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ABSTRACT

The objective was to investigate the effects of spe-
cies (cow vs. goat) and of various dietary lipid supple-
ments, known to modulate milk fat content, on selected
metabolites and enzymes in milk and to explore their
correlations with performance traits. Twelve Holstein
cows and 12 Alpine goats, all multiparous and nonpreg-
nant, and at 86 + 24.9 and 61 4+ 1.8 DIM, respectively,
were fed a basal diet (45% forage + 55% concentrate)
not supplemented (CTL) or supplemented with corn oil
plus wheat starch [COS, 5% of diet dry matter (DM)],
marine algae powder (MAP, 1.5% of diet DM), or hy-
drogenated palm oil (HPO, 3% of diet DM) in a repli-
cated 4 x 4 Latin square design with 28-d experimental
periods. Intake, milk production and composition, milk
fatty acid profile, and plasma metabolite concentra-
tions were previously reported. Concentrations of 9
milk metabolites [3-hydroxybutyrate (BHB), glucose,
glucose-6-phosphate, isocitrate, choline, glutamate,
urea, cholesterol, and free amino groups| and 2 milk
enzyme activities (alkaline phosphatase and lactate
dehydrogenase) were measured on d 24 of each experi-
mental period. Dairy performance data showed marked
species and diet effects on milk fat content. Irrespective
of diet, cow milk was richer in alkaline phosphatase and
glucose compared with goat milk (16 and 3 times more,
respectively), whereas goat milk had greater urea and
glucose-6-phosphate concentrations compared with cow
milk (1.9 and 5.3 times more, respectively). In cows,
COS decreased milk BHB and choline (—25 and —43%,
respectively) compared with CTL, whereas no effects
were observed in goats. The COS and MAP diets in-
creased milk isocitrate compared with CTL in cows, but
COS decreased isocitrate concentrations in goat milk.
Milk choline was correlated with milk fat content in
cows (Spearman r, rg = +0.73) and goats (r, = +0.58),
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and lactate dehydrogenase activity was correlated with
milk somatic cell count (r, = 40.66) in cows but not in
goats. We provide evidence of different milk metabolite
responses according to species and diets. Metabolites
and enzymes secreted in milk may be indicators of
specificities of lipid metabolism among ruminant spe-
cies and may contribute to a better understanding of
mechanisms regulating milk fat secretion. Changes
in the concentrations of some metabolites considered
minor components of milk may be valuable diagnostic
tools of mammary gland and animal metabolism as well
as of milk processing characteristics.

Key words: ruminant, lipid supplement, milk fat
content, milk metabolite, milk enzyme

Short Communication

In dairy ruminants, among the multitude of milk
components, some can be used to monitor performance
traits (e.g., yield, fat and protein content and their
ratios), whereas others are determinants of milk nu-
tritional quality [e.g., fatty acids (FA), polar lipids,
casein composition]. Minor components (vitamins, me-
tabolites, free FA; miRNA, and others) may modulate
nutritional or technological qualities of dairy products
and may be indicators of animal physiology and me-
tabolism. Among the husbandry factors, nutrition,
particularly lipid supplementation, is a major lever
to improve ruminant diet energy content and milk fat
composition. Nonetheless, under certain conditions,
diets rich in starch and PUFA from plants or diets sup-
plemented with PUFA of marine origin may cause milk
fat depression (MFD; Bauman and Griinari, 2001) in
dairy cows but not, or to a lower extent, in goats (Toral
et al., 2015). The addition of palm oil, rich in satu-
rated FA, may increase milk fat content in both species
(Mosley et al., 2007). Whatever the effects on milk fat
content, the composition of major components of the
milk fat fraction are modified by these diets, and the
mechanisms underlying these milk traits remain poorly
documented. To our knowledge, no data are available
concerning the effects of lipid supplementation and
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MFD on minor milk metabolite concentrations. Milk
metabolites may be derived primarily from the activity
of the mammary epithelial cells (Larsen et al., 2010;
Silanikove et al., 2014; Zachut et al., 2016). Although
the biological processes modulating milk metabolite
composition are not completely clear, they have been
used to study the nutritional status of dairy cows and
mammary gland function, using targeted approaches
(Silanikove et al., 2014; Zachut et al., 2016; Billa et
al., 2020) and metabolomics (Sundekilde et al., 2011;
Klein et al., 2012; Tian et al., 2016; Xu et al., 2018).
Milk lactate dehydrogenase and alkaline phosphatase
activities were related to mammary infections (Larsen
et al., 2010). Phosphocholine, choline, glycerophospho-
choline, and B-hydroxybutyrate have been related to
ketosis, energy balance (Klein et al., 2012; Silanikove
et al., 2014; Xu et al., 2018), and heat stress (Tian et
al., 2016) in dairy cows. Furthermore, milk isocitrate
and glucose-6 phosphate, glucose, glutamate, and free
amino groups are correlated with energy balance in
feed-restricted mid-lactation cows (Billa et al., 2020).
Therefore, a growing number of studies indicate that
milk metabolite and enzyme concentrations may be
used to assess metabolic and energy status of dairy
cows and are promising markers for disease diagnosis.

