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ABSTRACT

The 3 branched-chain AA (BCAA), Val, Leu, and 
Ile, are essential AA used by tissues as substrates for 
protein synthesis and energy generation. In addition, 
BCAA are also involved in modulating cell signaling 
pathways, such as nutrient sensing and insulin signaling. 
In our previous study, dietary BCAA supplementation 
was shown to improve protein synthesis and glucose ho-
meostasis in transition cows. However, a more detailed 
understanding of the changes in metabolic pathways 
associated with an increased BCAA availability is de-
sired to fine-tune nutritional supplementation strate-
gies. Multiparous Holstein cows (n = 20) were enrolled 
28 d before expected calving and assigned to either the 
BCAA treatment (n = 10) or the control group (n = 
10). Cows assigned to BCAA were fed 550 g/d of rumen-
protected BCAA mixed with 200 g/d of dry molasses 
from calving until 35 DIM, whereas the cows assigned 
to the control were fed only 200 g/d of dry molasses. 
Serum samples were collected on d 10 before expected 
calving, as well as on d 4 and d 21 postpartum. Milk 
samples were collected on d 14 postpartum. From a 
larger cohort, we selected 20 BCAA-supplemented cows 
with the greatest plasma urea nitrogen concentration, 
as an indicator for greater BCAA availability, for the 
metabolomics analysis herein. Serum and milk samples 
were subjected to a liquid chromatography–mass 
spectrometry–based assay, detecting and measuring 
the abundance of 241 serum and 211 milk metabolic 

features, respectively. Multivariable statistical analy-
ses revealed that BCAA supplementation altered the 
metabolome profiles of both serum and milk samples. 
Increased abundance of serum phosphocholine and glu-
tathione and of milk Val, Ile, and Leu, and decreased 
abundance of milk acyl-carnitines were associated with 
BCAA supplementation. Altered phosphocholine and 
glutathione abundances point to altered hepatic choline 
metabolism and antioxidant balance, respectively. Al-
tered milk acyl-carnitine abundances suggest changes 
in mammary fatty acid metabolism. Dietary BCAA 
supplementation was associated with a range of altera-
tions in serum and milk metabolome profiles, adding 
to our understanding of the role of BCAA availability 
in modulating dairy cow protein, lipid, and energy me-
tabolism on a whole-body level and how it affects milk 
composition.
Key words: branched-chain amino acid, metabolomics, 
phosphocholine, glutathione, milk metabolome

INTRODUCTION

The 3 branched-chain AA (BCAA) are Leu, 
Ile, and Val. Although BCAA are extensively used 
by multiple cells within the organism, they are not 
synthesized de novo in mammalian cells (Wu, 2009). 
They have been widely studied in various species 
due to their roles as nutrients and as modulators of 
metabolic functions, including precursors for NEAA 
(Li et al., 2009), substrates for milk protein synthesis 
(Doelman et al., 2015), regulators of protein synthesis, 
cell growth and proliferation (Kimura and Ogihara, 
2005; Dodd and Tee, 2012), and modulators of glucose 
and energy homeostasis and nutrient sensing (Biswas 
et al., 2019). In dairy cows postpartum, a greater 
BCAA availability can be beneficial by promoting 
protein synthesis (Appuhamy et al., 2012) and helping 
mitigate metabolic stress related to the energy deficit 
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via succinyl-CoA and acetyl-CoA (Kainulainen et al., 
2013). These BCAA catabolic subproducts can enter 
the tricarboxylic acid cycle, relieving elevated energy 
and nutrient demands for milk production during 
early lactation (Li et al., 2009, 2012). Accordingly, the 
mammary uptake of BCAA was shown to be greater 
than the milk output (Lapierre et al., 2012), indicat-
ing the catabolism of BCAA in the mammary gland. 
In addition, dietary BCAA supplementation improved 
their concentrations in serum (Yepes et al., 2019). 
Furthermore, feeding BCAA increased milk protein 
yield and content when supplemented in combination 
with Met and Lys (Appuhamy et al., 2012). Dietary 
supplementation with rumen-protected BCAA also 
decreased the incidence of hyperketonemia (Yepes et 
al., 2019) and the severity of hepatic lipidosis dur-
ing early lactation (Leal Yepes et al., 2021). These 
findings suggest that greater BCAA availability can 
positively affect various metabolic processes. How-
ever, the exact pathways altered by dietary BCAA 
supplementation in dairy cows have not been fully 
elucidated. Therefore, a comprehensive screening of 
phenotypic patterns by metabolomics analysis is war-
ranted to uncover the network of potentially affected 
metabolic pathways.

Metabolomics is a high-throughput technique that 
can identify, quantify, and characterize hundreds to 
thousands of metabolites from biological samples 
(Ryan and Robards, 2006; Moco et al., 2007). In dairy 
research, metabolomics analyses have revealed altera-
tions in blood and milk metabolome profiles concerning 
significant metabolic perturbations, including negative 
energy balance (Xu et al., 2020b), heat stress (Tian 
et al., 2016), and mitochondrial dysfunction (Huber et 
al., 2016). In addition, the alterations in metabolome 
profiles can reflect dietary treatment effects, as dem-
onstrated for supplementation with CLA (Yang et al., 
2021) and rumen-protected choline (Guo et al., 2020). 
Although changes in blood and milk metabolome pro-
files have been associated with alterations in metabolic 
status due to various nutritional interventions, we are 
not aware of studies reporting the serum and milk 
metabolome profiles of dairy cows supplemented with 
dietary rumen-protected BCAA.

