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Abstract 
The objective of this study was to determine the effect of supplying calcium 
salts of linseed oil (Ca-FA) rich in omega-3 (α-linolenic acid) on the produc-
tion and chemical composition of milk and its nutraceutical value in dairy 
cows in early lactation. The trial lasted 12 weeks (2 weeks for adaptation to li-
pids and 10 weeks of data collection). A total of 36 Holstein dairy cows with 
58.0 ± 17.0 days in milk (DIM), 594.1 ± 92.4 kg BW, 2.6 ± 1.5 parity and 38.9 
± 9.3 kg milk day−1 were used in a randomized complete block design. The 
treatments were: 1) Omega-3 (O3): 5.2 kg DM day−1 of concentrate including 
0.7 kg DM of Ca-FA + 13.5 kg DM day−1 of partial mixed ration (PMR) + 12 
kg DM day−1 of alfalfa pasture (Medicago sativa) and 2) Control (C): diet 
similar to O3 but lipid supplementation was replaced by cracked corn grain 
so that the diets were isoenergetic. No treatment effect was detected (P > 
0.05) for any milk production and composition variables, except for urea in 
milk that was slightly higher in O3 (P = 0.02). The treatment × week interac-
tion was significant (P < 0.05) for fat yield and content, with differences (P < 
0.01) only in the 3rd week of the data collection period in favor of group C 
(1.39 vs. 1.13 kg∙day−1 and 3.86% vs. 3.23% for fat yield and content, respec-
tively). Total DMI and PMR were similar (P > 0.05) between treatments. 
Concentrate intake was higher (P < 0.01) in C compared with O3. Pasture 
DMI tended (P = 0.06) to be greater for cows that received the O3 treatment 
compared with C. Total metabolizable energy (ME) intake was similar (P = 
0.44) between treatments. No treatment effect was detected (P > 0.05) in ru-
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men environment parameters. Supplementation with Ca-FA reduced (P < 
0.05) the hypercholesterolemic fraction of milk (C12:0, C14:0 and C16:0, 
−13.6%, −7.4% and −9.0%, respectively). The concentration of α-linolenic 
acid (C18:3n-3) increased (108%, P < 0.01) in O3 group compared with group C. 
The absence of negative effects of lipids on the fat content of milk and rumin-
al fermentation suggests that protection by saponification was effective. The 
supplementation with Ca-FA (0.85 kg∙day−1) improved the healthy value of 
the milk. 
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1. Introduction 

The genetic progress achieved by dairy herds implies working with rations that 
are increasingly concentrated in energy, exceeding what is offered by pasture 
and classic supplements. Energy is the main nutritional limitation for milk pro-
duction [1] and any strategy aimed to increase its consumption would result in a 
greater quantity of milk produced. Cereal grain-based concentrates increase ener-
gy consumption and the fermentable energy/protein ratio in the ration improv-
ing the synthesis of microbial protein in the rumen [2]. However, at high doses, 
ruminal pH decreases and fiber digestibility is reduced in the rumen, increasing 
the risk of ruminal acidosis [2]. The negative effects associated with a high starch 
intake could be mitigated by using lipid energy that is a non-fermentable source 
in the rumen [3]. 

The inclusion of lipids in dairy cow diets to increase energy intake is a valid 
strategy in pasture-fed high genetic merit animals, since fats contain three times 
more lactation net energy than carbohydrate-rich foods and proteins [4]. An 
improvement in the efficiency of energy utilization is also expected due to a de-
crease in heat, methane and urine losses and because the absorbed fatty acids 
(FA) can be directly incorporated into the fat of the milk, which is a highly effi-
cient process [4]. Furthermore, supplementation with unsaturated FA would 
provide unsaturated FA precursors and other milk isomers of great importance 
for human health [5]. However, supplementation with unprotected lipids can 
cause negative effects on ruminal fermentation and reduce the digestion of cell 
wall constituents [6]. The magnitude of these effects depends on the degree of 
saturation of the FA; being the unsaturated FA more detrimental. To avoid the 
potential negative effects of polyunsaturated FA (PUFA) at rumen level, calcium 
or magnesium salts of FA are synthesized which are not available for rumen mi-
croorganisms when pH is approximately 6.0 - 6.5. In conditions of higher acidity 
(post-ruminal tract), the FA release the calcium and are available for intestinal 
absorption [7]. 
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The calcium salts of FA based on palm oil (44% of C16:0) and oleic acid (40% 
of C18:1) evaluated in grazing experiments showed positive effects (9% to 11% 
increase) on milk production [8] [9]. Supplementation with high-melting point 
hydrogenated vegetable oil also increased (9% to 12%) milk production [3] [10]. 
Nevertheless, the results obtained using PUFA calcium salts are more limited. 
These products may be less stable and present a certain degree of dissociation at 
the ruminal level due to the low pH that is usually observed in dairy cows graz-
ing high quality pastures. This could alter the ruminal function and the produc-
tive response. 