The objective of this study was to evaluate milk
metabolite and enzyme content in cows and goats
receiving lipid supplements with contrasted effects on
milk fat secretion. This research is part of a previously
published experiment demonstrating strong species
specificities regarding milk fat content and fatty acid
composition in response to these diets (Fougere et al.
2018). We hypothesized that concentrations of selected
minor constituents in milk would be modified during
milk fat depression and that diet responses would be
species dependent, providing further insights into the
metabolic pathways involved in the regulation of milk
fat secretion.

The Auvergne Rhone-Alpes Ethics Committee for
Experiments on Animals approved all experimental
procedures (France; DGRI’s agreement APAFIS#3277-
2015121411432527v5), which were compliant with the
guidelines established by the European Union Directive
2010/63/EU. The details of the experimental design are
described in Fougere et al. (2018). Briefly, 12 Holstein
cows and 12 Alpine goats, all multiparous and nonpreg-
nant, and at 86 + 24.9 and 61 + 1.8 DIM, respectively,
were allocated to 1 of 4 groups in each species (3 animals
per group balanced according to DIM, milk production,
milk fat, and milk protein content) and randomly as-
signed to treatments in a replicated 4 x 4 Latin square
design with 28-d experimental periods. Treatments
were ad libitum intake of diets composed of grass hay
and concentrate containing either no additional lipid
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(control, CTL), corn oil and wheat starch (COS, 5.0%
of total DMI), marine algae powder of Schizochytrium
sp. (MAP, 1.5% of total DMI), or hydrogenated palm
oil (HPO, 3.0% of total DMI; Table 1). Diets were
offered as 2 equal meals at 0830 and 1600 h, starting
with the concentrate distribution (containing the lipid
supplements for COS, MAP, and HPO) and followed
by hay. Concentrate and hay refusals were weighed
daily and used to adjust the amounts of feed offered
to maintain the targeted dietary forage-to-concentrate
ratio (45:55 on a DM basis).

Feed intake, the chemical composition of experimen-
tal diets (Table 1), and milk yield were determined for
each experimental period according to sampling pro-
tocols and analytical procedures described elsewhere
(Fougere et al., 2018). Individual milk yields were re-
corded over 6 milkings on d 21, 22, and 24 of each of the
4 experimental periods. Simultaneously, milk samples
were individually collected, treated with a preserva-
tive (bronopol-B2), and analyzed for fat, protein, and
lactose content (Lial Massif Central, Aurillac, France).
Additional milk samples were collected over 2 consecu-
tive milkings starting at 0800 h on d 24 of each ex-
perimental period and stored at —20°C for FA analysis
(Fougere et al., 2018). Selected metabolites and enzymes
were measured in morning milk samples on d 24. Enzy-
matic fluorometric methods were used to quantify milk
content of BHB (Larsen and Nielsen, 2005), uric acid
(Larsen and Moyes, 2015), isocitrate (Larsen, 2014),
glucose and glucose-6-phosphate (Larsen, 2015), glu-
tamate and free amino groups (Larsen and Ferndndez,
2017), cholesterol (Larsen, 2012), choline (Klein et al.,
2012), and lactate dehydrogenase (Larsen, 2005) and
alkaline phosphatase activities (Larsen et al., 2010).

Statistical analyses were performed using the MIXED
procedure of SAS (version 9.4; SAS Institute Inc., Cary,
NC). Models included the fixed effects of period, spe-
cies, experimental diet, the interaction of species and
diet, and the random effect of individual animal nested
within species. The differences between means were
evaluated using the PDIFF option of the LSMEANS
statement of SAS and the Tukey-Kramer adjustment
for multiple comparisons. Spearman’s correlation coef-
ficients (ry) were generated for associations among milk
metabolite concentrations, enzyme activities, produc-
tion (milk yield and composition, energy and protein
balance), and plasma metabolite concentrations. The
significance level was predefined as P < 0.05 and trends
toward significance at 0.05 < P < 0.10.