We hypothesized that the enhanced nutritive and 
modulatory effects of BCAA due to dietary supple-
mentation can be reflected by alterations in the serum 
and milk metabolome profiles. Our objectives were 
to identify these serum and milk metabolome profile 
alterations in dairy cows supplemented with dietary 
BCAA, and to link the identified metabolites to meta-
bolic pathways to uncover associations between BCAA 
availability and specific metabolic activities.

MATERIALS AND METHODS

Animals and Diet

All procedures were approved by the Cornell Uni-
versity Institutional Animal Care and Use Committee 
(protocol no. 2011-0016). A total of 81 multiparous 
Holstein cows were enrolled in the original dietary 
BCAA supplementation trial and were sampled for se-
rum and milk. Experimental design and procedures (in-
cluding animal management and housing), ingredients 
and chemical composition of the diet, and the chemical 
composition of the rumen-protected BCAA preparation 
that was offered daily as a top-dress supplement to the 
TMR were reported previously (Yepes et al., 2019). 
Briefly, cows in the control group (n = 27) received 
200 g/d of dry molasses from calving to 35 DIM, and 
cows in the BCAA group (n = 27) received 550 g/d of 
BCAA mixed with 200 g of dry molasses from calving 
to 35 DIM. The BCAA was composed of 375 g (27% 
wt/wt) of rumen-protected l-Leu, 85 g (48% wt/wt) of 
rumen-protected l-Ile, and 91 g (67% wt/wt) of rumen-
protected l-Val. The BCAA were protected to prevent 
ruminal degradation using a lipid coating layer with 
hydrogenated vegetable oil (Balchem Corporation, New 
Hampton, NY). The dose of BCAA used in our study 
was calculated based on previous studies that effectively 
increased the concentration of free BCAA in blood us-
ing postruminal infusion of BCAA or casein (Mackle et 
al., 1999; Larsen et al., 2014). Owing to the supplemen-
tation, the BCAA group received an estimated 45.8 g/d 
of Leu, 33.2 g/d of Ile, and 31.8 g/d of Val more than 
the control group (all expressed as metabolizable AA). 
A subset of animals (n = 10 from the control group and 
n = 10 from the BCAA group) was chosen from this 
larger study cohort for metabolomics analyses. First, 
the incremental area under the curve of plasma urea 
nitrogen (PUN) concentrations from the day of calving 
until d 35 postpartum was computed based on the trap-
ezoidal rule (Chiou, 1978) using SAS 9.4 (SAS Institute 
Inc.). Cows (n = 10) with the lowest PUN were selected 
from the control group, whereas cows with the greatest 
PUN (n = 10) were selected from the BCAA treat-
ment group. This methodology of subsampling from the 
larger cohort was preferred over random selection as 
PUN concentrations were readily available at the time 
of sample selection. The PUN was used as an indica-
tor of rumen-protected BCAA supplement absorption 
from the small intestine of BCAA cows, later confirmed 
by serum BCAA concentrations (Yepes et al., 2019). 
This selection method was intended to maximize the 
difference in BCAA availability between the control 
and BCAA groups in a setting where sample size was 
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limited due to constraints of resources available for the 
metabolomics analysis.

Sampling of Blood and Milk

Blood was sampled before feeding (between 0600 
and 0730 h) from the coccygeal vessels 9 ± 4 d (mean 
± SE) before calving, and on d 5 ± 0.8 and d 21 ± 
1.2 postpartum using 20 gauge × 2.54 cm needles and 
blood collection tubes (Becton, Dickinson and Com-
pany). Samples were collected in tubes containing 158 
United States Pharmacopeia (USP) units of sodium 
heparin and in tubes without anticoagulant, for plasma 
and serum separation, respectively. All blood samples 
were immediately placed on ice; plasma and serum 
samples were separated within 1 h at 2,800 × g for 
20 min at 4°C, then stored at −20°C until analysis. 
Cows were milked 3 times per day at 0600, 1400, and 
2200 h. Milk samples from 3 consecutive milkings were 
collected on d 14 postpartum, pooled on even propor-
tions from each milking, and stored at −20°C until 
analysis. Plasma nonesterified fatty acid (NEFA) and 
glucose concentrations were measured by colorimetric 
enzymatic assays [HR Series NEFA-HR (2), Wako Life 
Sciences; PGO enzyme preparation, Sigma-Aldrich] 
with a microplate spectrophotometer (Epoch, Biotek) 
as previously described (Mann et al., 2015). Plasma 
urea nitrogen concentrations were determined using a 
manual urease/Berhelot determination (Sigma, urea ni-
trogen procedure no. 640, Sigma Diagnostics; Butler et 
al., 1996). Pooled plasma bovine samples were included 
on each NEFA and PUN plate for quality control, and 
the inter- and intraplate coefficients of variation were 
< 5%. The plasma BHB concentration was measured 
using the BHB-Check ketone meter system (Pharma 
DOC) as described previously (Leal Yepes et al., 2018). 
Plasma-free BCAA concentrations were determined 
using EZ: faast (Phenomenex) by the chromatography 
and diagnostic services laboratory of the Veterinary 
Faculty, University of Montréal as previously described 
(Kassube et al., 2017).

