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Simple Summary: The use of both milk urea nitrogen breeding values and plantain as a diet type
have been studied for their ability to reduce the environmental impact of pastoral dairy production
practices. This study investigated whether these two techniques also influenced the nutraceutical
profile of the milk by investigating the amino and fatty acid as well as the metabolomic profile of
milk from cows considered divergent for milk urea nitrogen breed values whilst consuming a diet of
either plantain or ryegrass. Both the effect of animal genetics and diet were found to influence the
nutraceutical profile of the final product. These results indicate the potential to alter the nutraceutical
profile of milk for human consumption to potentially produce healthier products. However, further
research is required to determine if the consumption of these milk products will have positive health
outcomes for the consumer.

Abstract: The objective of this study was to evaluate and provide further insights into how dairy
cows genetically divergent for milk urea N breeding values [MUNBY, high (2.21 £ 0.21) vs. low
(—1.16 £ 0.21); u & SEM], consuming either fresh cut Plantain (Plantago lanceolata L., PL) or Ryegrass
(Lolium perenne L., RG) herbage, impacted the nutraceutical profile of whole milk by investigating
amino and fatty acid composition and applying metabolomic profiling techniques. Both diet and
MUNBY, and their interaction term, were found to affect the relative abundance of alanine, glycine,
histidine, and phenylalanine in the milk (p < 0.05), but their minor absolute differences (up to ~0.13%)
would not be considered biologically relevant. Differences were also detected in the fatty acid profile
based on MUNBYV and diet (p < 0.05) with low MUNBV cows having a greater content of total
unsaturated fatty acids (+16%) compared to high MUNBV cows and cows consuming PL having
greater content of polyunsaturated fatty acids (+92%), omega 3 (+101%) and 6 (+113%) compared
to RG. Differences in the metabolomic profile of the milk were also detected for both MUNBYV and
dietary treatments. Low MUNBYV cows were found to have greater abundances of choline phosphate,
phosphorylethanolamine, N-acetylglucosamine 1-phosphate, and 2-dimethylaminoethanol (p < 0.05).
High MUNBV cows had a greater abundance of methionine sulfoxide, malate, 1,5-anhydroglucitol
(1,5-AG), glycerate, arabitol/xylitol, 3-hydroxy-3-methylglutarate, 5-hydroxylysine and cystine
(p <0.05). Large differences (p < 0.05) were also detected as a result of diet with PL diets hav-
ing greater abundances of the phytochemicals 4-acetylcatechol sulfate, 4-methylcatechol sulfate,
and p-cresol glucuronide whilst RG diets had greater abundances of 2,6-dihydroxybenzoic acid,
2-acetamidophenol sulfate, and 2-hydroxyhippurate. The results of this study indicate the potential
to alter the nutraceutical value of milk from dietary and genetic strategies that have been previously
demonstrated to reduce environmental impact.
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1. Introduction

A growing global population paired with increasing societal concern about environ-
mental externalities from livestock agriculture has spurred demands for more nutritious,
healthy, and environmentally friendly products [1-3]. Recent research by
Marshall et al. [4,5] investigated dietary [use of narrow-leafed plantain (Plantago lanceolata
L.), PL] and animal genetic-based (use of milk urea nitrogen breeding values; MUNBV)
approaches as potential solutions to reduce the environmental impact of pastoral dairy
systems. These studies are supported by other work exploring the use of plantain [6-8],
and selecting for low MUNBYV values [9,10] to reduce the environmental impact of pastoral
dairy production practices. Marshall and Gregorini [11] hypothesized that the nutritional
value of milk for human consumption could differ for milk produced by animals divergent
for MUNBYV as a result of different ingestive and digestive patterns.

Oral processing of ingesta through mastication and chewing while ruminating deter-
mines the physical characteristics of both ingestive and rumination boli, thereby determin-
ing the rate of digestion and digesta outflow from the rumen [12,13]. The greater the oral
processing of ingesta and digesta results in smaller particle sizes swallowed [14] resulting
in faster digesta outflow from the rumen [15]. Faster digesta outflow rate reduces rumen
biohydrogenation rate of fatty acids (FA) [16,17], which in turn increases the supply of
polyunsaturated fatty acids (PUFA) to the host animal and its products such as milk [17,18].
Subsequently, factors influencing ingestive and thereby digestive processes, like animal
health status, diet, and their interaction [19-24], can alter the chemical composition and
consequently nutraceutical characteristics of the final product for human consumption [25].
For example, Mangwe et al. [26] reported that cows grazing PL produced milk with a
greater content of PUFAs as compared to cows grazing a ryegrass sward [Lolium perenne
L. (RG)]. Mangwe et al. [26] postulated these results are due to a greater comminution
potential and thereby faster digesta passage rate through the rumen in the case of PL
feeding. As Marshall et al. [27] reported greater levels of oral processing from grazing dairy
cows divergent for MUNBY, it was therefore hypothesized that the resulting faster digesta
passage rate may also influence the biological value of the milk for human consumption in
a similar manner to what has been observed from dietary manipulation strategies.

Plants, such as PL, which has been investigated due to its different primary chemistry
compared to RG as a mitigation tool to reduce environmental impact has been documented
to have an array of secondary bioactive compounds [28,29], that have the potential to (1) re-
duce oxidative and physiological stress in grazing ruminants [30-32], (2) increase animal
performance and feed conversion efficiency, thereby reducing environmental impact [33,34],
and (3) increase the presence of bioactive compounds with potential nutraceutical, thera-
peutical, and prophylactic properties in meat and milk [33,35].

Therefore, the objective of this study was to evaluate and provide further insights into
how dairy cows genetically divergent for MUNBYV (high vs. low), consuming either PL or
RG fresh herbage, impacted the nutraceutical profile of milk by investigating amino and
fatty acid compositions and applying metabolomic profiling techniques.

2. Materials and Methods

This study was conducted according to the guidelines of the Lincoln University Animal
Ethics Committee (AEC 2019-25A). The methodology of this study has been previously
reported in detail [4]. In brief, 16 multiparous lactating Holstein Friesian x Jersey cows
were housed in metabolism crates at the Lincoln University Johnstone Memorial Laboratory
in Canterbury, New Zealand (43°64’ S, 172°45 E) from January-February 2020. On average
all cows were 150 £ 20.7 (1 &= SEM) days in milk, had an average live weight of 506 + 35 kg,
a body condition score of 3.75 £ 0.25 out of 10, and were 6.7 & 1.4 years old. Cows were
selected from the Lincoln University Ashley Dene Research and Development Station herd
based on each cow’s estimated MUNBYV (mg/dL) value. Milk urea N breeding values were
provided by CRV Ltd. (Hamilton, New Zealand) as part of regular commercial herd testing,
with values estimated as per the methodology described by Beatson et al. (2019).
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A 2 x 2 factorial design with repeated measurements was implemented over four
runs, where cows were assigned either to a whole PL (cv. Agritonic) or RG (cv. One50) fresh
cut herbage diet and classified to be in the ‘high” or ‘low” MUNBYV group based on MUNBV
values. Four cows were used per run resulting in one animal per factorial arrangement. A
run consisted of 12 days (9 acclimation days and 3 measurement days housed in metabolism
crates), with runs conducted concurrently on a three-day delay so that as the first group of
cows left the metabolism crates the next entered. The average MUNBYV for cows classified
as ‘high’ in the PL treatment was 2.19 £ 0.21 and —1.23 £ 0.21 for cows classified as low.
Cows in the RG treatment had an average MUNBYV of 2.23 £ 0.21 for cows classified as
high and —1.09 £ 0.21 for those classified as low. Cows were balanced for production
worth, age, and live weight across both dietary treatments and MUNBYV groups.

Before the start of the experiment, all cows were grazing a ryegrass-based sward and
were dosed with Rumensin capsules (Elanco, Auckland, New Zealand) one week before
the start of the trail to mitigate the risk of bloating. Cows on the PL treatment had the
percentage of PL in the diet increased by 20% each day, with a starting level of 20% PL,
resulting in a whole diet of PL by day 5. All cows had ad libitum access to fresh drinking
water during both the acclimation and measurement period.

2.1. Herbage Measurements

All herbage was cut at ~3 cm above ground level from a standing sward height of
~30 cm daily using a Haldrup (GmbH, Ilshofen, Germany) forage harvester and stored in
a 4 °C chiller. Herbage was allocated twice daily at the morning (0700 h) and afternoon
(1500 h) milkings. Herbage refusals from the previous period were removed and weighed
before fresh herbage was weighed and allocated. Cows were fed with a targeted 10% refusal
rate to provide ad libitum access to feed. Samples were taken from each feeding for both
allocated and refused herbage to determine dry matter (DM) content as well as chemical
and botanical composition. The botanical composition of herbage was determined for both
allocated and refused feed by splitting the samples into the representative constituent parts
of the allocated herbage type. The DM content of herbage samples as well as botanical
composition samples were determined by oven-drying samples for 72 h at 60 °C. Herbage
that was analyzed for chemical composition (chemical characteristics, amino acid (AA)
and phenolic content) was freeze-dried before being ground in a centrifugal mill (ZM200
Retsch, Haan, Germany) fitted with a 1 mm sieve.

Ground freeze-dried herbage samples were analyzed for polyphenol content by first
using the extraction method of Le et al. [36] before being analyzed using the methodology of
Gomez-Alonso et al. [37] on an Agilent high performance liquid chromatograph (HPLC) 2
with quaternary pump and DAD and FLD detectors fitted with an EXL-1110-1546U, ACE 3u
C18-PFP 150 x 4.6 mm column (Advanced Chromatography Technologies, Aberdeen,
Scotland, UK).

Ground freeze-dried herbage samples were assessed for AA concentration using
HPLC analysis conducted on a hydrolyzed sample using an Agilent 11,000 series (Agilent
Technologies, Walbronn, Germany) fitted with a 150 x 4.6 mm, C18, 3 um ACE-111-1546
column (Winlab, Scotland, UK) for AA separation.

Ground freeze-dried herbage was analyzed for organic matter (OM), water-soluble
carbohydrates (WSCs), neutral and acid detergent fiber (NDF, ADEF), crude protein (CP),
and DM, OM, and DM in the OM digestibility (DMD, OMD, DOMD, respectively) values
using near-infrared spectrophotometry (NIRS, Model: FOSS NIRSystems 5000, Laurel,
MD, USA). The metabolizable energy (ME) content of forage was calculated as per the
calculation of the Primary Industries Standing Committee [38] of 0.16 x DOMD. Calibration
of NIRS equations was conducted before analysis with all equations having an R? > 0.90.