Treatment effects on animal performance and milk
composition are reported in Table 2 and in Fougere
et al. (2018). The DMI per kilogram of BW was 50%
higher (P < 0.001) in goats than in cows, and the milk
yield per kilogram of BW was higher (P = 0.002, +38%)



5649

SHORT COMMUNICATION: MILK METABOLITES IN COWS AND GOATS

Bernard et al.:

“(8%/9 ¢66) VoI 18101 PUe ‘(8¢°¢) 9-Up:0g (6€°€) 0:0% ‘(82°0) &:8T GT-512°6-522 ‘(1L°0) T:QT TT-5%2 “(8'TT) T:8T 6522 (VLF) 0:8T “(95°T) 0:LT “(€9%) 0:91

(19°0) 0:GT “(721) 07T “(60°G) 0:TT (VI 18107 JO 8%/8) pourejuos pue [IN( [#10} JO %€ & 9JRNU9OU0D 9} O} PIpPE sem (9dUely ‘WAL ‘TuriaoLy) (10 wed poyeudBoIpAt :OdH Ul
“(83/8 L1L) VoI 18303 pue ‘(¢z0) 19 ST (0L8) €-U9:3g ‘(8¢7g) €-uG:gg ‘(¥2°0) 0:5¢ (29°¢) 9-UF:0g (81°%) 9-U€:0g “(L1°0) 0:0% (81°0) €-UE:QT (L0°0) 9-UG:QT (GG0) T:QT 11512
(99°0) T:8T 6522 “(L¥°2) 0:8T (62°0) 0:LT “(88°0) T:9T 6-522 “(L1T) 0:9T ‘(€2°1) 0:GT “(22¥) 07T ‘(21°'T) 0:2T (Ve [2309 Jo 8%/3) paurejuoo pue JN( [€10 JO %G T 1 9YeIjusuod o)
poppe sem (puelozimg ‘pseq ‘NSd) wpaod oes[e sutrewr :JyIN Ul *(8/3 000°T) VI 18303 pue (1) 05C (0°1) 0:68 (87°¢) 0:05 ‘(L6L) €-ug:8T ‘(6S) 9-ug:8l ‘(0€°9) 18T 11-512
(26T) T:81 6522 “(7°91) 0:8T “(PIT) 0:9T [(VI) SpP1oe £39ef (8303 JO S3{/S] pouresuos pue [N [8104 JO %G 9 91EIILOOUOD 0} POPPE Seam (90URL] ‘PIRUOPT JUIRS “BOA[()) 10 WI0D :SOD U,
*(g) yueure[durod UMURIIA pue [RIoUI ‘(¢) J[es (¢1)

mopy 9etoqIed ‘(g) arerdsord wmmoeaIp ‘(6g) dURDd PIssRIOW ‘(F6g) B RIT® PoYeIpATap ‘(LFT) £os ‘(00g) uIod (N Jo 8%/8) 9renueouod OJH *(g) 1IOWR[dWoD UIe)IA Pue [RIOUITI
‘(€) ares ‘(g1) moyj eyeuoqres ‘(g) ojerydsord wmioedIp ‘(g¢) oD POSSRIOW ‘(£87) ®J[RI[e PYRIPATPD ‘(gi1) 4os ‘(81¢) wiod (N Jo 8¥/8) ejernueduod JyN “(g) yueuwe[duwod uru
-“RJTA PUR [RIDUTH ‘(¢) Jres ‘(GT) o[y ajeroqIed ‘(g) ayerdsord mwmidTeotp ‘(Gg) auen passejow ‘(0GT) £0s ‘(F6¢) Wod ‘(geg) yeaym (N Jo SY/8) orerymeonon g0 *(g) rmeurardurod
Ure)iA pue [emour ‘(g) 4ges (11) mofy oyeuoqres ‘(g) oreydsoyd ummppeorp (L¢) oued posse[owr (GLg) ejfee poyeIpAuop ‘(8¢T) 40s ‘(ggg) wiod (N Jo 8Y/S) openyueouod TI),
(@ x dg) wonoerogur aroy) pue ‘(1) 1o1p (dg) sowods 01 onp s100x0 JUBIYIUSIS JO AN[IGROL],