Metabolomics Analysis

The sample preparation and metabolomics mea-
surements of serum and milk samples were performed 
based on our previously reported liquid chromatogra-
phy–mass spectrometry (LC-MS) workflow (Kim et 
al., 2019) with the parameters specified below. Briefly, 
20 μL of thawed sample was added to 80 μL of ice-cold 
water in a 1.5-mL microcentrifuge tube on ice. The 
tubes were centrifuged at 20,000 × g for 10 min at 4°C. 
The supernatant was transferred to a new polypropyl-

ene microcentrifuge tube. An in-house quality control 
was prepared by pooling and mixing the same volume 
of each sample. Chromatography was performed with 
an Agilent Technologies system. The column oven was 
set at 40°C. An Acquity UPLC BEH C18 column (2.1 
mm × 100 mm, 1.7 μm, Waters) was used for reversed 
phase separation. The mobile phase consisted of 0.1% 
formic acid (B), using a gradient elution of 5% B at 0 
to 3 min, 5 to 95% B at 3 to 23 min, and 95% B at 23 
to 25 min. The total run time was 30 min including 
equilibration. The flow rate was 350 μL/min, and the 
injection volume was 4 μL. All reagents used in the pro-
cessing and analysis were of LC-MS grade. Metabolites 
were detected and quantified for abundance through 
the described untargeted metabolomics approach and 
identified based on the Human Metabolome Database 
(www .hmdb .ca; Wishart et al., 2018).

Statistical Analysis

Repeated measures ANOVA was performed for the 
plasma concentrations of free BCAA, BHB, NEFA, 
PUN, and glucose using PROC Mixed in SAS 9.4 as 
previously published (Leal Yepes et al., 2018). Group, 
time, and their interaction were included as fixed ef-
fects in all models. Tukey’s post hoc test was used 
for multiple comparison correction of P-values for all 
pairwise comparisons of least squares means. Normality 
and homoscedasticity of residuals was tested for each 
model fit. To meet the assumptions, the outcome vari-
ables BHB, NEFA, free BCAA, and PUN concentra-
tions were log-transformed.

The data obtained from the LC-MS analysis report 
were log-transformed and Pareto scaled, and the suc-
cess of this normalization process was done by visual 
examination of the distribution curve in MetaboAna-
lyst 5.0 before statistical analysis (Pang et al., 2021). 
Processed metabolomics data including all features 
were analyzed by partial least squares–discriminant 
analysis (PLS-DA) in MetaboAnalyst. After plotting 
the PLS-DA scores, metabolites affected by the treat-
ments were selected by variable importance in projec-
tion of the PLS-DA model. The PLS-DA models were 
validated by cross-validation, and the quality control 
metrics of goodness of fit (R2Y) and predictive abil-
ity in validation (Q2) were reported. The changes of 
serum metabolome along the course of the study were 
plotted by heatmap with hierarchical clustering us-
ing Euclidean distance measure and Ward clustering, 
including one-way ANOVA for the effect of sampling 
day in MetaboAnalyst. The annotated metabolites 
were classified based on the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway database 
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(www .genome .jp/ kegg/ pathway .html). Additionally, 
quantitative enrichment analysis was performed us-
ing the annotated metabolites in MetaboAnalyst, 
ranking the enriched metabolite sets associated with 
BCAA supplementation. A t-test was conducted in R 
(version 3.6.3, https: / / www .r -project .org/ ) with the 
function “t.test(),” evaluating the effect of the BCAA 
on selected milk metabolite abundances. Mixed model 
analysis was conducted in R with function “lmer()” 
of the package “lme,” evaluating the effect of BCAA 
on selected serum metabolite abundances (including 
respective interactions), according to the following 
model:

 Mjk = μ + BCAAj + Timek + Interactionjk + εjk. 

In this model, M represents the observed level of serum 
metabolites, and μ represents the mean; BCAAj repre-
sents the fixed class effect of BCAA supplementation (j 
= with or without BCAA treatment); and Timek repre-
sents the fixed class effect of different serum sampling 
date (k = 10 d prepartum, 4 d postpartum, and 21 d 
postpartum). Interactionjk represents BCAAj × Timek 
interactions, and εjk represents the random error. Cows 
were considered as a random effect. The model was run 
again without Interactionjk if the effect of Interactionjk 
was not significant (P > 0.10) in the initial procedure. 
If the random effect of the mixed model was limited 
but enhanced the complexity of the model, linear model 
was conducted with function “lm()” instead. The level 
of significance was considered P < 0.05 for t-test, mixed 
model, and linear model.

RESULTS

Overview of Metabolome Profiles

The milk yield, milk components, and plasma con-
centrations of BHB, NEFA, PUN, glucose, and BCAA 
of the cohort studied herein are presented in Table 1. 
The BCAA group had greater concentrations of PUN 
(P = 0.001), Leu (P = 0.09), Ile (P = 0.05), and Val (P 
= 0.03) than in the control, whereas BHB, NEFA, and 
glucose concentrations were not significantly different 
between the treatment groups. In addition, we did not 
observe a difference between the control and BCAA 
groups in the grams of protein in milk (P = 0.6).