2.2. Animal Measurements

Cows were milked twice daily (0700 and 1500 h), using a portable milking machine
(DeLaval vacuum pump DVP170; DeLaval: Tumba, Sweden). The design of the machine
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allowed for the individual collection of each cow’s milk into separate cisterns. This allowed
for the cistern to be weighed after each milking to measure the milk yield (L) per cow at
each milking and to take individual milk samples. Milk lines were flushed with 20 L of cold
water between cows to avoid any cross-contamination. Representative 100 mL subsamples
were taken for analysis of quality attributes (protein, fat, lactose, and somatic cell) using a
CombiFoss machine (Foss Electric, Hillerad, Denmark) by MilkTest New Zealand. Milk
urea N measurements were determined on skimmed milk using an automated Modular
P analyzer [Roche/Hitachi, [39]]. Representative 50 mL subsamples of whole milk were
freeze-dried and used for AA analysis using an HPLC Agilent 11,000 series (Agilent
Technologies, Walbronn, Germany) fitted with a 150 x 4.6 mm, C18, 3 um ACE-111-1546
column (Winlab, Market Harborough, Scotland, UK). Freeze-dried whole milk samples
were also used to analyze FA methyl esters which were prepared by trans-methylation
and assessed through the use of gas chromatography (AOAC method 2012.13) using a
Shimadzu GC-2010 gas chromatograph (Shimadzu, Tokyo, Japan).

Metabolomics analysis of whole milk samples was conducted using ultrahigh perfor-
mance liquid chromatography-tandem mass spectroscopy (UPLC-MS/MS) by Metabolon
(Morrisville, North Carolina, USA) as described previously [40]. Briefly, samples were
weighed, with recovery standards added for quality control purposes. Proteins were pre-
cipitated with methanol under vigorous shaking for 2 min (Glen Mills Genogrinder 2000,
Glen Mills, Clifton, NJ, USA)) followed by centrifugation to allow for their removal as well
as the recovery of chemically diverse metabolites. Two fractions were analyzed using two
reverse phase UPLC-MS/MS with a positive ion mode electrospray ionization (ESI), one
analyzed using UPLC-MS/MS with a negative ion mode ESI, another one analyzed using
hydrophilic interaction UPLC-MS/MS with a negative ion mode ESI. The UPLC-MS/MS
platform utilized a Waters Acquity UPLC with Waters UPLC BEH C18-2.1 x 100 mm,
1.7 pm columns, and a Thermo Scientific Q-Exactive high-resolution/accurate mass spec-
trometer (ThermoFisher, Waltham, MA, USA) interfaced with a heated electrospray ion-
ization (HESI-II, ThermoFisher, Waltham, MA, USA)) source and Orbitrap mass analyzer
(ThermoFisher, Waltham, MA, USA) operated at 35,000 mass resolution. One aliquot was
analyzed using acidic, positive ion-optimized conditions, and the other using basic, neg-
ative ion-optimized conditions in two independent injections using separate dedicated
columns (Waters UPLC BEH C18-2.1 x 100 mm, 1.7 um). Extracts reconstituted in acidic
conditions were gradient eluted using water and methanol containing 0.1% formic acid,
while the basic extracts, which also used water/methanol, contained 6.5 mm ammonium
bicarbonate. A third aliquot was analyzed via negative ionization following elution from a
hydrophilic interaction liquid chromatography (HILIC) column (Waters UPLC BEH Amide
2.1 x 150 mm, 1.7 um) using a gradient consisting of water and acetonitrile with 10 mm
ammonium formate. The MS analysis alternated between MS and data-dependent MS2
scans using dynamic exclusion, and the scan range was from 80-1000 m/z. Peaks were
quantified using area-under-the-curve. A data normalization step was performed to correct
variation resulting from instrument inter-day tuning differences by setting the medians
to equal one (1.00) and normalizing each data point proportionately (termed the “block
correction”). This preserved variation between samples but allowed metabolites of widely
different raw peak areas to be compared on a similar graphical scale. Missing values were
imputed with the observed minimum after normalization.

2.3. Statistical Analysis

All statistical analyses conducted for herbage attributes as well as milk yield and
quality attributes were conducted using R [41]. Data were tested for normality using a
Shapiro-Wilk’s test to satisfy model assumptions. Normally distributed data were analyzed
using a mixed model ANOVA from the ‘Ime4’ package and a type III analysis of variance
table using the Satterthwaite’s method for determining p values. Non-normally distributed
data were analyzed using generalized linear mixed model ANOVA and a type II analysis of
variance table using Walk Chi-square method for determining p values. Model diagnostics
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were evaluated for all models for the goodness of fit. Residuals were relatively randomly
scattered around zero in a residual versus fitted plot; a Q-Q plot of residuals and Cook’s
distance indicated the data fit the model well. For milk quality attributes day animal
was housed in metabolism crates (1, 2, or 3) was nested within Run (1, 2, 3, or 4) that the
cows were used in during the experiment and fitted as random effects for both linear and
generalized linear models.

A linear model based on limma [42] was conducted in MetaboAnalyst 5.0 (https:
/ /www.metaboanalyst.ca/ accessed on 10 October 2021) and a ranked heatmap was cre-
ated of the top 25 metabolites based on Pearson’s distance measurements. Subsequently,
metabolites were clustered using ChemRICH (https://chemrich.idsl.me/ accessed on 15
November 2021) software, cluster analysis is conducted via structural similarity and ontol-
ogy mapping through the use of InChiKeys and SMILES using the ChemRICH identifier
list downloaded from (https://chemrich.idsl.me/ accessed on 15 November 2021). Phy-
tochemicals were identified by inputting metabolite Chemical Identifiers (CIDs) into the
Indian Medical Plants, Phytochemistry and Therapeutics IMPPAT) curated database [43],
and if metabolites were present in the database they were classified as phytochemicals.
Statistical significance was declared at p < 0.05 with tendencies discussed at 0.05 < p < 0.10.

3. Results

Only results about dietary and milk metabolomic attributes are reported here. Readers
are referred to Marshall et al. [4] for milk production, N and water balance results, and
Marshall et al. [44] for diel N excretion pattern. Herbage chemical characteristics, botanical
composition, and DMI values have been reported previously [4]. In brief, no effect (p > 0.05)
was detected by diet, MUNBY, or the interaction term on DMI, kg/d. High MUN cows
consuming RG had an intake of 15.8 & 1.19 kg DMI/day, low MUN cows consuming RG
had a daily intake of 15.3 & 1.11, whilst high MUN consuming plantain had an intake of
15.5 4+ 1.13 and low MUN cows consuming plantain had a DMI of 14.9 & 1.09. with cows
having on average a DMI of 15.38 &= 1.13 kg/d. Ryegrass diets contained 13 &+ 6% weed,
4 + 0.8% dead material, 3 & 3% reproductive stem, and 80 £ 4% leaf. The PL diet was
comprised of 9 + 5% weed, 2 £ 1% dead material, 17 £ 3% reproductive stem, and
73 £ 5% leaf.

Table 1 presents the herbage chemical characteristics as well as the amino acid content
for both the offered PL and RG diets. Differences were detected (p < 0.05) between the RG
and PL forages with RG having a greater DM% (+45%), OM% (+4%), CP% (+11%), NDF%
(+70%), ADF% (+9%), OMD% (+2%) and ME content (M]/kg DM) (+4% g). Meanwhile, PL
had a greater WSC content (+19%). Ryegrass had a greater (p < 0.05) cysteine content (+54%),
asparagine content (+16% greater), alanine content (+19%), taurine content (+290%), lysine
content (+29%), proline content (+36%). Plantain was found to have a greater (p < 0.05)
content of tyrosine (+25%) and methionine (+70%). A tendency (p > 0.05) was detected for
RG diets to have a greater content of both aspartate and isoleucine content than PL diets.

Table 2 presents the phenolic compound content for the PL and RG diets. Plantain diets
(p < 0.05) were found to have a greater content of epicatechin (2 times greater), apigenin-7-
glucoside (4 times greater), and luteolin (23 times greater). The PL diet also had a greater
content of 2,4-hydroxyphenyl ethanol which was not detected in RG samples. Ryegrass
diets had a greater (p < 0.05) content of chlorogenic acid (5 times greater) as well as a greater
content of quercetin and kaempferol both of which had no detected values in the PL diet.
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Table 1. Herbage chemical characteristics and amino acid content of feed provided to cows considered
divergent for milk urea nitrogen breeding values (MUNBYV) consuming a diet of either plantain
or ryegrass.

Item 1 Plantain Ryegrass SE p-Value
Quality
DM, % 12.8 18.5 0.71 <0.01
OM, % 87.7 90.9 0.36 <0.01
CP, % 13.4 14.9 0.65 0.01
WSC, % 19.1 16 1.19 0.02
NDE, % 27.3 46.5 0.59 <0.01
ADE % 241 26.2 0.35 <0.01
DMD, % 74.0 75.1 0.61 0.15
OMD, % 77.6 79.5 0.76 0.04
ME, MJ/kg DM 11.1 11.5 0.10 <0.01
Amino acids (g/kg DM)

Aspartate 7.89 9.35 0.52 0.07
Glutamate 7.25 6.89 0.52 0.39
Cysteine 1.63 2.51 0.47 <0.01
Asparagine 0.37 0.43 0.10 <0.01
Serine 3.80 3.97 0.37 0.46
Histidine 2.68 2.85 0.60 0.41
Glycine 5.37 5.74 0.54 0.35
Threonine 3.99 4.12 0.22 0.60
Arginine 5.80 6.01 0.54 0.61
Alanine 5.18 6.17 0.30 0.02
Taurine 0.21 0.82 0.20 <0.01
Tyrosine 2.38 191 0.31 <0.01
Valine 4.15 4.33 0.31 0.49
Methionine 1.21 0.71 0.24 <0.01
Phenylalanine 4.71 4.65 0.22 0.84
Isoleucine 3.54 3.16 0.42 0.07
Lysine 3.58 4.63 0.61 <0.01
Leucine 6.97 6.85 0.44 0.77
Proline 5.00 6.81 1.24 <0.01

1 DM, Dry Matter; OM, Organic Matter; CP, Crude Protein; WSC, Water Soluble Carbohydrates; NDF, Neutral
Detergent Fibre; ADF, Acid Detergent Fibre; DMD, Dry Matter Digestibility; OMD, Organic Matter Digestibility;
ME, Metabolizable Energy.

