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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 ± 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 × 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 [β-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, rS = +0.73) and goats (rs = +0.58), 

and lactate dehydrogenase activity was correlated with 
milk somatic cell count (rs = +0.66) 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 β-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 (Fougère 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 Rhône-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 Fougère 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 × 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 

(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 
(Fougère 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 
(Fougère 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 Fernández, 
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 (rs) 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 Fougère 
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%) 
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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 (Fougère 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 (Fougère and Bernard, 2019).

A trend for a species × 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 (rs = +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 
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et al., 2011), and milk choline content may differentiate 
feeding systems (O’Callaghan et al., 2018).

Milk and plasma BHB were positively correlated in 
cows (rs = +0.63, P < 0.001) and goats (rs = +0.63, P 
< 0.001), as observed in early-lactating cows (Nielsen 
et al., 2003; Oetzel and Cornell, 2012). In the pres-
ent experiment, decreases in BHB content in plasma 
(Fougère et al., 2018) and milk were observed when 
cows received COS. These effects may reflect modifica-
tions of ruminal fermentation and VFA profile because 
plasma BHB is derived in part from rumen butyrate, 
which decreased in favor of propionate synthesis in 
cows under high-starch diets (Miettinen and Huhtanen, 
1996). The decrease in milk BHB in cows under COS 
presented a trend for a species × diet interaction, which 
is in line with the differences in rumen fermentation 
characteristics (Miettinen and Huhtanen, 1996) and in 
the rumen microbiota of bovine and caprine ruminant 
species (Toral et al., 2016) under diets rich in starch 
and lipids.

The COS and MAP diets increased milk isocitrate 
content by 91 and 40%, respectively, compared with 
CTL in cows, but COS decreased isocitrate concen-
trations in goats by 46%. Isocitrate is a substrate for 
NADPH synthesis via the isocitrate dehydrogenase 
pathway. This pathway supplies the majority of the 
reducing equivalents, NADPH, used in fat synthesis 
in ruminants. Increased milk isocitrate could therefore 
reflect the lipid metabolism status of epithelial cells. 
Increased milk isocitrate content during MFD in cows 
may result from downregulation of isocitrate dehydro-
genase activity in epithelial cells due to decreased de 
novo FA synthesis (Faulkner and Peaker, 1982). In con-
trast, milk isocitrate concentrations decreased in goats 
under COS, which did not present MFD nor decrease 
in de novo synthesized FA (Fougère et al., 2018). Previ-
ously, it was shown that a 6-d partial feed restriction 
in mid-lactation cows induced transient increases in 
milk isocitrate and glucose-6P concentrations (Billa et 
al., 2020). In the present study, samples were collected 
24 d after diet change; therefore, potential short-term 
modifications of milk metabolite concentrations could 
not be studied. In cows, COS increased total free amino 
groups by 48%, which is an indicator of total free AA 
content. This increase in soluble AA and amines was 
coincident with higher levels of milk protein when cows 
were fed COS (Fougère et al., 2018). Moreover, free 
amino group concentrations were negatively correlated 
with milk fat content in cows (rs = −0.59, P < 0.001; 
Table 4), which is probably a noncausal relationship. 
This result in cows receiving COS agrees with me-
tabolomics research showing increased AA and amine 
content in the ruminal fluid of cows experiencing MFD 
(Zeng et al., 2019). Generally, cow milk contained a 
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lower level of free amino groups than goat milk but a 
similar level of free glutamate. The fact that glutamate 
is a subset of the free amino content indicated that 
goat milk contains considerably higher concentrations 
of other sources of amines than glutamate. Milk lactate 
dehydrogenase, which has been proposed as an early 
indicator of mastitis in cows (Larsen et al., 2010), was 
correlated with SCC in cows (rs = +0.66, P < 0.001; 
Table 4); this was not the case in goats. However, SCC 
in goat milk has been questioned as a relevant indicator 
of mastitis (Stuhr et al., 2013).

In conclusion, these results strongly support that 
concentrations of selected metabolites in milk are in-
dicators of the specificities of lipid metabolism among 
these 2 ruminant species and contribute to a better un-
derstanding of mechanisms of milk fat secretion. Indeed, 
changes in the concentrations of milk metabolites such 
as choline and isocitrate may be valuable diagnostic 
tools for detection of mammary gland problems, animal 
metabolism, and indicators of milk technological prop-
erties. Further research should take into account several 
milk metabolites together and the stage of lactation, 
and should assess short- as well as long-term responses.
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