Our untargeted metabolomics workflow quantified 
241 and 211 serum and milk features, respectively, af-
ter normalization and removal of background and false 
positives. Out of these, 178 serum metabolites and 163 
milk metabolites were annotated, 43 serum features 
and 37 milk features were not confirmed but labeled as 
2 or 3 possible metabolites, and 20 serum features and 
11 milk features were identified with a formula only 
(Table 2). A total of 132 annotated metabolites were 
detected both in serum and in milk. The most matches 
in the KEGG pathway database were found with purine 
metabolism (18 metabolites), Cys and Met metabolism 
(15), Gly, Ser, and Thr metabolism (13), amino sugar 
and nucleotide sugar metabolism (12), pyrimidine 
metabolism (12), and d-amino acid metabolism (11). 
Further matches with AA-related pathways were found 
for Arg and Pro metabolism (9 metabolites), Trp me-
tabolism (9), Arg biosynthesis (8), Phe, Tyr, and Trp 
biosynthesis (6), Val, Leu, and Ile biosynthesis (6), His 
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Table 1. Repeated measures ANOVA (LSM, with 95% CI in parentheses) for plasma metabolites including 
free BCAA in the postpartum period (1–21 DIM)

Variable

Treatment1

 

P-value

Control BCAA Tx Time Time × Tx

Milk yield (kg) 39.9 (37.6–42.2) 42.7 (40.4–45.0)  0.08 0.001 0.01
Fat (%) 4.3 (4.1–4.6) 4.4 (4.1–4.6)  0.5 0.001 0.6
Protein (%) 3.1 (3.0–3.2) 3.1 (3.0–3.2)  0.6 0.001 0.6
BHB (mmol/L) 1.0 (0.7–1.3) 0.9 (0.7–1.3)  0.8 0.9 0.2
PUN2 (mg/dL) 9.8a (8.0–12.0) 13.5b (11.2–16.4)  0.001 0.005 0.08
Glucose (mg/mL) 44.9 (41.7–48.5) 45.1 (41.8–48.6)  0.9 0.9 0.2
NEFA3 (nEq/L) 0.56 (0.45–0.69) 0.58 (0.47–0.72)  0.8 0.008 0.9
Leu (nM) 0.93 (0.76–1.14) 1.10 (0.90–1.35)  0.09 0.3 0.6
Ile (nM) 0.70a (0.58–0.84) 0.85b (0.71–1.02)  0.05 0.3 0.9
Val (nM) 1.35a (1.08–1.70) 1.68b (1.34–2.10)  0.03 0.09 0.9
a,bDifferent superscript letters within a row indicate treatment group differences (P-value < 0.05) after control-
ling for pairwise LSM comparisons using Tukey’s post hoc procedure.
1Treatment (Tx): the control group received 200 g of dry molasses/cow per day from calving to 35 DIM. The 
rumen-protected branched-chain AA (BCAA) group received 550 g of rumen-protected branched-chain AA 
mixed with 200 g of dry molasses/cow per day from calving to 35 DIM.
2PUN = plasma urea nitrogen.
3NEFA = nonesterified fatty acid. 

www.genome.jp/kegg/pathway.html
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metabolism (5), Lys biosynthesis and degradation (4), 
Phe metabolism (4), and Tyr metabolism (4). Some 
metabolites were matched with multiple entries in the 
database. A total of 73 annotated metabolites remained 
unclassified due to the lack of matches in the data-
base. A list of the annotated metabolites with pathway 
classification is summarized in Supplemental Table 
S1 (Kenéz, 2022; https: / / doi .org/ 10 .6084/ m9 .figshare 
.16922905).

Longitudinal changes of the serum metabolome along 
the 3 sampling days were visualized by the heatmap in 
Figure 1, showing strong clustering of samples accord-
ing to sampling days, dominating over the observed 
clustering according to the dietary treatment on the 
postpartum sampling days. Consistent with the strong 
time-related clustering observed in the heatmap, the 
PLS-DA revealed a clear separation of serum metabo-
lome profiles primarily between the prepartum and 
postpartum samples, and to a lesser extent between d 4 
and d 21 postpartum (Supplemental Figure S1; Kenéz, 
2022; https: / / doi .org/ 10 .6084/ m9 .figshare .16922905). 
The relative abundance of Val and the collective abun-
dance of Ile and Leu (Ile+Leu) in serum were affected 
by time (P = 0.01 and P < 0.01, respectively), having 
higher values on d 21 then on d 4. However, in contrast 
to the plasma-free BCAA concentrations detected by 
the EZ: faast method, serum Val and Ile+Leu abun-
dances measured by our untargeted metabolomics assay 
were not significantly affected by the BCAA treatment 
(P = 0.64, and P = 0.45, respectively), although values 
were numerically higher in the BCAA group than in 
the control. The relative abundances of milk Val and 
Ile+Leu measured by the untargeted metabolomics as-
say were greater in the BCAA group compared with 
the control (P = 0.04 and P = 0.05, respectively).

Effect of Dietary BCAA Supplementation on Serum 
Metabolite Profiles

The PLS-DA scores plot showed that the serum 
metabolome data of the BCAA group and the control 
group were well separated both on d 4 (Figure 2) as 
well as on d 21 (Figure 3). The top 15 serum metabo-
lites with the greatest contribution to the variation in 
these PLS-DA models are listed in Figure 2B and 3B. 

The quality control metrics indicated high R2Y but 
relatively low Q2 values for these PLS-DA models. The 
maximum Q2 values were 0.28 and 0.16 for d 4 and 
d 21, respectively, as shown in Supplemental Figures 
S2A and S2B (Kenéz, 2022; https: / / doi .org/ 10 .6084/ 
m9 .figshare .16922905).