Milk yield parameters have been reported previously [4]. Briefly, an effect of MUNBV
(p < 0.01) was detected for lactose yield, total solids, and MUN content, with low MUNBV
cows having a 9% greater lactose yield and 7% greater total solids (fat and protein) produced
compared to high MUNBYV cows. High MUNBV cows had an 18% greater MUN content
than low MUNBYV cows. The only effect of diet (p < 0.01) for milk production characteristics
was for MUN content with cows consuming PL having a 30% reduction in MUN content
compared to cows consuming RG, no effect was detected (p > 0.05) for the interaction term
between MUNBYV and diet.

Table 3 presents the relative proportions of AA concentrations in milk. An effect
of MUNBYV (p < 0.05) was detected for the relative proportions of methionine, taurine,
and valine with low MUNBYV cows having a 1%, 10%, and 3% greater relative abundance
(respectively) than high MUNBV cows. A diet effect (p < 0.05) was detected for the
relative abundance of lysine with cows consuming the PL diet having a 2% greater relative
abundance compared to cows consuming the RG diet.
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Table 2. Herbage phenolic compound content of feed provided to cows considered divergent for
milk urea nitrogen breeding values (MUNBV) consuming a diet of either plantain or ryegrass.

Item (mg/kg DM) Plantain Ryegrass SE p-Value
Gallic acid 12.28 12.05 3.17 0.96
Protocatechuic acid 15.66 24.36 3.83 0.13
2,4-Hydroxyphenyl ethanol 4.86 N.D.! 0.45
Procyanidin B2 6.24 3.62 1.79 0.32
Chlorogenic acid 637.27 2982.79 960.54 <0.01
Catechin 27.78 8.78 12.71 0.25
Procyanidin Bl 10.06 5.16 3.42 0.20
Caffeic acid 5.07 10.31 2.16 0.10
Epicatechin 16.59 8.27 2.79 0.05
Quercetin-3-glucoside 32.97 44.88 8.57 0.34
Apigenin-7-glucoside 78.26 21.06 791 <0.01
Luteolin 104.86 4.60 12.30 <0.01
Quercetin N.D. 2.53 0.52
Apigenin 9.35 16.28 3.68 0.07
Diosmetin 13.32 12.32 414 0.79
Kaempferol N.D. 3.22 0.51

1 Not Detected, values for these compounds were either not present in the sample or were below the detection

limits for the analysis conducted.

Table 3. The relative proportion of milk amino acid for cows considered divergent for milk urea

nitrogen breeding values (MUNBYV) consuming a diet of either plantain (PL) or ryegrass (RG).
Item High MUNBV Low MUNBV p-Value

PL RG SE PL RG SE MUNBV Diet MUNBYV x Diet

Alanine 284" 2.96? 0.04 2972 2954 0.04 <0.01 <0.01 <0.01
Arginine 3.76 3.81 0.05 3.87 3.80 0.05 0.19 0.89 0.07
Aspartate 4.73 4.7 0.34 4.67 4.65 0.33 0.34 0.68 0.31
Cysteine 3.98 3.95 0.52 3.98 3.96 0.53 0.96 0.74 0.75
Glutamine 0.044 0.046 0.003 0.05 0.046 0.045 0.32 0.45 0.10
Glutamic acid 19.5 19.6 0.51 18.7 18.8 0.51 0.08 0.83 0.51
Glycine 1.71b 1.752 0.04 1.742b 1.70® 0.04 0.20 0.60 <0.01
Histidine 338" 335° 0.06 3.39°P 3.46° 0.06 0.02 0.75 0.02
Isoleucine 4.62 4.63 0.08 4.59 4.6 0.08 0.36 0.74 0.38
Leucine 9.01 8.97 0.16 8.93 8.9 0.16 0.12 0.43 0.32
Lysine 9.69 9.52 0.45 9.89 9.71 0.47 0.12 0.03 0.87
Methionine 2.25 2.23 0.13 2.33 231 0.14 0.03 0.49 0.53
Phenylalanine 4432 434" 0.05 430" 433" 0.05 <0.01 0.03 <0.01
Proline 9.87 10.1 0.27 9.94 10.18 0.28 0.73 0.27 0.15
Serine 5.52 5.46 0.18 5.46 54 0.18 0.34 0.37 0.99
Taurine 0.16 0.15 0.02 0.17 0.17 0.02 0.01 0.55 0.51
Threonine 4.11 4.15 0.06 4.12 4.16 0.06 0.76 0.13 0.11
Tyrosine 4.03 4.02 0.04 4.00 4.00 0.04 0.27 0.65 0.14
Valine 5.00 5.00 0.011 517 517 0.12 0.01 0.93 0.49

Differing superscripts between rows indicates a significant difference (p < 0.05) based on the interaction term.

Interaction terms were detected between diet and MUNBYV for the relative abundances
of alanine (p < 0.01), glycine (p < 0.01), histidine (p < 0.05) and phenylalanine (p < 0.01). Low
MUNBYV cows consuming the PL diet had a 4% lower relative abundance of alanine than all
other treatments combined. When high MUNBYV cows consumed the RG diet the relative
abundance of glycine was 2% greater than high MUNBYV cows consuming PL and low
MUNYV cows consuming RG but was not considered different compared to low MUNBV
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cows consuming PL. Low MUNBYV cows consuming the RG diet had a 3% greater relative
abundance of histidine compared to all other treatments. High MUNBV cows consuming
PL had a 3% greater relative abundance of phenylalanine compared to all other treatments.

A tendency for an interaction between MUNBYV and diet was detected for both arginine
(p = 0.07) and glutamine (p = 0.10). Low MUNBV cows consuming PL had a tendency
for a greater relative abundance of arginine compared to all other treatments, whilst high
MUNBYV cows consuming a PL diet had a tendency for a lower relative abundance of
glutamine compared to all other treatments.

Table 4 presents the individual and summed milk FA composition for cows of high
and low MUNBYV consuming a diet of either PL or RG. Cows consuming a PL diet were
found to have a greater content of omega-3 (p < 0.01) (+101%), omega-6 (p < 0.01) (+113%)
and polyunsaturated FAs (p < 0.01) (+92%) compared to cows consuming RG regardless
of MUNBV. Cows consuming a diet of RG had a 10% greater content of long chain FA
(LCFA) (p < 0.01), 23% greater content of total unsaturated FA (TUFA) (p < 0.01), and an 8%
greater content of total saturated FA (TSFA) (p < 0.05) compared to cows consuming PL
regardless of MUNBV. Low MUNBYV cows were found to have a 16% greater content of
TUFA (p < 0.01) compared to high MUNBYV cows, whilst high MUNBV cows had an 8%
greater content of TSFA (p < 0.01) compared to low MUNBYV cows irrespective of diet.

Table 4. Milk fatty acids composition (g/100 g) for cows considered divergent for milk urea nitrogen
breeding values (MUNBYV) consuming a diet of either plantain (PL) or ryegrass (RG).

Item ! High MUNBV Low MUNBV p-Value
em
PL RG SE PL RG SE MUNBV Diet MUNBYV x Diet

C4:0 1.54 1.50 0.06 1.50 1.46 0.07 0.57 0.48 0.21
C6:0 1.50° 1.29° 0.06 1.24° 1.30° 0.07 0.05 0.23 0.04
C8:0 1.032 0.82° 0.05 0.77° 0.81° 0.06 0.02 0.10 0.03
C10:0 2662 1.95° 0.16 1.74° 1.88° 0.19 0.01 0.12 0.03
C10:1 0.20 0.18 0.02 0.17 0.16 0.02 0.33 0.61 0.15
C12:0 3.042 2280 0.19 1.96° 220° 0.23 0.01 0.21 0.03
C13:0 anteiso 0.06 0.06 0.01 0.05 0.05 0.01 0.48 0.81 0.23
C13:0 0.072 0.05 20 0.005 0.04" 0.05 2 0.007 0.06 0.76 0.04
C14:0 iso 0.08° 0.102 0.006 0.06° 0112 0.007 0.55 <0.01 0.04
C14:0 10.512 10.00 2 0.52 7.69° 9.49 ab 0.62 <0.01 0.25 0.05
C15:0 iso 0.20° 0302 0.02 0.15¢ 0.322 0.02 0.77 <0.01 <0.01
C14:1 ¢9 0.58 0.67 0.06 0.58 0.68 0.07 0.96 0.24 0.54
C15:0 anteiso 0.44° 0.50° 0.03 0.30°¢ 0.60 2 0.04 0.52 <0.01 <0.01
C15:0 1.182 1.152 0.05 092" 1.262 0.06 0.13 <0.01 <0.01
C16:0 iso 0.23 be 025" 0.10 021°¢ 0.292 0.01 0.43 <0.01 <0.01
C16:0 30.0 33.7 0.96 28.3 32.0 1.08 0.16 <0.01 0.30
C16:1 19 0.09 0.16 0.02 0.10 0.17 0.02 0.72 <0.01 0.39
C16:1 ¢7 0.31 0.22 0.01 0.32 0.24 0.01 0.23 <0.01 0.63
C16:1 9 1.18° 1.38° 0.10 1.76 2 1.34P 0.13 0.02 0.30 0.01
C17:0 iso 0.45 0.51 0.03 0.52 0.59 0.03 0.05 0.06 0.44
C17:0 anteiso 0.652 0.59° 0.02 0.58° 0.692 0.02 0.35 0.26 <0.01
C17:0 0.70 0.73 0.03 0.76 0.80 0.03 0.05 0.27 0.92
C17:1 034" 0.35° 0.03 0.572 041" 0.04 <0.01 0.04 0.03
C18:0 iso 0.12 0.06 0.01 0.13 0.07 0.01 0.18 <0.01 0.78
C18:0 11.3 11.9 0.78 11.3 12.0 0.88 0.98 0.52 0.22
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Table 4. Cont.