On the other hand, the milk FA composition is a determining factor in its nu-
tritional quality since it has been shown that some FA exert a positive impact on 
human health. Consequently, interest has increased in adding value to milk and 
dairy products by increasing the levels of specific PUFA, such as linoleic acids 
(C18:2n-6) and α-linolenic (C18:3n-3), due to their beneficial properties [11]. 
Linseed oil is rich in C18:3n-3, which has been shown to have potentially cardio 
protective effects [12], associated with a lower incidence of hypertension, in-
flammation and atherosclerosis [11]. Supplementation with linseed oil calcium 
salts seems to be a valid option to increase the content of C18:3n-3 in milk fat, 
increasing the nutraceutical value of milk [13].  

Previous research evaluating PUFA calcium salts supplements were conducted 
under confinement conditions where ruminal pH values ranged between 6.1 and 
6.4 [6]. To the author’s knowledge, there are no previous reports investigating 
the effect of calcium salts of linseed oil under grazing conditions. The objective 
of this study was to determine the effects of supplementation with linseed oil 
calcium salts to grazing dairy cows in the first third of lactation on the produc-
tion and composition of milk, the ruminal environment and the FA profile of 
the milk. 

2. Materials and Methods 
2.1. Experimental Site, Animals and Treatments 

Thirty six Holstein dairy cows were used (with 58.0 ± 17.0 DIM, 594.1 ± 92.4 kg 
BW, 2.6 ± 1.5 parity and milk production of 38.9 ± 9.3 kg∙day−1) selected from 
the research dairy herd of the National Institute of Agricultural Technology 
(INTA), located in Rafaela, province of Santa Fe, Argentina (31˚12'S, 61˚30'W), 
in a 12-week trial (2 weeks for adaptation to lipids and 10 weeks of data collec-
tion) from August to December 2015. Cows were blocked (18 blocks) by DIM, 
parity, BW and milk production and randomly assigned to one of two treat-
ments within each block: Omega-3 (O3) or Control (C).  

During the 3 weeks prior to the start of the trial (covariate), the cows received 
the C diet. All cows were equipped with neck transponders that served to record 
daily milk production on an individual basis (ALPRO version 6.60/DeLaval, 
Tumba, Sweden). Diets were formulated to meet the requirements of a Holstein 
dairy cow of 600 kg BW, with 60 DIM, producing 42.0 kg∙day−1 of milk with 
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3.7% fat [14]. Two isoenergetic diets were formulated for the study. O3 diet 
contained 0.85 kg∙day−1 of a calcium salt of linseed oil (82.3% DM, 13.2% ash, 
86.8% ether extract and 36.0% of C18:3 n-3) per cow whereas C diet compen-
sated the energy with cracked corn grain (1 kg DM lipids = 2 kg DM corn grain). 
All cows received the same management and were fed together but differentially 
supplemented at milking time except for the times when PMR dry matter intake 
(DMI) were measured. After the a.m. (02.30 h) and p.m. (01.30 h) milkings, the 
cows were located in a dry-lot for the supply of the PMR. Once the target PMR 
intake was finished, they were taken to the grazing plot until the a.m. milking. 
Alfalfa (Medicago sativa) pasture was offered at a daily rate of 12 kg DM per cow 
and PMR at a daily rate of 13.5 kg DM per cow. The ingredients and nutrients of 
the experimental diets are presented in Table 1.  

For the ruminal environment studies, 12 cows (6 per treatment) were selected 
from the 36 cows used for the trial, considering the previously assigned blocks in 
order to maintain the initial balance proposed at the time of assigning the treat-
ments. All procedures were approved by the Welfare Committee of the School of 
Agriculture of Buenos Aires University. 

 
Table 1. Ingredient and nutrient composition of the experimental diets. 

