxyproline is closely associated with 
collagen turnover, connective tissue metabolism, and extracellular matrix remodeling [24]. Its higher 
concentration in SCK cows may reflect altered tissue protein turnover during NEB and tissue catabolism [1, 2, 24]. 
Conversely, the lower concentrations observed in SCM and SCK+SCM cows may reflect different patterns of 
collagen turnover or extracellular matrix metabolism during inflammatory processes. These explanations remain 
speculative because markers of collagen synthesis, degradation, and tissue remodeling were not directly 
evaluated. 
Multimetabolite classification and discriminatory performance 

An important finding of this study was the repeated identification of several metabolites across 
complementary analytical approaches. The multinomial logistic regression retained nine metabolites, glutamic 
acid, alanine, citrulline, isoleucine, tyrosine, ornithine, tryptophan, arginine, and hydroxyproline, as significantly 
associated with disease group assignment. Among individual metabolites assessed by ROC analysis, serine showed 
the highest AUC for distinguishing control cows from SCK+SCM cows (AUC = 0.8106), followed by tryptophan (AUC 
= 0.7604), histidine (AUC = 0.7456), citrulline (AUC = 0.7337), and hydroxyproline (AUC = 0.7041). Tryptophan also 
showed the highest AUC for distinguishing SCK from SCK+SCM cows (AUC = 0.7101). 

These complementary analyses prioritize tryptophan, serine, citrulline, and isoleucine as candidate 
components of a multimetabolite signature associated with disease status. Nevertheless, these findings should 
not be interpreted as evidence of validated diagnostic performance. The ROC analyses used the same relatively 
small dataset from which candidate metabolites were identified and were not subjected to external validation or 
cross-validation. Consequently, the reported AUC estimates may overestimate performance in independent 
populations. Similarly, only 13 cows were included in each group, while the final multinomial model retained nine 
predictors, increasing the potential for overfitting and unstable parameter estimates. The multinomial and ROC 
findings should therefore be considered exploratory and hypothesis-generating. 
Associations with mastitis pathogens and animal-level factors 

No significant associations were detected between SCK status and the specific mastitis pathogens isolated 
from milk samples. Previous metabolomic studies have reported marked metabolic alterations associated with 
mastitis [12–14], including pathogen-associated changes in tryptophan metabolism [15, 16] and associations 
between S. aureus mastitis and amino acid metabolism [18, 25, 26]. The absence of significant pathogen-specific 
associations in the present study may reflect the small number of isolates within individual bacterial categories 
and should not be interpreted as evidence that pathogen identity does not influence the metabolome. Larger 
studies with adequate numbers of animals infected by individual pathogen species are required to evaluate 
pathogen-specific metabolic responses. 

Plasma metabolite concentrations were also not significantly correlated with parity or DIM within the study 
population. This finding suggests that no detectable association with these variables was identified within the 
restricted ranges evaluated in this study. However, the absence of statistically significant correlations does not 
exclude possible effects of parity or stage of lactation in larger or more heterogeneous populations. 
Study strengths, limitations, and future research 

A strength of this study was the simultaneous evaluation of healthy cows and cows with SCK, SCM, or 
concurrent SCK+SCM within a standardized four-group framework. Targeted quantification of 25 plasma 
metabolites, combined with univariate comparisons, multinomial logistic regression, and ROC analyses, provided 
complementary approaches to identifying amino acid patterns associated with different disease states. Including 
a concurrent disease group was particularly useful for examining whether the coexistence of metabolic and 
inflammatory disorders was associated with metabolite patterns distinct from those observed in either condition 
alone. 

Several limitations should nevertheless be considered. First, the cross-sectional design precluded 
determination of whether the observed metabolite alterations preceded, accompanied, or followed the 
development of SCK or SCM. Because samples were obtained after disease status had been established, the 
identified metabolites represent disease-associated markers rather than demonstrated predictive or causal 
biomarkers. Longitudinal studies beginning before calving and continuing throughout the transition period are 
required to determine whether these alterations precede disease onset and contribute to early risk assessment 
[11, 25]. 
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Second, the relatively small sample size (13 cows/group) limited statistical power and increased the potential 
for model overfitting, particularly in the multinomial logistic regression. Accordingly, the nine-metabolite model 
and ROC-derived AUC values require confirmation in larger, independent cohorts before clinical or diagnostic 
application. 

Third, the targeted metabolomic approach was restricted to amino acids and related compounds. The study 
did not assess other metabolite classes relevant to ketosis and inflammation, including lipids, ketone bodies, 
carbohydrates, and organic acids [25]. Thus, the identified amino acid alterations represent only one component 
of the broader metabolic phenotype associated with SCK, SCM, and concurrent SCK+SCM. 

Finally, the study did not directly quantify pathway intermediates needed to establish the proposed 
mechanisms for several metabolites, including kynurenine metabolites, one-carbon pathway intermediates, nitric 
oxide-related metabolites, or markers of collagen turnover. Future studies should integrate broader targeted or 
untargeted metabolomics with longitudinal sampling and pathway-specific measurements. Validation in larger, 
independent populations will also be necessary to determine whether combinations of tryptophan, serine, 
citrulline, isoleucine, and other candidate metabolites can contribute to reliable multimetabolite panels for 
disease classification, monitoring, or early detection in transition dairy cows [25]. 

CONCLUSION 

Targeted plasma amino acid metabolomic profiling revealed distinct disease-associated patterns among 
healthy early lactation dairy cows and cows with SCK, SCM, or concurrent SCK+SCM. Twelve of the 25 quantified 
metabolites differed significantly among groups. Tryptophan showed the strongest univariate association with 
disease status and decreased progressively from 35.5 ± 27.6 μmol/L in control cows to 23.9 ± 14.7 μmol/L in SCK 
cows, 19.4 ± 21.5 μmol/L in SCM cows, and 14.5 ± 16.4 μmol/L in SCK+SCM cows (p < 0.001). In contrast, isoleucine 
and leucine increased across the disease groups and reached their highest concentrations in cows with concurrent 
SCK+SCM. The exploratory multinomial logistic regression retained nine metabolites associated with disease 
group assignment, whereas ROC analysis identified serine and tryptophan as the strongest individual 
discriminators between control and SCK+SCM cows, with AUC values of 0.8106 and 0.7604, respectively. Citrulline 
and isoleucine also contributed consistently to the multimetabolite pattern associated with disease status. 

From a practical perspective, these findings indicate that plasma amino acid profiling may complement 
conventional indicators such as BHBA measurement, CMT, and bacteriological examination by providing 
additional information on metabolic alterations associated with isolated and concurrent subclinical disease. In 
particular, tryptophan, serine, citrulline, and isoleucine warrant further evaluation as candidate components of 
multimetabolite panels for identifying cows with concurrent metabolic and inflammatory disturbances during 
early lactation. However, because the study was cross-sectional and included only 13 cows/group, the identified 
metabolites should be regarded as disease-associated candidates rather than validated diagnostic or predictive 
biomarkers. 

Overall, the study demonstrates that concurrent SCK+SCM is associated with a distinct plasma amino acid 
profile characterized particularly by reduced tryptophan and serine concentrations and increased BCAA 
concentrations. These findings extend current understanding of the metabolic alterations accompanying 
concurrent subclinical metabolic and inflammatory disease in dairy cows. Larger longitudinal studies beginning 
before calving and incorporating independent validation, broader metabolomic coverage, and pathway-specific 
analyses are needed to determine whether these candidate metabolites can be incorporated into reliable tools 
for early detection, monitoring, and risk stratification of transition dairy cows. 
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