Item 1 High MUNBV Low MUNBV p-Value
PL RG SE PL RG SE MUNBV Diet MUNBV x Diet

C18:1 t5-8 0.14 0.16 0.01 0.13 0.15 0.01 0.14 0.03 0.09
C18:1 19 0.14 0.15 0.01 0.15 0.15 0.01 0.24 0.75 0.18
C18:1 t10 021 0.18 0.01 0.19 0.16 0.01 0.36 0.04 0.06
C18: t11 1.07 2.49 0.23 1.21 2.63 0.26 0.57 <0.01 0.21
C18:1 c6 0.39 0.31 0.03 0.37 0.29 0.03 0.16 <0.01 0.21
C18:1c9 21.1 18.6 1.22 25.6 22.1 1.74 <0.01 0.05 0.06
C18:1 t15/c10 0.40 0.26 0.02 0.38 0.25 0.03 0.41 <0.01 0.45
C18:1c11 047" 0.50° 0.05 0.752 0.50° 0.05 0.01 0.04 0.01
C18:1c12 0.13 0.07 0.006 0.14 0.08 0.006 0.12 <0.01 0.60
C18:1c13 0.09° 0.10° 0.01 0.152 0.10° 0.01 0.01 0.14 0.01
C18:1 c14/t16 0.58 0.46 0.04 0.53 0.41 0.04 0.12 <0.01 0.19
C18:219,12 0.08 0.12 0.01 0.09 0.12 0.01 0.43 <0.01 0.97
C18:2 9 t13 022 0.12 0.01 0.23 0.13 0.01 0.65 <0.01 0.32
C18:2 ¢9 t12 0.35 0.25 0.03 0.36 0.26 0.03 0.78 <0.01 0.43
C18:2 19 c12 0.16 0.11 0.01 0.17 0.11 0.01 0.80 <0.01 0.29
C19:0 0.11 0.11 0.02 0.11 0.11 0.02 0.67 0.99 0.49
C18:2 9,12 217 1.00 0.12 222 1.01 0.13 0.62 <0.01 0.64
C18:3 ¢9,12,15 231 1.05 0.12 2.16 1.02 0.12 0.19 <0.01 0.11
C20:0 0.162 0.13 be 0.01 0.12¢ 0.152b 0.01 0.16 0.81 <0.01
CLA 9 t11 0.53 0.95 0.08 0.62 1.04 0.09 0.37 <0.01 0.92
C20:1 c8 0.03 0.06 0.01 0.02 0.06 0.01 0.66 <0.01 0.53
C20:1 ¢9 0.11 0.10 0.01 0.11 0.10 0.01 0.97 0.68 0.19
C20:1 c11 0.05 0.04 0.005 0.06 0.05 0.005 0.21 0.05 0.19
C20:3 ¢8,11,14 0.067 @ 0.039° 0.006 0.041° 0.039° 0.004 0.01 <0.01 0.04
C20:4 ¢5,8,11,14 0.08 0.06 0.005 0.06 0.05 0.005 0.04 0.02 0.25
C22:0 0.088 2 0.074 b¢ 0.01 0.066 © 0.084 b 0.01 0.41 0.96 <0.01
C22:1¢13 0.07 0.06 0.01 0.05 0.05 0.01 0.11 0.67 0.06
C20:5c5,8,11,14,17 0.132 0.08° 0.01 0.08" 0.08"° 0.01 0.02 0.03 0.05
C23:0 0.072 0.04°¢ 0.009 0.06 0.05 be 0.007 0.53 <0.01 0.04
C24:0 0.04 0.05 0.005 0.04 0.05 0.005 0.84 0.25 0.08
(C22:5¢7,10,13,16,19 0.16 0.14 0.02 0.14 0.11 0.02 0.16 0.15 0.28
Summed

SCFA 411° 3.572b 0.26 3.08° 3.612b 022 0.07 0.79 0.02
MCFA 16.22 14.22 0.92 11.4° 13.6 2 0.77 <0.01 0.91 0.01
LCFA 435 48.0 0.88 41.8 46.2 0.99 0.12 <0.01 0.85
Omega3 261 127 0.11 2.40 1.22 011 0.10 <0.01 0.16
Omegab 235 1.10 0.13 234 1.10 0.14 0.95 <0.01 0.63
MUFA 23.1b 23.1b 1.30 31472 2430 2.04 <0.01 0.03 0.04
PUFA 5.75 297 0.26 5.56 292 0.26 0.35 <0.01 0.72
Total branch chain FA 1.09¢ 1.34° 0.05 0.99 1.582 0.05 0.09 <0.01 <0.01
TUFA 30.1 24.9 1.43 35.5 28.5 1.96 <0.01 <0.01 0.09
TSFA 64.0 65.7 1.75 56.2 63.6 1.72 <0.01 0.02 0.06
03 to 06 ratio 1.122 1112 0.05 097" 1.142 0.05 0.03 <0.01 <0.01

Differing superscripts between rows indicate a significant difference (p < 0.05) based on the interaction term.
1 SCFA, short chain fatty acids; MCFA, medium chain fatty acid; LCFA, long chain fatty acid; MUFA, monounsat-
urated fatty acids; PUFA, polyunsaturated fatty acids; TUFA, total unsaturated fatty acids; TSFA, total saturated
fatty acids.

An interaction term was detected between diet and MUNBYV for the short chain FAs
(SCFA) (p < 0.05), medium chain FAs (MCFA) (p < 0.05), monounsaturated FAs (MUFA)
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(p < 0.05), total branch FAs (p < 0.01) and omega 3 to omega 6 ratio (p < 0.01). High MUNBV
cows consuming PL had a 33% greater SCFA content compared to low MUNBV cows
consuming PL but were not considered different than both high and low MUNBYV cows
consuming RG. High MUNBYV cows consuming either PL or RG had a 33% greater MCFA
content than low MUNBV cows consuming PL but were considered not different from
low MUNBYV cows consuming RG (p > 0.10). Low MUNBYV cows consuming PL had a
34% greater MUFA content than low MUNBYV cows consuming RG, as well as both high
MUNBYV cows consuming PL and RG, all of which were considered not different (p > 0.10).
Low MUNBV cows consuming RG had an 18% greater total branch chain FA content
compared to high MUNBYV cows consuming RG, as well as a 52% greater total branch chain
FA content compared to cows consuming PL regardless of MUNBV. Low MUNBYV cows
consuming PL had a 13% lower omega 3 to omega 6 ratios compared to all other treatments,
which were considered not different from each other.

Figure 1 presents a heatmap of the top 25 metabolites ranked by p value that were consid-
ered different (p < 0.05) based on the diet treatment factor with MUNBYV as a co-variate.

MUN MUN
Diet 2 High
2,6-dihydroxybenzoicacid Low

1 Diet
Plantain

- . 2-hydroxyhippurate(salicylurate) o Ryegrass

gamma-tocopherol/beta-tocopherol

2-acetamidophenolsulfate

phenylacetylcarnitine -1
trigonelline {N'-methylnicotinate)
1-methyl-5-imidazoleacetate I z
phenylacetylglycine

piperidine

catechol sulfate

4-acetylcatechol sulfate
4-methylcatechol sulfate
. - p-cresol glucuronide

nicatinamide

[ isobutyrylcarnitine (C4)
hydroguinone sulfate

pantothenate
butenoylcarnitine (C4:1)

N-acetylneuraminate

glycerophosphoserine

s-methylmethionine
[ A-hydroxyphenylacetylglycine
- 4-ethylcatecholsulfate

- guaiacol sulfate

indolelactate

r ¥ r ¥ - C - I X I X - - o«
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Figure 1. Heatmap of the top 25 metabolites detected in cows milk clustered by a Wards clustering
algorithm that are considered statistically different (p < 0.05) based on a linear model where diet (plan-
tain or ryegrass) was considered the primary factor and animal genetics (milk urea nitrogen breeding
values) was considered a covariate. A red colour indicates a higher abundance of the corresponding
metabolite and a blue colour indicates a lower abundance of the corresponding metabolite.

Table 5 presents the metabolites that were found to have the greatest difference by
diet as indicated by the results in Figure 1 and identified using the Indian Medical Plants,
Phytochemistry, and Therapeutics (IMPPAT) curated database. The milk from the PL diet
was found to have a greater content of detected phytochemicals compared to the RG diet,
with eight of the detected phytochemicals being present in greater quantities compared to
the three detected for RG.

Table 6 presents metabolites that were found to differ (p < 0.05) by MUNBYV when
the diet effect was included as a covariate. Low MUNBYV cows had a greater abundance
of choline phosphate, phosphorylethanolamine, N-acetyl-glucosamine 1-phosphate, and
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2-dimethylaminoethanol. High MUNBYV cows had a greater abundance of methionine
sulfoxide, malate, 1,5-anhydroglucitol (1,5-AG), glycerate, arabitol /xylitol, 3-hydroxy-3-
methylglutarate, 5-hydroxylysine, and cystine.

Table 5. Metabolites that were detected in the milk of cows consuming plantain and ryegrass with
genetic merit (milk urea nitrogen breeding values) controlled for as a covariate that was classified
as phytochemical metabolites using the Indian Medical Plants, Phytochemistry and Therapeutics
(IMPPAT) curated database. Log fold change (LogFC) values are calculated with the PL diet as the
reference group.

Super Pathway Sub Pathway Biochemical Name 1 CASID LogFC p-Value
Lysine Metabolism Pipecolate 4043-87-2 —0.28 0.03
Amino Acid Methionine, Cysteine,
2 SAM, and S-methylcysteine 1187-84-4 —0.35 0.04
Taurine Metabolism
Glycolysis, Gluconeogenesis, Glucose . 50-99-7 —0.19 <0.05
Carbohydrates and Pyruvate Metabolism 1,5-anhydroglucitol 154-58-5 032 0.03
(1,5-AG)
Tri 1li
Nicotina;sI anil) 1\11.icotinamide (N'- mzltizlllr?iczntimte) 535-83-1 0.61 <0.01
Cofactors and etabolism Nicotinamide 98-92-0 ~0.81 <0.01
Vitamins ) 59-02-9;
Tocopherol Metabolism Alpha-tocopherol 10,191-41-0 —0.36 0.02
Food Component/Plant Piperidine 110-89-4 0.85 <0.01
Xenobiotics B Metaboli Catechol sulfate 4918-96-1 0.55 <0.01
enzoate Metabolism p-cresol sulfate 3233-57-7 ~0.29 0.05
Lipid Ketone Bodies 3-hydroxybutyrate (BHBA) 625-72-9 —043 0.03
1 CASID, Chemical Abstracts Service Identifier; > SAM, S-adenosylmethionine.
Table 6. Metabolites detected in the milk of cows considered divergent for milk urea nitrogen
breeding values (MUNBV) and classified as either high or low when the diet effect (plantain or
ryegrass) was controlled for. Log fold change (Log FC) values are calculated with the high MUNBV
group as the reference group.
Super Pathway Sub Pathway Biochemical Name 1 CASID Log FC p-Value
Lysine Metabolism 5-hydroxylysine 13204-98-3 —0.61 0.03
Amino Acid Methionine, Cysteine, SAM, Cystine 56-89-3 —0.96 0.03
and Taurine Metabolism Methionine sulfoxide 3226-65-1 —0.28 0.05
Glycolysis, Gluconeogenesis, 1,5-an(l11}gcilzo§;uc1tol 154-58-5 —0.33 0.02
Corbohudrat and Pyruvate Metabolism Glycerate 600-19-1 —041 0.02
arbohydrate Pentose Metabolism Arabitol /xylitol - —0.47 0.04
Y
Aminosugar Metabolism N-acetyl-glucosamine 31281-59-1 141 0.02
1-phoshate
Energy 2 TCA Cycle Malate 6915-15-7 -0.32 0.03
. . Choline phosphate 72556-74-2 1.93 <0.01
Lipid Phospholipid Metabolism Phosphorylethanolamine 1071-23-4 147 <0.01
Mevalonate Metabolism 3-hydroxy-3- 503-49-1 —0.48 <0.01
methylglutarate
Xenobiotics Food Component/Plant 2-dimethylaminoethanol 108-01-0 0.40 0.02

1 CAS ID, Chemical Abstracts Service Identifier; 2 TCA, Tricarboxylic acid.

Table 7 presents the metabolite classes identified to be altered [p < 0.01, False Discovery
Rate (FDR) < 0.05] between a PL and an RG-based diet, with PL-based diet used as the
reference point. ChemRICH analysis indicates that the most significant (FDR < 0.01)
metabolite class that was upregulated on a PL diet compared to an RG diet is the metabolites
relating to the benzoate metabolism with the most affected metabolite in this class being
4-methylcatechol sulfate.
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Table 7. Metabolite class identified using chemical similarity enrichment analysis software (ChemRICH https://chemrich.idsl.me/home, accessed on 25 September
2022) for metabolites detected in milk from cows consuming either a plantain or ryegrass diet, plantain is used as the reference diet for this analysis.