Phosphocholine, glutathione, (iso-)putreanine, sul-
fate derivative of norepinephrine (sulfate-INN), and 
methylisocitrate/2-methylcitrate (MICA/2-MCA) were 
the 5 common metabolites among the top 15 across d 
4 and 21. All these 5 metabolites were more abundant 
in the BCAA group compared with the control (treat-
ment effects all P < 0.01). The rest of the metabolites 
appeared on the top 15 list either on d 4 or on d 21 
only. Interestingly, 4 of these were intermediates of 
purine metabolism [5-amino-1-(5-phospho-d-ribosyl)
imidazole-4-carboxamide (5-amino-1-IMD), inosine, 
guanosine, and xanthine], which were among the top 15 
metabolites on d 21, but not on d 4. Further, the list of 
top 15 metabolites included thiosulfate, 11-carboxy-α-
chromanol (α-T-11-COOH), omega-hydroxy-dodecano-
ate (n-C12:0), allantoate, malate, omega-hydroxy-hexa-
decanoate (n-C16:0), and hypothaurine on d 4, and 
glycochenodeoxycholate (GCDC), glycyl-phenylalanine 
(Glycy-Phe), 3-ureidoisobutyrate/glycylsarcosine (3-
UI/GS), taurodeoxycholate/taurochenodeoxycholate 
(TCDA/TCDCA), and riboflavin on d 21. The remain-
der of the top 15 list were unannotated features.

In addition to the metabolites identified by the 
PLS-DA model, the quantitative enrichment analysis 
identified 11 metabolic pathways in serum (using d 21), 
based on a cut-off of P < 0.10. These included phos-
phatidylcholine biosynthesis, sphingolipid metabolism, 
glutathione metabolism, Glu metabolism, and purine 
metabolism (Supplemental Figure S3A; Kenéz, 2022; 
https: / / doi .org/ 10 .6084/ m9 .figshare .16922905). Due 
to nonannotated metabolites and partially incomplete 
entries in metabolomics databases, only 143 serum 
metabolites were available for this quantitative enrich-
ment analysis.

Effect of Dietary BCAA Supplementation on Milk 
Metabolome Profiles

The PLS-DA model revealed a clear separation of the 
milk metabolome profiles between cows in the control 
and the BCAA group (Figure 4A). The quality control 
metrics indicated relatively high R2Y but relatively low 
Q2 values for this PLS-DA model. The maximum Q2 
value was 0.04, as shown in Supplemental Figure S2C.

The top 15 metabolites with the greatest contribu-
tions to the variation in the PLS-DA model included 
the BCAA (Ile+Leu and Val) and Ser (Figure 4B). 
Cows in the BCAA group had a greater abundance of 

Xu et al.: EFFECT OF BCAA ON SERUM AND MILK METABOLOME

Table 2. The global output of detected features, annotated metabolites, 
and identified formula detected in serum and milk samples of dairy 
cows using our untargeted metabolomics data analysis workflow

Item
Number 

of samples
Detected 
features

Annotated 
metabolites

Unconfirmed 
metabolites

Identified 
formula

Serum 60 241 178 43 20
Milk 20 211 163 37 11

https://doi.org/10.6084/m9.figshare.16922905
https://doi.org/10.6084/m9.figshare.16922905
https://doi.org/10.6084/m9.figshare.16922905
https://doi.org/10.6084/m9.figshare.16922905
https://doi.org/10.6084/m9.figshare.16922905
https://doi.org/10.6084/m9.figshare.16922905
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milk Ile+Leu (P = 0.05), and Val (P = 0.04) than the 
control, whereas the numerically greater abundance of 
Ser in the BCAA group was not significant (P = 0.22). 
Further, the list of top 15 metabolites included tetradec-
enoyl-carnitine (C14:1 carnitine), 25-hydroxyvitamin 
D3–26–23-lactone, bilirubin, glycochenodeoxycholate 
(GCDC), UDP-d-glucose/UDP-d-galactose, 12(S)-hy-
droxyheptadecatrienoic acid (12S-HHT), tetradeceno-

ate (n-C14:1), linoleic acid/linoelaidic acid (all trans 
C18:2)/octadecadienoate (n-C18:2), and eicosenoic 
acid.

In addition to the metabolites identified by the 
PLS-DA model, the quantitative enrichment analysis 
identified 11 metabolic pathways in milk, based on a 
cut-off of P < 0.10. These included fatty acid elonga-
tion in mitochondria, β-oxidation of long chain SFA, 

Xu et al.: EFFECT OF BCAA ON SERUM AND MILK METABOLOME

Figure 1. Longitudinal changes of the serum metabolome profile across sampling days (d −10, 4, and 21 relative to calving): heatmap with 
hierarchical cluster analysis using the top 50 metabolites ranked by P-value of one-way ANOVA (effect of sampling day). Abundance data were 
autoscaled by features. BCAA = branched-chain amino acid. n = 20 per sampling day, all features included.
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and oxidation of branched-chain fatty acids (Supple-
mental Figure S3B). A total of 139 milk metabolites 
were available for this quantitative enrichment analysis.