Item 
Dietary treatment 

O3 C 

Ingredient, kg DM cow−1 day−1   

Alfalfa 8.00 8.00 

Corn silage 5.88 5.88 

Soybean meal 2.71 2.71 

Ground corn 2.76 2.76 

Alfalfa hay 1.33 1.33 

Commercial feed 3.62 3.62 

Cracked corn 0.88 2.30 

Ca-FA 0.70 0.00 

Nutrient   

DM, % 40.38 41.02 

CP, % of DM 18.31 18.26 

NDF, % of DM 24.35 24.22 

ADF, % of DM 13.48 13.28 

ADL, % of DM 2.36 2.35 

EE, % of DM 6.61 4.48 

Ash, % of DM 7.57 7.13 

ME, Mcal kg DM−1 2.79 2.71 

Ca-FA = calcium salts of linseed oil; DM = dry matter; CP = crude protein; NDF = neutral detergent fiber; 
ADF = acid detergent fiber; ADL = acid detergent lignin; EE = ether extract; ME = metabolizable energy, 
estimated according to [14]. 
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2.2. Measurements 
2.2.1. Forage Biomass 
Weekly herbage biomass (kg DM ha−1) was estimated by means of cuts at 4 cm 
height [15] with manual scissors in an area delimited by a metal frame of 0.125 
m2, cutting a total area of 1 m2 in each sampling. The total sample, composed of 
8 subsamples of 0.125 m2, was dried in an oven at 65˚C for 48 hours to deter-
mine its DM content. Based on this estimate, the area of the daily grazing strips 
was determined according to the defined herbage allowance.  

2.2.2. Chemical Composition of Feedstuffs 
Representative samples of the concentrate, the PMR, the ingredients that com-
posed it and the pasture were taken every 10 days. The latter were obtained ma-
nually in the grazing horizon simulating the selectivity of the cow (hand-plucking) 
[16]. All samples were dried in an oven with forced air circulation at 65˚C to 
constant weight to determine the DM content and grinded in a Wiley mill (1 
mm mesh). The content of ashes ([17], procedure 942.05), total nitrogen 
(Kjeldhal method; [18], procedure 976.05), crude protein (CP; total nitrogen × 
6.25), neutral detergent fiber (NDF; [19]), acid detergent fiber (ADF; [17], pro-
cedure 973.18), acid detergent lignin (ADL; [17], procedure 973.18), ether ex-
tract (EE; [18], procedure 920.39) and in vitro DM digestibility (IVDMD; 
two-stage fermentation technique by [20]) was determined. Lipid metabolizable 
energy (ME) content (6.50 Mcal.kg DM−1) was calculated based on the equations 
from [14]. 

2.2.3. Milk Production and Composition 
Milk production was measured individually and daily by the milk measurement 
system DeLaval ALPRO (DeLaval International AB, Tumba, Sweden), being the 
weekly averages computed. Average milk production during the pre-experimental 
period was used as a covariate. Milk composition was evaluated from individual 
samples collected weekly. Two milk subsamples were taken from each cow in 
consecutive milkings (morning and afternoon) using milk meters (DeLaval In-
ternational AB, Tumba, Sweden), then a single individual sample (pool) weighted 
by the respective production was obtained. In each composite sample the con-
tent of fat, total protein, lactose, total solids (TS), non-fat solids (NFS) and urea 
was determined by infrared spectrophotometry (MilkoScanTM Minor; FOSS 
Electric, Hilleroed, Denmark) according to the standard method [21]. Milk 
casein content was calculated as 6.38 × (total N – non-casein N) after semi Mi-
cro-Kjeldahl digestion and colorimetric reading in Technicon continuous flow 
autoanalyzer according to [22] and that of true protein was estimated according 
to [14]. Fat-corrected milk (4% FCM) was calculated according to [23] and 
energy-corrected milk (ECM) as proposed by [24]. During the last week of the 
pre-experimental period, an additional milk sample (covariate) was taken. 