Cluster Name Cluster Size p-Value FDR' Key Compound CASID Altered Metabolites Greater in Plantain Greater in Ryegrass Increased Ratio Altered Ratio
Benzoate Metabolism 19 <0.01 <0.01 4-methylcatechol sulfate 14 8 3 0.7 0.7
Acetylated Peptides 3 <0.01 <0.01 Phenylacetylglycine 500-98-1 3 1 2 0.3 1
Fatty Acid Metabolism 4 <0.01 <0.01 Butyrylglycine 20208-73-5 3 2 0 1 0.8
Primary Bile Acid 475-31-0,
Metabolism 3 <0.01 <0.01 Glycocholate 863-57-0 3 0 1 0.3 1
Long Chain Linolenate [alpha or gamma;
Polyunsaturated Fatty 9 <0.01 0.01 (18:3n3 or 6)] ’ 1 0 0 1 0.1
Acid (n3 and n6) ’ °
Food Component/Plant 18 <0.01 0.02 Piperidine 110-89-4 7 1 3 0.4 0.4
Pyrimidine Metabolism, 4 <0.01 0.02 N-carbamoylaspartate 923-37-5 3 1 0 1 0.8
Orotate containing
Lysine Metabolism 10 <0.01 0.04 Pipecolate 4043-87-2 2 2 0 1 0.2

1 FDR, False Discovery Rate.
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4. Discussion

In this study, we aimed to evaluate and provide further insights into how dairy cows
genetically divergent for MUNBV (high vs. low), consuming either PL or RG fresh-cut
herbage, impacted nutraceutical profiles of milk by investigating amino and fatty acid
compositions and applying metabolomic profiling techniques. Several differences were
found in the milk AA and FA content, as well as the metabolomic profile as a result of
genetic and dietary factors, indicating the potential for genetic and dietary manipulations
to influence the nutraceutical value of milk, in addition to environmental properties as
previously explored [4].

The differences in the primary chemistry, AA content, and phenolic compounds in
the RG and PL diet used in this study are potentially explanatory factors for the variation
in milk composition between the two diets. The different nutrient supply from the two
diets may have facilitated different ruminal fermentation, nutrient availability, and thereby
nutrient absorption from the animal and thus altering the final composition of the milk.
The differences between the FA composition between the RG and PL diets are likely
explained by different rates of ruminal biohydrogenation and FA composition of the
forages. Plantain is known to be easily masticated and therefore is likely to have a relatively
smaller ingested particle size relative to the RG diet [45]. Smaller particle sizes can be
associated with a greater passage rate from the rumen [46] as a result of greater surface
area for microbial activity [47]. In turn, the associated size reduction will facilitate escape
from the rumen, with a faster passage rate being associated with less exposure of dietary
lipids to biohydrogenation in the diet [48]. Therefore, it could be assumed that the greater
content of total unsaturated fatty acids in the milk from cows consuming the PL dietis a
result of a faster rumen digesta flow rate and associated reduction in biohydrogenation.
This is in line with other studies suggesting a similar relationship when comparing a PL
diet to an RG white clover diet [26].

The greater content of TUFA based on MUNBYV could also be indicative of reduced
ruminal biohydrogenation. Cows with low MUNBYV across both diets had a greater TUFA
content than high MUNBYV cows. Marshall et al. [4] hypothesized that low MUNBV cows
may have a faster digesta outflow rate due to the differences in mastication behavior [27],
which may have also resulted in less time for biohydrogenation to occur in the rumen
resulting in low MUNBYV cows having greater TUFA than high MUNBYV cows. The greater
content of unsaturated fatty acids in milk from both cows consuming PL and low MUNBV
cows could be considered to represent a potentially greater nutraceutical value. Prospective
studies have indicated that replacing saturated fatty acids with unsaturated fatty acids
can reduce the risk of cardiovascular disease in humans [49,50]. Although more long-
term studies are likely required, it could be considered beneficial to have milk from cows
consuming PL and from low MUNBYV due to their relatively higher content of unsaturated
fatty acids in terms of human health.

The differences in the amino acid composition in the milk may also be related to
differences in digesta fermentation differences. It could be speculated that the different
plant secondary compounds from the PL [51] diet may be altering the relative abundance of
different microbes in the rumen, with differences in microbe relative abundance between an
RG-based diet and PL report previously [52]. The combination of different microbe species’
relative abundance and interaction with PSC may result in an altered AA absorption in
the rumen, thus influencing the flow of AA to the duodenum of the animal which in
turn will influence the AA composition of the milk. Smaller particle sizes have been
associated with lower abundances of protozoa [53], which in turn have been associated
with greater efficiency of microbial N incorporation [46,54]. It could also be considered
that difference in particle size of ingesta and digesta of PL compared to RG may have
influenced microbial yield and therefore AA supply to the duodenum, as faster digesta
outflows have been reported to change rumen fermentation towards a more glucogenic
pattern [55] and increase microbial growth rate and yield by differentiating microbial
population [56]. A similar mechanism may also be responsible for the differences observed
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in the milk AA composition based on MUNBYV. Animals divergent for MUNBYV have been
documented to have differences in the relative abundance of microbes in the rumen [57].
Consequently, it is postulated that, because of different rumen functions, abundance, and
composition of rumen microorganisms, a different ratio of AA may be supplied to the
host animal by the rumen, resulting in different AA compositions in the milk. A differing
supply of AA may also affect the health status of the animal [58], however, no differences
in health status were recorded or observed during this study. However, further studies are
required to understand this relationship in the context of dairy cows differing in MUNBV.
Moreover, the absolute difference in amino acids between animals divergent for MUNBV
and differing in provided diet (RG vs. PL) is considered small (Table 3) and we question its
biological relevance.

Several differences were detected in the metabolic profile of the milk, with some of
the largest differences being the greater content of 4-acetylcatechol sulfate, 4-methcatechol
sulfate, and p-cresol glucuronide in the PL diet compared to the RG diet. These findings
are likely related to the greater abundance of the phenolics epicatechin, luteolin, and/or
apigenin-7-glucoside in the PL forage, as several of these phenolic metabolites found in
milk are potential downstream metabolites of the aforementioned phenolics. The greater
content of 4-acetylcatechol could be of interest to human nutrition due to its ability to
reduce prostaglandin E; [59], which is an inflammatory mediator. An in vivo study in
mice determined that 4-methcatechol sulphate could act as a vaso-relaxer [60], while other
studies have indicated its antiplatelet effect [61] and the ability to induce apoptotic death
of murine tumor cells [62]. On the other hand, cows consuming the RG diet had a greater
content of 2,6 dihydroxybenzoic acid which is an anti-oxidant with the potential to have
beneficial health effects [63,64] and 2-hydroxyhippurate which has been associated with
chemoprevention [65], thus indicating both diets have the potential to provide beneficial
compounds for animal health. The differences observed in the metabolomic profile in this
study and others indicates [66-68] the possibility to alter the nutraceutical value of the final
product and thus presents an opportunity for designing dietary strategies for ruminants to
potentially target health outcomes for the final consumer.

Differences were also detected in the metabolomic profile in milk based on MUNBV.
The cause of these differences is unknown but could be related to the different ingestion
and digestion dynamics from MUNBYV reported previously [4,27]). Whilst the effect of
MUNBYV on metabolomic differences in milk was small relative to diet, its presence in-
dicates the possibility for animal-based solutions to be implemented by breeding for a
more beneficial /healthier milk composition. For example, the greater content of phospho-
rylethanolamine in the milk of low MUNBYV cows could be associated with alleviated mito-
chondrial stress responses from caffeine ingestion as has been documented in Caenorhabditis
elgan models [69].

Whilst the primary objective of this study was to investigate the ability to alter the
nutraceutical value of milk from the use of MUNBYV and different diets, the data collected
also allows some inferences on the health and well-being of the animals which produce the
product. Both forages in this study contain phenolic compounds with known beneficial
health benefits in different quantities. For example, the RG diet contained a greater quantity
of chlorogenic acid compared to the PL diet. Chlorogenic acid has known antioxidant,
immunoprotective, and anti-inflammatory characteristics [70-72] and has been investigated
for anticarcinogenic properties in humans and mice [73]. The PL diet contained greater;
epicatechin which has known antitumor properties [74], apigenin-7-glucoside, with the
apigenin conjugates being considered to have potent antioxidant and anti-inflammatory ef-
fects [75], as well as greater luteolin content with known antioxidant and anti-inflammatory
effects [76]. Whilst studies have explored these compounds mainly in alternate animal
models, it is plausible that the presence of such compounds in the diets of cattle, will also
provide benefits for the cattle, however, future research is required to confirm this.

If the presence of these compounds in dairy has an appreciable impact on consumer
health responses to its consumption is currently not known and requires further human



Animals 2022, 12, 2994

15 0of 19

nutrition studies. It should be considered that the bioavailability and utilization pathways
of these individual metabolites are not well documented or specifically investigated from
the consumption of bovine milk. It is therefore only speculative as to any beneficial human
health outcomes that may occur as a result of the ingestion of any of these products.
However, the ability to alter the composition of these metabolites indicates the future
potential for strategic breeding and diet planning to potentially incorporate healthier
nutraceutical properties into animal-based dairy products. Future research will be required
to determine the concentrations and magnitude of differences in these compounds that
would be considered biologically significant for animal health and the end consumer.