“(IINA Jo %¢) Tio wped pajyeualoipAY [iim pajuswa[ddns je1p Teseq = OJH ‘(IINA JO %S 1) topmod sede

outre ym pajuaterddns 491p Teseq = JVIN (TN JO %G) U2TRIS 1BOYM PUR 10 100 )M pojuoudddns 4o1p [eseq = §O)) {10 [RUOIYIPPR OU SUTUTRITOD 91D [RSR( ‘JOIPU0D = T LD,
"SUOT}ORIIUL J9IP X so10ads 03 anp (OT°0 > ) 10PIp spdirosiodns JUSISJIP [HIM MOI & UM SURSIA[, ,

¢L60 100°0> 099°0 G9°0 8V g'c 89 61 87 q'c L9 61 PeIIXS PYIY
Lve0 100°0> €000 1T°0 08T 881 [']4 8°0¢ VLT 981 1'9¢ 661 pre}s
690°0 100°0> ¢00°0 90°0 24 1C 2q9'1C «8°9€ 61T (6°'T¢ 28 1C +6°9€ q6°1¢C 4av
€7e0 100°0> 9000 €10 €8¢ L'8¢ gee '8¢ 0°6¢ 0°6¢ L€€ ¢'6¢ AAN
€¢¢’0 100°0> LE0°0 ¥00°0 €0¢ LC¢ 861 ¥'1¢ 102 9°¢¢ 861 0'1¢ dO
G66°0 100°0> €LL°0 10°0 0°c6 L'16 €'€6 G'c6 0°¢6 L'16 €€6 G'e6 NO

N Jo %, ‘uoryisodurod [earmat))

€96°0 100°0> 61L°0 200 0¢ ¢T 1°G — 0¢ QT 0g — Juowerddns prdry
LET°0 100°0> 2000 120 7€ L¥S 918 1°L6 8IG 6'€S FIG 9°%¢ (OIRIIULDOUO))
1220 9620 €000 820 9€er 4 sy 6ch lsi 9F 9'¢y 7oy Aer] puessery)
INd JO % ‘YuaIpaIsuy
a x dg a ds INHS OdH dVIN SOD LD OdH dVIN SOD LD woyy
onea-g 1R0L) M0

(S301p [ejupuILIodXe o1} JO UOTISOdUWOD [EOIWSYD PUR SUSIPLISU] “T O[T

Journal of Dairy Science Vol. 103 No. 6, 2020



Bernard et al.. SHORT COMMUNICATION: MILK METABOLITES IN COWS AND GOATS

for goats than for cows (Table 2). Milk fat content did
not differ between species when receiving CTL. Energy
and protein balances were close to or above 100% in all
treatments for both species (Table 2). Relative to CTL,
only COS increased the energy balance (24%) in cows,
and only HPO in goats (17%). Furthermore, in goats,
COS decreased the protein balance by 17%. The inclu-
sion of oil supplements affected DMI (expressed per
kilogram of BW; P < 0.001) similarly in both species
(Table 2), with a decrease of 15% for COS compared
with CTL. In cows, COS decreased the milk fat con-
tent by 45% compared with CTL (Table 2), and MAP
decreased milk fat content by 22 and 15% in cows and
goats, respectively. Moreover, HPO increased milk fat
content in cows by 13%. In cows, protein content in-
creased with COS by 7%, and lactose content decreased
with MAP by 5% compared with CTL (Fougere et al.,
2018).

Significant species effects were observed for most
milk metabolites and enzymes studied (Table 3). Ir-
respective of the diet, cow milk was richer in alkaline
phosphatase enzyme and glucose than that of goats (16
and 3 times more, respectively; P < 0.01), whereas goat
milk contained greater concentrations of urea and glu-
cose-6-phosphate than that of cows (1.9 and 5.3 times
more, respectively; P < 0.01). This direct comparison
of 9 milk metabolites and 2 milk enzymes in cows and
goats fed similar diets provides clear evidence of differ-
ences of whole-animal and mammary tissue metabolism
between ruminant species (Fougere and Bernard, 2019).

A trend for a species x diet interaction was ob-
served for milk BHB. In cows, COS decreased BHB
and choline (—25 and —43%, respectively; P < 0.001)
compared with CTL, but not in goats. These effects are
in line with the decrease in milk fat content observed
when cows received COS. Milk choline was correlated
with milk fat content (r, = +0.73, P < 0.0001) in cows
(Table 4), which accords with earlier studies (Erdman,
1992; Artegoitia et al., 2014) hypothesizing that cho-
line supplementation may increase milk fat percentage,
given the role of choline in lipid metabolism and phos-
pholipid synthesis. This could be due to the lipotropic
role of choline favoring the transport of triacylglycerols
that provide fatty acids to the mammary gland (Pinotti
et al., 2005). Furthermore, milk metabolomics research
in early-lactating cows showed that choline was among
the top 15 most relevant variables associated with en-
ergy balance (Xu et al., 2018). Moreover, various data
support milk choline as a relevant indicator of animal
metabolism (lipid metabolism, metabolic status) and of
milk properties. It has been reported that choline is an
important nutrient for early-lactation cow health (Pires
and Grummer, 2008; Santos and Lima, 2009) and that
it is related to milk coagulation properties (Sundekilde