DISCUSSION

This study aimed to characterize serum and milk me-
tabolome profiles of dairy cows treated with or without 
BCAA postpartum. We observed a difference in the 
free BCAA blood concentration and PUN between the 
treatment and the control. This is in agreement with 
previous reports from this study (Leal Yepes et al., 
2019). However, the selection of animals used in the 
current study could potentially play a role on these 
differences. The selection of animals for this study was 
based on PUN. It was an indicator of excess protein or 
nitrogen (N) in the diet, most likely associated with the 
BCAA supplementation. Excess ruminal or postrumi-
nal protein or N supplied to dairy cows will affect PUN 
and MUN (Baker et al., 1995). Based on the in vitro 
digestibility test previously published (Leal Yepes et 
al., 2019), some rumen-protected BCAA would degrade 
in the rumen, potentially affecting PUN. Indeed, cows 
in the treatment group had a greater free BCAA blood 
concentration than the control. We acknowledge the se-
lection bias in the samples used for this study. However, 
we observed similar blood metabolites, production, and 
health status results in our previous reports with the 
larger data set and the current experiment.

Among the AA, BCAA are known not only as 
substrates for biosynthetic processes, but also as cell 
signaling modulators, as well as biomarkers of insulin 
resistance and other metabolic disorders (Lynch and 
Adams, 2014). We aimed to provide an increased 
BCAA availability by supplementing cows from calving 
with dietary rumen-protected BCAA and screening the 
serum and milk metabolome for indications of effects 
on metabolic function. In contrast to targeted metabo-
lomics, our untargeted metabolomics assay based on 
reverse-phase LC-MS/MS was used as a data-driven 
approach to detect and quantify metabolites without 
predetermined chemical targets (Moco et al., 2007). 
This approach can be used to uncover comprehensive 
metabolite profiles, leading to a better understanding 
of metabolic pathway activities (Ryan and Robards, 
2006; Moco et al., 2007). Our untargeted metabolomics 
approach revealed changes in the abundance of several 
metabolites in both serum and milk, pointing to po-
tential interactions with BCAA availability and the 
activity of metabolic pathways. The set of metabolites 
identified and annotated herein provided an extensive 
coverage of metabolic pathways of various AA as well 
as purine and pyrimidine compounds, in addition to 
a diverse range of further metabolites probing various 
other pathways.

In both groups, the serum metabolome profiles 
changed at the different sampling time points through-
out the transition period (d −10, 4, and 21 relative 
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Figure 2. Effect of dietary branched-chain amino acid (BCAA) supplementation on serum metabolite profiles of dairy cows on d 4 postpar-
tum. (A) Separation of serum metabolome profiles between control (CON) and BCAA groups shown by the partial least squares–discriminant 
analysis (PLS-DA) scores plot, and (B) the top 15 serum metabolites contributing to the variation in the first component of the PLS-DA, shown 
by variable importance in projection scores. n = 10 per group, all features included. Sulfate-INN = sulfate derivative of norepinephrine; MICA/2-
MCA = methylisocitrate/2-methylcitrate.
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to calving). This was consistent with previous studies 
reporting changes of the serum metabolome in relation 
with the homeorhetic adaptation processes commonly 
occurring during this period (Kenéz et al., 2016; Ghaf-
fari et al., 2019). In fact, our clustering analysis sug-
gested that the differences in metabolome profiles were 
stronger between sampling days than between dietary 
treatments.

Dietary BCAA supplementation from calving until 
d 35 postpartum increased free Val and Leu plasma 
concentrations in cows from the original study’s entire 
cohort, as assessed by the EZ: faast method (Leal Yepes 
et al., 2019). This difference was still maintained when 
comparing plasma BCAA concentrations between the 
current BCAA (n = 10) and control (n = 10) groups. 
However, based on the relative BCAA abundance data 
obtained by our untargeted metabolomics assay, the 
numerical increase in Val and Ile+Leu abundances af-
ter BCAA treatment were not significant. This might 
be explained by differences in the analytical sensitivity 
between the untargeted LC-MS–based metabolomics 
measurement, which did not include internal standards 
for specific AA and the AA quantification conducted 
by the targeted EZ: faast method originally reported in 
our previous paper (Leal Yepes et al., 2021). It should 
also be noted that the LC-MS analysis was not able 
to distinguish between Ile and Leu, which is why the 
abundance of these 2 AA are reported collectively as 
Ile+Leu in the present paper. We did not measure milk 

BCAA concentrations using the EZ: faast method previ-
ously; however, the current LC-MS–based untargeted 
metabolomics analysis revealed that cows treated with 
BCAA had higher abundance of milk Val and Ile+Leu, 
compared with the control, most likely due to passive 
transfer of free AA from the circulation to milk. We 
can speculate that the additional availability of BCAA 
was (at least partially) directed to the mammary gland 
for protein synthesis and energy generation. Other tis-
sues might have increased their BCAA utilization too, 
potentially contributing to a rapid clearance of the 
enhanced pool of BCAA from circulation.