Differences in the metabolomic profiles of milk produced by cows within this study
suggest the potential for the use of metabolomic analysis to allow for inferences on the
health of the animal producing it. For example, the presence of 1,5-anhydroglucitol (1,5-AG)
in a greater concentration in the metabolomic profile of the PL diet milk could be seen as
a potential indicator of the metabolic health of the animal. 1,5-anhydroglucitol is used
as a glycemic marker in humans [77] with its level measured in blood serum used as
an index of the degree of urinary glucose excretion [78] which can allow for inferences
regarding the health status of the individual. The ability to detect 1,5-AG in milk may
present an area of future research where additional metabolomic markers may be able to be
utilized to determine the metabolic health of the animal. Further research is required to
understand the relationship between health and welfare status and the detection of these
metabolomic markers.

Both diets investigated in this study were documented to show differing levels of
beneficial compounds. These results highlight that no one specific diet is likely to provide
a balance nutritive profile to a grazing animal, and therefore monotonous diets may be
deleterious relative to a more taxonomically diverse diet provided in a functional manner
which may provide a greater range of available phytonutrients allowing for grazing animals
to better meet their needs and self-medicate [79,80]. Previous literature also indicates that
animals grazing more diverse forages typically also have a more diverse phytochemical
profile in their meat and milk as different forages provide different compounds [35]. It could
therefore be considered that the use of diverse diets containing multiple plants may further
alter the nutraceutical profile of the end product. It should be considered that the results
from a grazing experiment may differ from the results of this experiment where herbage
was cut and transported in the morning, thus removing any temporal variation in primary
and secondary plant chemical compounds that a grazing animal may be exposed to.

5. Conclusions

Differences were detected in the composition of whole raw milk as a result of diet (rye-
grass vs. plantain) and milk urea nitrogen breeding values. Both diets differed in primary
and secondary chemistry characteristics resulting in distinct differences in the nutraceutical
profile of the milk, particularly in phytochemicals with potential differences in health and
flavor properties. Cows consuming the PL diet had greater 4-acetylecatechol content, whilst
cows consuming the RG diet had higher 2,6 dihydroxybenzoic acid content. These com-
pounds are broadly classified as having potential anti-oxidant and anti-inflammatory effects.
Low MUNBYV cows were also found to have a greater content of phosphorylethanolamine,
which also could be associated as beneficial for human consumption due to its role in reduc-
ing mitochondrial stress. The findings of this study demonstrate the potential to alter the
nutraceutical profile of milk for human consumption. These findings, therefore, present the
opportunity for strategic dietary management practices as well as the use of animal-based
solutions as tools to produce animal-based products with higher nutraceutical value. The
use of both low MUNBV and PL diets has previously been implemented to reduce the
environmental impact of pastoral dairy production practices, this study shows that not
only are these helpful tools for reducing the environmental impact but also potentially
an opportunity for a higher quality final product. Further research is required to fully
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understand if the detected differences in metabolites in milk and their ascribed health
benefits will augment human health outcomes after consumption.

Author Contributions: Conceptualization, C.J.M. and P.G.; methodology, C.J.M., K.G., S.V.V,, M.R.B.
and P.G.; formal analysis, C.].M., K.G., S.V.V,, M.R.B. and P.G; resources, C.].M. and K.G.; data
curation, C.J.M., K.G,, S.V.V. and M.R B.; writing—original draft preparation, C.J].M.; writing—review
and editing, C.J.M., K.G,, S.V.V,, M.R.B. and P.G.; visualization, C.].M.; supervision, C.].M. and P.G;
project administration, C.J.M.; funding acquisition, C.J.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted according to the guidelines of the
Lincoln University Animal Ethics Committee (AEC 2019-25A).

Informed Consent Statement: Not applicable.
Data Availability Statement: Data is available upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Charles, H,; Godfray, H.; Garnett, T. Food security and sustainable intensification. Philos. Trans. R. Soc. B Biol. Sci. 2014, 369, 6-11.

2. Drewnowski, A.; Rehm, C.D.; Martin, A.; Verger, E.O.; Voinnesson, M.; Imbert, P. Energy and nutrient density of foods in relation
to their carbon footprint. Am. J. Clin. Nutr. 2015, 101, 184-191. [CrossRef] [PubMed]

3. Leroy, E; Abraini, F; Beal, T.; Dominguez-Salas, P.; Gregorini, P.; Manzano, P.; Rowntree, J.; van Vliet, S. Animal board invited
review: Animal source foods in healthy, sustainable, and ethical diets—An argument against drastic limitation of livestock in the
food system. Animal 2022, 16, 100457. [CrossRef] [PubMed]

4. Marshall, C.J.; Beck, M.R; Garrett, K.; Barrell, G.K.; Al-Marashdeh, O.; Gregorini, P. Nitrogen balance of dairy cows divergent for
milk urea nitrogen breeding values consuming either plantain or perennial ryegrass. Animals 2021, 11, 2464. [CrossRef]

5. Marshall, C.J.; Beck, M.R,; Garrett, K.; Barrell, G.K.; Al-Marashdeh, O.; Gregorini, P. Grazing dairy cows with low milk urea
nitrogen breeding values excrete less urinary urea nitrogen. Sci. Total Environ. 2020, 739, 139994. [CrossRef]

6. Box, L.A.; Edwards, G.R.; Bryant, R.H. Milk production and urinary nitrogen excretion of dairy cows grazing plantain in early
and late lactation. N. Z. J. Agric. Res. 2017, 60, 470-482. [CrossRef]

7. Bryant, RH.; Snow, V.O.; Shorten, P.R.; Welten, B.G. Can alternative forages substantially reduce N leaching? findings from a
review and associated modelling. N. Z. J. Agric. Res. 2020, 63, 3-28. [CrossRef]

8.  Beck, M.R; Garrett, K.; Thompson, B.R.; Stevens, D.R.; Barrell, G.K.; Gregorini, P. Plantain (Plantago lanceolata) reduces the
environmental impact of farmed red deer (Cervus elaphus). Transl. Anim. Sci. 2020, 4, txaal60. [CrossRef]

9.  Beatson, PR.; Meier, S.; Cullen, N.G.; Eding, H. Genetic variation in milk urea nitrogen concentration of dairy cattle and its
implications for reducing urinary nitrogen excretion. Animal 2019, 13, 2164-2171. [CrossRef]

10. Ariyarathne, H.B.P.C.; Correa-Luna, M.; Blair, H.; Garrick, D.; Lopez-Villalobos, N. Can nitrogen excretion of dairy cows be
reduced by genetic selection for low milk urea nitrogen concentration? Animals 2021, 11, 737. [CrossRef]

11.  Marshall, C.J.; Gregorini, P. Animal as the Solution: Searching for Environmentally Friendly Dairy Cows. Sustainability 2021, 13, 10451.
[CrossRef]

12.  Poppi, D.P; France, J.; McLennan, S.R. Intake, passage and digestibility. In Feeding Systems and Feed Evaluation Models; Theodorou,
M.K,, France, J., Eds.; CABI Publishing: Wallingford, UK, 1999; pp. 35-52.

13.  Chilibroste, P,; Dijkstra, J.; Robinson, P.H.; Tamminga, S. A simulation model ‘CTR Dairy”’ to predict the supply of nutrients in
dairy cows managed under discontinuous feeding patterns. Anim. Feed Sci. Technol. 2008, 143, 148-173. [CrossRef]

14. Hogan, ].P; Keeney, P.A.; Weston, R.H. Factors affecting the intake of feed by grazing animals. In Temperate Pastures: Their
Production, Use and Management; Wheeler, J.L., Perason, C.J., Robards, G.E., Eds.; CSIRO: Canberra, Australia, 1985; pp. 317-327.

15. Fleming, A.; Garrett, K.; Froehlich, K.; Beck, M.; Mangwe, M.; Bryant, R.; Edwards, G.; Gregorini, P. Rumen function and grazing
behavior of early-lactation dairy cows supplemented with fodder beet. . Dairy Sci. 2021, 104, 7696-7710. [CrossRef]

16. Dewhurst, R.J.; Shingfield, K.J.; Lee, M.R.E,; Scollan, N.D. Increasing the concentrations of beneficial polyunsaturated fatty acids
in milk produced by dairy cows in high-forage systems. Anim. Feed Sci. Technol. 2006, 131, 168-206. [CrossRef]

17.  Dugan, M.E.R.; Mapiye, C.; Vahami, P. Polyunsaturated Fatty Acid Biosynthesis and Metabolism in Agriculturally Important
Species. In Polyunsaturated Fatty Acid Metabolism; Elsevier Inc.: Amsterdam, The Netherlands, 2018; pp. 61-86. [CrossRef]

18. Elgersma, A.; Tamminga, S.; Ellen, G. Modifying milk composition through forage. Anim. Feed Sci. Technol. 2006, 131, 207-225.
[CrossRef]

19. Koczura, M.; Martin, B.; Musci, M.; Di Massimo, M.; Bouchon, M.; Turille, G.; Kreuzer, M.; Berard, J.; Coppa, M. Little Difference

in Milk Fatty Acid and Terpene Composition Among Three Contrasting Dairy Breeds When Grazing a Biodiverse Mountain
Pasture. Front. Vet. Sci. 2021, 7, 612504. [CrossRef] [PubMed]


http://doi.org/10.3945/ajcn.114.092486
http://www.ncbi.nlm.nih.gov/pubmed/25527762
http://doi.org/10.1016/j.animal.2022.100457
http://www.ncbi.nlm.nih.gov/pubmed/35158307
http://doi.org/10.3390/ani11082464
http://doi.org/10.1016/j.scitotenv.2020.139994
http://doi.org/10.1080/00288233.2017.1366924
http://doi.org/10.1080/00288233.2019.1680395
http://doi.org/10.1093/tas/txaa160
http://doi.org/10.1017/S1751731119000235
http://doi.org/10.3390/ani11030737
http://doi.org/10.3390/su131810451
http://doi.org/10.1016/j.anifeedsci.2007.05.009
http://doi.org/10.3168/jds.2020-19324
http://doi.org/10.1016/j.anifeedsci.2006.04.016
http://doi.org/10.1016/B978-0-12-811230-4/00004-1
http://doi.org/10.1016/j.anifeedsci.2006.06.012
http://doi.org/10.3389/fvets.2020.612504
http://www.ncbi.nlm.nih.gov/pubmed/33553282