Journal of Dairy Science Vol. 103 No. 6, 2020

2
P-value

Table 2. Effect of dietary supplements of corn oil and starch, marine algae powder, or hydrogenated palm oil on intake, milk yield, milk composition, and energy and protein

balance in cows and goats'

Goat

Cow

Sp D Sp x D

<0.001
<0.001

COS MAP HPO SEM

CTL

COS MAP HPO

CTL

Item

<0.001
0.471

<0.001
<0.001
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47.21

21.31*
31.68

21.30"
31.58

18.53"
27.12

22.27"
32.96

DMI, g/kg of BW per day

DMI, kg/d
Yield

N =
k=== ==)
T
coococooco
VVVVV
AN O
STFoocooo
—aSS35S3S
coococooco
VVVVV
—_ e o
cooocooAaA™m
S3835s35&3e
coococooco
\% vV Vv
o D~
S~ o o wa
S ASE
omiooam
s 8
© &
QNg XL, 2
N fI- N o
0o N ™
i —
~ T
o 8
00
Db, R
N AN <
10 00 — ™
—
s B
S Ing
o S <FE
=] G
N O = =MD
0 o — o
— — =
s 8
© P~
— DTS 2
. ) )
NN L
n S SN
— —
'—.%N
el
A, w0,
~O —H — Mmoo
N F ™ S ¥
] —
i
o T
< =
DT 2% 2
SN ©O
ISR =] SN
~ —~
T_ o
D0
LY, ©xz g
10O F O~ 0N
D~ —
~ —
o 8
==
R, o g
I~ — M in™
[ S
[ —
<10]
B o
S
m B\—t
5 2 W
o’_‘n‘o\c\
2 w5
el g o
- = O O
2 gzi:
To REEIZ
S<ow o 88
A e~ S
- ,uoboggﬁ,g
BESSCES
oo T =
cAaE ® R E
[cagcaa

““Means within a row with different superscripts differ (P < 0.05) due to species x diet interactions.

ICTL

basal diet containing corn oil and wheat starch; MAP = basal diet containing marine algae powder; HPO = basal

control, basal diet containing no additional oil; COS

*Protein balance (g of PDI/d), where PDI = protein digestible in the intestine, calculated according to INRA (2007) and expressed as a percent of estimated requirements.

*Net energy for lactation balance (M.J /d) calculated according to INRA (2007) and expressed as a percent of estimated requirements.

Probability of significant effects due to species (Sp), diet (D), and their interaction (Sp x D).

diet containing hydrogenated palm oil.
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TE 442 ' Tl goat milk contains considerably higher concentrations
& s E = of other sources of amines than glutamate. Milk lactate
:%fg v = . “ dehydrogenase, which has been proposed as an early
4 e ks =2 = = indicator of mastitis in cows (Larsen et al., 2010), was
EE AR ! = correlated with SCC in cows (r, = +0.66, P < 0.001;
o o ! ' .s . 9 . )
55 S g Table 4); this was not the case in goats. However, SCC
" = Rz . . . .o
<& =~ =5 |2 2 T in goat milk has been questioned as a relevant indicator
53 § s T z of mastitis (Stuhr et al., 2013).
] © g In conclusion, these results strongly support that
T E ﬁg & =N concentrations of selected metabolites in milk are in-
s :.:f: = g e T E dicators of the specificities of lipid metabolism among
g 8 ; = = these 2 ruminant species and contribute to a better un-
=9 . . . .
§ 5 £} “m % 2z <zl derstanding of mechanisms of milk fat secretion. Indeed,
© %’g E = 2 99 9 < S changes in the concentrations of milk metabolites such
%\ﬂg = ﬁé as choline and isocitrate may be valuable diagnostic
== % g = - tools for detection of mammary gland problems, animal
g %—‘é = § S . metabolism, and indicators of milk technological prop-
§ =i o0 2 erties. Further research should take into account several
ga - E milk metabolites together and the stage of lactation,
55%; g 3 and should assess short- as well as long-term responses.
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