Along the alterations identified in the serum of the 
BCAA-supplemented cows, changes in phosphocholine 
and glutathione abundance should be pointed out. 
Both of these metabolites had greater abundances in 
the BCAA group compared with the control on both 
d 4 and d 21. The biosynthesis of phosphocholine is 
catalyzed by choline kinase, which converts choline and 
ATP into phosphocholine and ADP (Wu and Vance, 
2010). Intriguingly, serum phosphocholine, but not 
choline, was different between cows in the control and 
BCAA groups. Phosphocholine is produced by the 
sphingomyelinase-mediated accumulation of ceramides, 
too, pointing to possible interactions with inflamma-
tory signaling (McFadden and Rico, 2019). Phospho-
choline also plays a key role in the phospholipid syn-
thesis of cell membranes, a process that is upregulated 
in the mammary gland of cows during early lactation 

Xu et al.: EFFECT OF BCAA ON SERUM AND MILK METABOLOME

Figure 3. Effect of dietary branched-chain amino acid (BCAA) supplementation on serum metabolite profiles of dairy cows on d 21 postpar-
tum. (A) Separation of serum metabolome profiles between control (CON) and BCAA groups shown by the partial least squares–discriminant 
analysis (PLS-DA) scores plot, and (B) the top 15 serum metabolites contributing to the variation in the first component of the PLS-DA, 
shown by variable importance in projection scores. n = 10 per group, all features included. 5-amino-1-IMD = 5-amino-1-(5-phospho-d-ribosyl)
imidazole-4-carboxamide; GCDC = glycochenodeoxycholate; sulfate-INN = sulfate derivative of norepinephrine; 3-UI/GS = 3-ureidoisobutyr-
ate/glycylsarcosine; TCDA/TCDCA = taurodeoxycholate/taurochenodeoxycholate; MICA/2-MCA = methylisocitrate/2-methylcitrate.
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(Ridgway, 2013; Xu et al., 2020a). However, due to 
an increase in serum, but not in milk phosphocholine 
abundance, we speculate that BCAA supplementation 
catalyzed phosphocholine metabolism primarily in the 
liver, rather than in the mammary gland. The increased 
abundance of glutathione after BCAA supplementation 
might point to the potential antioxidative effects of 
BCAA and other AA, for which BCAA are precursors. 
The BCAA were shown to exert antioxidative activ-
ity in vitro (Jin et al., 2015), and a BCAA-enriched 
nutritional supplement was shown to stimulate antioxi-
dant DNA repair in a rat model (Ichikawa et al., 2012). 
Our findings indicated that BCAA supplementation 
potentially improved antioxidant status or decreased 
pro-oxidant load, sparing glutathione, reflected by the 
greater serum glutathione abundance in the BCAA 
group compared with the control.

As reported in our previous paper, BCAA supple-
mentation decreased the number of hyperketonemia 
events, which was explained by potential effects on 
glucose metabolism and fatty acid oxidation (Leal 
Yepes et al., 2019). The enrichment analysis of the milk 
metabolome data showed that the majority of altered 
metabolic pathways were related to the oxidation and 
the synthesis of fatty acids either locally in the mam-
mary gland or in other organs such as in the liver and 
muscle, leading to an apparent enrichment in the milk 
after passive transfer of metabolites from the circula-
tion. In particular, dietary BCAA supplementation was 

associated with the decreased abundance of tetradec-
anoyl-carnitine (C14:1) in the milk. The change of acyl-
carnitine abundance points to an altered rate of fatty 
acid metabolism, specifically to an enhanced mitochon-
drial flux of fatty acids, which was suggested to be an 
important factor for a healthy metabolic transition in 
the liver of cows (Kinoshita et al., 2018).

In addition to lipid metabolism, the potential roles of 
BCAA include supplying EAA for hepatic and mam-
mary metabolism (Appuhamy et al., 2011) and promot-
ing mammary milk protein synthesis from nitrogen and 
carbon skeletons derived from BCAA catabolism (Leal 
Yepes et al., 2021). Our enrichment analysis identified 
Glu metabolism and Tyr metabolism as significant 
pathways. The former might point to the role of BCAA 
as substrates and promoters of skeletal muscle Glu 
synthesis and release (Platell et al., 2000). Further, 
additional Leu availability can affect the secretion of 
glucagon, regulating AA catabolism through activating 
AA transporters and AA uptake by the liver (Sadri 
et al., 2017; Webb et al., 2020). Accordingly, BCAA 
supplementation can initiate multiple mechanisms to 
modulate interorgan partitioning of AA (Platell et al., 
2000); however, it was beyond the scope of our me-
tabolomics analysis to reveal any mechanistic details. 
In fact, it should be noted that the abundances of se-
rum metabolites (including AA) presented herein only 
reflect the sum of appearance and clearance by various 
organs (Meijer et al., 1995) and should hence be consid-

Xu et al.: EFFECT OF BCAA ON SERUM AND MILK METABOLOME

Figure 4. Effect of dietary branched-chain amino acid (BCAA) supplementation on milk metabolome profiles of dairy cows on d 14 post-
partum. (A) Separation of milk metabolome profiles between control (CON) and BCAA groups shown by the partial least squares–discriminant 
analysis (PLS-DA) scores plot, and (B) the top 15 serum metabolites contributing to the variation in the first component of the PLS-DA, shown 
by variable importance in projection scores. n = 10 per group, all features included. GCDC = glycochenodeoxycholate; UDP-Glu/UDP-Gal = 
UDP-d-glucose/UDP-d-galactose; 12S-HHT = 12(S)-hydroxyheptadecatrienoic acid.
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ered as associations with potential changes of metabolic 
activity of various organs, rather than interpreted as 
evidence of causative relationships.