Animals 2022, 12, 2994 17 of 19

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Ramirez-Retamal, J.; Morales, R. Influence of breed and feeding on the main quality characteristics of sheep carcass and meat:
A review. Chil. ]. Agric. Res. 2014, 74, 225-233. [CrossRef]

Hermesch, S.; Jones, R.M. Genetic parameters for haemoglobin levels in pigs and iron content in pork. Animal 2012, 6, 1904-1912.
[CrossRef]

De Smet, S.; Raes, K.; Demeyer, D. Meat fatty acid composition as affected by fatness and genetic factors: A review. Anim. Res.
2004, 53, 81-98. [CrossRef]

Tessari, R.; Berlanda, M.; Morgante, M.; Badon, T.; Gianesella, M.; Mazzotta, E.; Contiero, B.; Fiore, E. Changes of plasma fatty
acids in four lipid classes to understand energy metabolism at different levels of non-esterified fatty acid (Nefa) in dairy cows.
Animals 2020, 10, 1410. [CrossRef]

Fiore, E.; Tessari, R.; Morgante, M.; Gianesella, M.; Badon, T.; Bedin, S.; Mazzotta, E.; Berlanda, M. Identification of plasma
fatty acids in four lipid classes to understand energy metabolism at different levels of ketonemia in dairy cows using thin layer
chromatography and gas chromatographic techniques (TLC-GC). Animals 2020, 10, 571. [CrossRef] [PubMed]

Haug, A.; Hestmark, A.T.; Harstad, O.M. Bovine milk in human nutrition—A review. Lipids Health Dis. 2007, 6, 25. [CrossRef]
[PubMed]

Mangwe, M.C.; Bryant, R.H.; Beck, M.R.; Fleming, A.E.; Gregorini, P. Grazed chicory, plantain or ryegrass-white clover alters
milk yield and fatty acid composition of late-lactating dairy cows. Anim. Prod. Sci. 2020, 60, 107-113. [CrossRef]

Marshall, C.; Beck, M.; Garrett, K.; Fleming, A.; Barrell, G.; Al-Marashdeh, O.; Gregorini, P. Dairy cows with different milk urea
nitrogen breeding values display different grazing behaviours. Appl. Anim. Behav. Sci. 2021, 242, 105429. [CrossRef]

Nichita, C.; Neagu, G.; Cucu, A.; Vulturescu, V.; Bertesteanu, 5.V.G. Antioxidative properties of Plantago lanceolata L. extracts
evaluated by Chemiluminescence method. AgroLife Sci. J. 2016, 5, 95-102.

Bajer, T.; Janda, V.; Bajerova, P.; Kremr, D.; Eisner, A.; Ventura, K. Chemical composition of essential oils from Plantago lanceolata L.
leaves extracted by hydrodistillation. J. Food Sci. Technol. 2016, 53, 1576-1584. [CrossRef]

Clemensen, A K., Provenza, ED.; Hendrickson, J.R,; Grusak, M.A. Ecological Implications of Plant Secondary Metabolites—
Phytochemical Diversity Can Enhance Agricultural Sustainability. Front. Sustain. Food Syst. 2020, 4, 547826. [CrossRef]

Provenza, F.D.; Villalba, J.J. The role of natural plant products in modulating the immune system: An adaptable approach for
combating disease in grazing animals. Small Rumin. Res. 2010, 89, 131-139. [CrossRef]

Beck, M.R.; Gregorini, P. How Dietary Diversity Enhances Hedonic and Eudaimonic Well-Being in Grazing Ruminants. Front. Vet.
Sci. 2020, 7, 191. [CrossRef]

Beck, M.R; Gregorini, P. Animal Design through Functional Dietary Diversity for Future Productive Landscapes. Front. Sustain.
Food Syst. 2021, 5, 546581. [CrossRef]

Garrett, K; Beck, M.; Marshall, C.J.; Fleming, A.; Logan, C.; Maxwell, TM.R.; Greer, A.M.; Gregorini, P. Functional diversity
vs. monotony: The effect of a multi-forage diet as opposed to a single forage diet on animal intake, performance, welfare, and
urinary nitrogen excretion. J. Anim. Sci. 2021, 99, skab058. [CrossRef] [PubMed]

van Vliet, S.; Provenza, FD.; Kronberg, S.L. Health-Promoting Phytonutrients Are Higher in Grass-Fed Meat and Milk. Front.
Sustain. Food Syst. 2021, 4, 555426. [CrossRef]

Le, X.T.; Huynh, M.T,; Pham, T.N.; Than, V.T.; Toan, T.Q.; Bach, L.G.; Trung, N.Q. Optimization of total anthocyanin content,
stability and antioxidant evaluation of the anthocyanin extract from vietnamese Carissa carandas L. Fruits. Processes 2019, 7, 468.
[CrossRef]

Goémez-Alonso, S.; Garcia-Romero, E.; Hermosin-Gutiérrez, I. HPLC analysis of diverse grape and wine phenolics using direct
injection and multidetection by DAD and fluorescence. |. Food Compos. Anal. 2007, 20, 618-626. [CrossRef]

Primary Industries Standing Committee. Nutrient Requirements of Domesticated Ruminants. In Nutrient Requirements of
Domesticated Ruminants; CSIRO Publishing: Canberra, Australia, 2007. [CrossRef]

Talke, H.; Schubert, G.E. Enzymatische Harnstoffbestimmung in Blut und Serum im optischen Test nachWARBURG. Klin.
Wochenschr. 1965, 43, 174-175. [CrossRef]

Evans, A.M.; Bridgewater, B.R.; Liu, Q.; Mitchell, M.W.; Robinson, R.J.; Dai, H.; Stewart, S.J.; DeHaven, C.D.; Miller, L.A.D. High
Resolution Mass Spectrometry Improves Data Quantity and Quality as Compared to Unit Mass Resolution Mass Spectrometry in
High- Throughput Profiling Metabolomics. Metab. Open Access 2014, 4, 2.

R Core Team. R: A Language and Environment for Statistical Computing. 2021. Available online: https://www.r-project.org/
(accessed on 6 December 2021).

Ritchie, M.E.; Belinda, P.; Wu, D.; Hu, Y.; Law, C.W.; Shi, W.; Smyth, G.K. Limma powers differential expression analyses for
RNA-sequencing and microarray studies. Nucleic Acids Res. 2015, 43, e47. [CrossRef]

Mohanraj, K.; Karthikeyan, B.S.; Vivek-Ananth, R.P; Chand, R.P.B.; Aparna, S.R.; Mangalapandi, P.; Samal, A. IMPPAT: A curated
database of Indian Medicinal Plants, Phytochemistry and Therapeutics. Sci. Rep. 2018, 8, 4329. [CrossRef]

Marshall, C.; Beck, M.; Garrett, K.; Barrell, G.; Al-Marashdeh, O.; Gregorini, P. Urine and fecal excretion patterns of dairy cows
divergent for milk urea nitrogen breeding values consuming either a plantain or ryegrass diet. J. Dairy Sci. 2022, 105, 4218-4236.
[CrossRef]

Gregorini, P.; Minnee, EM.K; Griffiths, W.; Lee, ].M. Dairy cows increase ingestive mastication and reduce ruminative chewing
when grazing chicory and plantain. . Dairy Sci. 2013, 96, 7798-7805. [CrossRef]


http://doi.org/10.4067/S0718-58392014000200015
http://doi.org/10.1017/S1751731112001310
http://doi.org/10.1051/animres:2004003
http://doi.org/10.3390/ani10081410
http://doi.org/10.3390/ani10040571
http://www.ncbi.nlm.nih.gov/pubmed/32235301
http://doi.org/10.1186/1476-511X-6-25
http://www.ncbi.nlm.nih.gov/pubmed/17894873
http://doi.org/10.1071/AN18537
http://doi.org/10.1016/j.applanim.2021.105429
http://doi.org/10.1007/s13197-015-2083-x
http://doi.org/10.3389/fsufs.2020.547826
http://doi.org/10.1016/j.smallrumres.2009.12.035
http://doi.org/10.3389/fvets.2020.00191
http://doi.org/10.3389/fsufs.2021.546581
http://doi.org/10.1093/jas/skab058
http://www.ncbi.nlm.nih.gov/pubmed/33624023
http://doi.org/10.3389/fsufs.2020.555426
http://doi.org/10.3390/pr7070468
http://doi.org/10.1016/j.jfca.2007.03.002
http://doi.org/10.1071/9780643095106
http://doi.org/10.1007/BF01484513
https://www.r-project.org/
http://doi.org/10.1093/nar/gkv007
http://doi.org/10.1038/s41598-018-22631-z
http://doi.org/10.3168/jds.2021-21490
http://doi.org/10.3168/jds.2013-6953

Animals 2022, 12,2994 18 of 19

46.

47.
48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Demeyer, D.; Van Nevel, C. Influence of substrate and microbial interaction on efficiency of rumen microbial growth. Reprod.
Nutr. Dev. 1986, 26, 161-179. [CrossRef] [PubMed]

Leng, R.A.; Nolan, ].V. Nitrogen Metabolism in the Rumen. J. Dairy Sci. 1984, 67, 1072-1089. [CrossRef]

Dewhurst, R.J.; Scollan, N.D.; Lee, M.R.F,; Ougham, H.].; Humphreys, M.O. Forage breeding and management to increase the
beneficial fatty acid content of ruminant products. Proc. Nutr. Soc. 2003, 62, 329-336. [CrossRef] [PubMed]

Mensink, R.P; Katan, M.B. Effect of dietary fatty acids on serum lipids and lipoproteins: A meta- analysis of 27 trials. Arterioscler.
Thromb. 1992, 12, 911-919. [CrossRef] [PubMed]

Miiller, H.; Lindman, A.S.; Brantseetert, A.L.; Pedersen, J.I. The serum LDL/HDL cholesterol ratio is influenced more favorably
by exchanging saturated with unsaturated fat than by reducing saturated fat in the diet of women. . Nutr. 2003, 133, 78-83.
[CrossRef]

Stewart, A.V. Plantain (Plantago lanceolata)—A potential pasture species. Proc. N. Z. Grassl. Assoc. 1996, 86, 77-86. [CrossRef]
Fang, H.; Al-Marashdeh, O.; Zhou, H.; Podolyan, A.; Hickford, J.G.; Edwards, G.R.; Cameron, K.C.; Cheng, L. Ex-vivo cow rumen
fluid fermentation: Changes in microbial populations and fermentation products with different forages. J. Appl. Anim. Res. 2018,
46,1272-1279. [CrossRef]

Demeyer, D.I. Rumen microbes and digestion of plant cell walls. Agric. Environ. 1981, 6, 295-337. [CrossRef]