Leucine was proposed to be the most limiting EAA 
during early lactation based on the concentration 
differences of AA between mammary arterial and ve-
nous blood. These cows were offered corn silage and 
grass clover silage–based TMR (Larsen et al., 2014). 
Increased mammary gland uptake of BCAA was also 
shown to be in excess of what is necessary for protein 
synthesis (Bequette et al., 1998), which increased the 
milk protein yield (Doelman et al., 2015; Nichols et 
al., 2016). However, in our previous report, milk pro-
tein yield was not affected by BCAA supplementation 
(Leal Yepes et al., 2019). We detected greater Val and 
Ile+Leu abundances in the milk of BCAA-supplement-
ed cows compared with the control. In mammary gland 
cells, free BCAA can be used for milk protein synthesis 
or cellular structural proteins synthesis, catabolized for 
gaining energy, or passed unaltered to the milk, blood, 
or lymph (Meijer et al., 1995; Larsen et al., 2014). In 
addition, the increase in the catabolism of BCAA can 
be a source of supply for nitrogen and carbon skeletons 
for NEAA synthesis within the mammary cells (Meijer 
et al., 1995; Larsen et al., 2014).

In humans, BCAA supplementation has been docu-
mented to have positive effects on the regulation of 
BW, protein synthesis, and glucose homeostasis (Yoon, 
2016). In particular, enhanced glucose metabolism was 
reported in skeletal muscle, adipose tissue, and liver 
(Kawaguchi et al., 2011). Further health benefits of 
BCAA supplementation in humans included improved 
hepatic function in liver disease, modulation of sati-
ety and glycaemia levels by regulating the release of 
leptin and other hormones, and increased constitutive 
use of fatty acids for β-oxidation (Kainulainen et al., 
2013). Several forms of underlying mechanisms have 
been reported, including the stimulation of insulin 
secretion by Leu through its mitochondrial oxidative 
decarboxylation product, the allosteric activation of 
glutamate dehydrogenase in pancreatic β-cells, as well 
as the Leu-mediated activation of the mechanistic tar-
get of rapamycin (mTOR) signaling (Macotela et al., 
2011). Although BCAA are also known to play a role in 
nutrient sensing, paradoxically, their increased fasting 
serum concentration has been liked with obesity-related 
metabolic disorders and insulin resistance in humans. 
Nevertheless, the consensus is that elevated BCAA 
concentrations are markers, rather than the cause of 
such disorders, reflecting dysmetabolism of BCAA that 
involves accumulation of mitotoxic BCAA catabolic 
products (Lynch and Adams, 2014). Although several 
studies have revealed positive metabolic modulatory 
effects and their mechanisms in dairy cows (Sadri et 

al., 2017; Webb et al., 2020), the cited human bio-
medical reports have the potential to provide relevant 
implications for understanding further and mitigating 
metabolic disorders in transition cows. Our untargeted 
metabolomics assay aimed to support further research 
in dairy cattle metabolism by providing a comprehen-
sive map of metabolites and related pathways that are 
altered in relation to an increased availability of BCAA.

Our findings revealed a possible relationship between 
BCAA supplementation and nucleic acids metabolism. 
The rate of cellular turnover can increase during the 
transition period due to intensive tissue remodeling, 
such as uterine involution and mammogenesis, which 
involves increased nucleic acid degradation and synthe-
sis (Hare et al., 2019; Xu et al., 2020a). The increased 
abundance of purine metabolites in serum on d 21 
pointed to possible interactions between BCAA avail-
ability and nucleic acid turnover rate.

Potential limitations of our study included the sam-
ple selection method and the limited sample size used 
for the untargeted metabolomics assay. Milk and serum 
samples were not collected at the same time due to 
logistic difficulties. The PUN-based selection possibly 
introduced bias in this study by affecting our ability 
to differentiate if the observed effects were purely a 
response to the BCAA supplementation or if they were 
also affected by the rate of ureagenesis within the organ-
ism. Nevertheless, our PUN-based selection criterion for 
enrolling cows from the original larger cohort fulfilled 
its purpose as plasma BCAA concentrations (measured 
by EZ: faast) and milk BCAA concentrations were dif-
ferent between the BCAA-treated and the control cows 
studied herein. Limited sample size is a common chal-
lenge in metabolomics studies, which limits the model 
performance in validation. Herein, PLS-DA models 
had great performance in fitness (reflected by R2Y) 
but bad performance in validation (reflected by Q2), 
which can be explained either by the limited sample 
size or by the limited effect of BCAA treatment on se-
rum and milk metabolome profiles in the current study. 
Using a greater number of biological replicates could 
have increased the robustness of our PLS-DA models. 
We suggest that future studies of similar designs us-
ing untargeted metabolomics increase the number of 
biological replicates. Further, it should be noted that 
our data-driven approach based on untargeted metabo-
lomics was intended to generate new hypotheses that 
can be tested in future studies.

CONCLUSIONS

We characterized the serum and milk metabolome 
profiles of dairy cows treated with or without dietary 
rumen-protected BCAA supplementation selected 
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based on their PUN profile from a larger data set. We 
detected alterations in the abundance of metabolites 
involved in the metabolism of various AA, nucleic 
acids, antioxidants, and (phospho)lipids. Variation in 
milk metabolome profiles suggested alterations in oxi-
dation and synthesis of fatty acids associated with the 
metabolic effects of the increased BCAA availability on 
mammary gland metabolism. By reporting the abun-
dance differences of 178 annotated serum metabolites 
and 163 annotated milk metabolites, our study can 
support future research on metabolic effects of BCAA 
in dairy cows.
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