Kurihara, Y.; Takechi, T.; Shibata, F. Relationship between bacteria and ciliate protozoa in the rumen of sheep fed on a purified
diet. J. Agric. Sci. 1978, 90, 373-381. [CrossRef]

Gregorini, P.; Gunter, S.A.; Beck, P.A. Matching plant and animal processes to alter nutrient supply in strip-grazed cattle: Timing
of herbage and fasting allocation. J. Anim. Sci. 2008, 86, 1006-1029. [CrossRef]

Hackmann, T.J.; Firkins, J.L. Maximizing efficiency of rumen microbial protein production. Front. Microbiol. 2015, 6, 465.
[CrossRef] [PubMed]

Marshall, C.; Garrett, K.; Beck, M.; Barrell, G.; Al-Marashdeh, O.; Gregorini, P. Differences in the microbial community abundances
of dairy cattle divergent for milk urea nitrogen and their potential implications. Appl. Anim. Sci. 2022, 38, 62-69. [CrossRef]
Lisuzzo, A.; Laghi, L.; Faillace, V.; Zhu, C.; Contiero, B.; Morgante, M.; Mazzotta, E.; Gianesella, M.; Fiore, E. Differences in the
serum metabolome profile of dairy cows according to the BHB concentration revealed by proton nuclear magnetic resonance
spectroscopy (1H-NMR). Sci. Rep. 2022, 12, 2525. [CrossRef] [PubMed]

Nahar, P.P. Evaluation of In Vitro Anti- Inflammatory, Anti-Diabetic and Anti-Lipogenic Activity of Natural Polyphenolic Extracts
and Their. Ph.D. Thesis, University of Rhode Island, Kingston, RI, USA, 2015.

Pourov4, J.; Najmanova, I.; Voprsalova, M.; Migkos, T.; Pilatova, V.; Applova, L.; Novakova, L.; Mladénka, P. Two flavonoid
metabolites, 3,4-dihydroxyphenylacetic acid and 4-methylcatechol, relax arteries ex vivo and decrease blood pressure in vivo.
Vasc. Pharm. 2018, 111, 36-43. [CrossRef] [PubMed]

Applova, L.; Karlickovd, J.; Warncke, P; Macdkovd, K.; Hrubsa, M.; Machdcek, M.; Tvrdy, V.; Fischer, D.; Mladénka, P.
4-Methylcatechol, a Flavonoid Metabolite with Potent Antiplatelet Effects. Mol. Nutr. Food Res. 2019, 63, €1900261. [CrossRef]
[PubMed]

Morita, K.; Arimochi, H.; Ohnishi, Y. In Vitro cytotoxicity of 4-methylcatechol in murine tumor cells: Induction of apoptotic cell
death by extracellular pro-oxidant action. J. Pharmacol. Exp. Ther. 2003, 306, 317-323. [CrossRef] [PubMed]

Kalinowska, M.; Golebiewska, E.; Swiderski, G.; Meczytiska-Wielgosz, S.; Lewandowska, H.; Pietryczuk, A.; Cudowski, A.; Astel, A,;
Swistocka, R.; Samsonowicz, M.; et al. Plant-derived and dietary hydroxybenzoic acids—A comprehensive study of structural, anti-
/pro-oxidant, lipophilic, antimicrobial, and cytotoxic activity in mda-mb-231 and mcf-7 cell lines. Nutrients 2021, 13, 3107. [CrossRef]
[PubMed]

Juurlink, B.H.J.; Azouz, H.].; Aldalati, A.M.Z.; Altinawi, B.M.H.; Ganguly, P. Hydroxybenzoic acid isomers and the cardiovascular
system. Nutr. ]. 2014, 13, 63. [CrossRef]

Brown, D.G.; Borresen, E.C.; Brown, R.J.; Ryan, E.P. Heat-stabilised rice bran consumption by colorectal cancer survivors
modulates stool metabolite profiles and metabolic networks: A randomised controlled trial. Br. J. Nutr. 2017, 117, 1244-1256.
[CrossRef]

Manis, C.; Addis, M; Sitzia, M.; Scano, P.; Garau, V.; Cabiddu, A.; Caredda, M.; Pirisi, A.; Pulina, A.; Roggero, P.; et al. Untargeted
lipidomics of ovine milk to analyse the influence of different diet regimens. J. Dairy Res. 2021, 88, 261-264. [CrossRef]

Zhao, Y;; Yu, S.; Zhao, H,; Li, L.; Li, Y;; Tu, Y,; Jiang, L.; Zhao, G. Lipidomic profiling using GC and LC-MS/MS revealed the
improved milk quality and lipid composition in dairy cows supplemented with citrus peel extract. Food Res. Int. 2022, 161, 111767.
[CrossRef]

Teng, Z.; Wang, L.; Du, H.; Yang, G.; Fu, T,; Lian, H.; Sun, Y; Liu, S.; Zhang, L.; Gao, T. Metabolomic and Lipidomic Approaches
to Evaluate the Effects of Eucommia ulmoides Leaves on Milk Quality and Biochemical Properties. Front. Vet. Sci. 2021, 8, 644961.
[CrossRef] [PubMed]

Min, H.; Youn, E.; Kim, J.; Son, S.Y.; Lee, C.H.; Shim, Y.-H. Effects of phosphoethanolamine supplementation on mitochondrial
activity and lipogenesis in a caffeine ingestion caenorhabditis elegans model. Nutrients 2020, 12, 3348. [CrossRef] [PubMed]
Rice-Evans, C.A.; Miller, N.J.; Paganga, G. Structure-antioxidant activity relationships of flavonoids and phenolic acids. Free
Radic. Biol. Med. 1996, 20, 933-956. [CrossRef]

Kim, D.O.; Jeong, S.W.; Lee, C.Y. Antioxidant capacity of phenolic phytochemicals from various cultivars of plums. Food Chem.
2003, 81, 321-326. [CrossRef]


http://doi.org/10.1051/rnd:19860203
http://www.ncbi.nlm.nih.gov/pubmed/3010406
http://doi.org/10.3168/jds.S0022-0302(84)81409-5
http://doi.org/10.1079/PNS2003241
http://www.ncbi.nlm.nih.gov/pubmed/14506880
http://doi.org/10.1161/01.ATV.12.8.911
http://www.ncbi.nlm.nih.gov/pubmed/1386252
http://doi.org/10.1093/jn/133.1.78
http://doi.org/10.33584/jnzg.1996.58.2221
http://doi.org/10.1080/09712119.2018.1495082
http://doi.org/10.1016/0304-1131(81)90020-5
http://doi.org/10.1017/S0021859600055489
http://doi.org/10.2527/jas.2007-0432
http://doi.org/10.3389/fmicb.2015.00465
http://www.ncbi.nlm.nih.gov/pubmed/26029197
http://doi.org/10.15232/aas.2021-02220
http://doi.org/10.1038/s41598-022-06507-x
http://www.ncbi.nlm.nih.gov/pubmed/35169190
http://doi.org/10.1016/j.vph.2018.08.008
http://www.ncbi.nlm.nih.gov/pubmed/30118763
http://doi.org/10.1002/mnfr.201900261
http://www.ncbi.nlm.nih.gov/pubmed/31343835
http://doi.org/10.1124/jpet.103.050351
http://www.ncbi.nlm.nih.gov/pubmed/12676882
http://doi.org/10.3390/nu13093107
http://www.ncbi.nlm.nih.gov/pubmed/34578985
http://doi.org/10.1186/1475-2891-13-63
http://doi.org/10.1017/S0007114517001106
http://doi.org/10.1017/S0022029921000583
http://doi.org/10.1016/j.foodres.2022.111767
http://doi.org/10.3389/fvets.2021.644967
http://www.ncbi.nlm.nih.gov/pubmed/34141731
http://doi.org/10.3390/nu12113348
http://www.ncbi.nlm.nih.gov/pubmed/33143181
http://doi.org/10.1016/0891-5849(95)02227-9
http://doi.org/10.1016/S0308-8146(02)00423-5

Animals 2022, 12,2994 19 of 19

72.

73.

74.

75.

76.

77.

78.

79.

80.

Perrone, D.; Farah, A.; Donangelo, C.M.; de Paulis, T.; Martin, PR. Comprehensive analysis of major and minor chlorogenic acids
and lactones in economically relevant Brazilian coffee cultivars. Food Chem. 2008, 106, 859-867. [CrossRef]

Gong, X.X.; Su, X.S.; Zhan, K.; Zhao, G.Q. The protective effect of chlorogenic acid on bovine mammary epithelial cells and
neutrophil function. . Dairy Sci. 2018, 101, 10089-10097. [CrossRef]

Prakash, M.; Basavaraj, B.V.; Chidambara Murthy, K.N. Biological functions of epicatechin: Plant cell to human cell health.
J. Funct. Foods 2019, 52, 14-24. [CrossRef]

Ali, F; Rahul, N.E; Jyoti, S.; Siddique, Y.H. Health functionality of apigenin: A review. Int. J. Food Prop. 2017, 20, 1197-1238.
[CrossRef]

Seelinger, G.; Merfort, I.; Schempp, C.M. Anti-oxidant, anti-inflammatory and anti-allergic activities of luteolin. Planta Med. 2008,
74,1667-1677. [CrossRef]

Yamanouchi, T.; Akanuma, Y. Serum 1,5-anhydroglucitol (1,5-AG): New clinical marker for glycemic control. Diabetes Res. Clin.
Pract. 1994, 24, S261-S268. [CrossRef]

Koga, M. 1,5-Anhydroglucitol and Glycated Albumin in Glycemia. In Advances in Clinical Chemistry; Elsevier Inc.: Amsterdam,
The Netherlands, 2014; Volume 64.

Provenza, ED.; Meuret, M.; Gregorini, P. Our landscapes, our livestock, ourselves: Restoring broken linkages among plants,
herbivores, and humans with diets that nourish and satiate. Appetite 2015, 95, 500-519. [CrossRef]

Garrett, K. Functional Dietary Diversity as Opposed to Monotony: Effecton Animal Production, Welfare, and Environmental
Impact. Ph.D. Thesis, Lincoln University, Lincoln, New Zealand, 2021.


http://doi.org/10.1016/j.foodchem.2007.06.053
http://doi.org/10.3168/jds.2017-14328
http://doi.org/10.1016/j.jff.2018.10.021
http://doi.org/10.1080/10942912.2016.1207188
http://doi.org/10.1055/s-0028-1088314
http://doi.org/10.1016/0168-8227(94)90259-3
http://doi.org/10.1016/j.appet.2015.08.004

	Introduction 
	Materials and Methods 
	Herbage Measurements 
	Animal Measurements 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