Individual aliquots of milk (100 ml) were collected in two samplings, during 
the last week of the pre-experimental period (covariate) and in the sixth week of 
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the data collection period and were stored at −24˚C for the subsequent determi-
nation of the FA profile. A lipid extraction was carried out on each sample ac-
cording to the protocol of [25]. Alkaline methylation of the FA was carried out 
with KOH in methanol according to the [26] procedure and then injected into a 
Varian gas chromatograph model CP3800, with a PSS (Programmed Tempera-
ture Vaporizer) injector, flow divider and flame ionization detector (FID). The 
FAs’ methyl esters were separated using a capillary column CP-Sil 88 (100 m × 
0.25 mm × 0.20 μm of Varian CP7489), using helium as carrier. The individual 
FAs were identified by comparing the relative retention times with individual fatty 
acid standards (PUFA-2 Animal Source, Grain Fatty Acid Methyl Ester Mix, con-
jugated Octadecadienoic acid methyl ester, trans-11-Vaccenic Methyl Ester, 
cis-11-Vaccenic Methyl Ester, trans-9-Elaidic Methyl Ester and 37-Component 
FAME mix, Sigma-Aldrich, USA). The analytical results were expressed as per-
centages of the total FA. 

2.2.4. Dry Matter Intake 
Total DM intake was estimated by [14] whilst pasture DM intake was estimated 
by subtracting PMR and concentrate DM intakes (determined by the difference 
method) to total DM intake. The estimation of total DM intake was made post 
hoc based on the level of production and per individual cow in order to generate 
the necessary variability to later analyze these variables statistically. This me-
thodology for estimating intake was used in previous studies [27] [28]. 

2.2.5. Ruminal Environment Parameters 
The characterization of the ruminal environment was carried out by means of 
pH measurements, ammonia-nitrogen concentration (NH3-N) and volatile fatty 
acids (VFA). Briefly, approximately 20 ml of ruminal liquor were extracted from 
the ventral sac by rumenocentesis [29], carrying out a single sampling. The pH 
was measured on these samples with an Altronix portable digital pH meter, im-
mediately after the ruminal liquor had been extracted and following cheese cloth 
filtering. Of the 20 ml extracted, 9.9 ml were conserved with 0.1 ml of a 98% 
sulfuric acid (H2SO4) solution and frozen at −20˚C to later carry out the deter-
mination of VFA. Additionally, 4 ml were used to determine NH3-N, which were 
conserved with 4 ml of HCl 0.2 M and frozen at −20˚C. After being thawed, the 
samples were centrifuged at 10,000 g for 15 min at 0˚C (Eppendorf, Centrifuge 
5810R model). The determination of the VFA concentration was carried out by 
gas chromatography with purification with orthophosphoric acid (25%) in 0.5 M 
sulfuric acid at a rate of 0.5 ml every 2 ml of sample and centrifuged for 10 mi-
nutes at 5000 g [30]. The ammonia-nitrogen concentration was determined by 
spectrophotometry (Thermo Fisher Scientific Spectrophotometer, Genesys 10-S 
model) at the Animal Nutrition Laboratory of the Faculty of Agronomy of the 
University of Buenos Aires. 

2.3. Statistical Analysis 

The results referring to milk production and composition were analyzed ac-
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cording to a randomized complete block design with repeated observations in 
time adjusted by covariate (α = 0.05). The following model was used: 

( ) ( ) ( )ijkl i j l ijklk j ilY T B A B W T W Cov Eµ= + + + + + × + + ,          (1) 

where: 
Yijkl = dependent variable, μ = general mean, Ti = treatment effect, Bj = block 

effect, A(B)k(j) = random effect of animal nested to block, Wl = sampling week 
effect, (T × W)il = effect of treatment interaction × sampling week, Cov = cova-
riate and Eijkl = residual error. 

The intake data, ruminal environment and milk FA profile were analyzed by 
means of a model with a classification criterion (treatment): 

( ) ( )ijk i j ijkk jY T B A B Eµ= + + + + ,                    (2) 

where: 
Yijk = dependent variable, μ = general mean, Ti = treatment effect, Bj = block 

effect, A(B)k(j) = random effect of animal nested to block and Eijk = residual error. 
All statistical analyzes were performed using the MIXED procedure of the SAS 

statistical package [31]. 

3. Results  
3.1. Chemical Composition of the Pasture 

Taken together, the results of the chemical composition of the pasture used 
(Table 2) indicated an apparently high quality. The average DM content of the 
forage (Table 2) was located above the critical range (15% - 18%) that would af-
fect voluntary intake [32]. 

The average CP content of the pasture (Table 2) was close to the maximum 
value of the range (15% - 25%) proposed by [33] to obtain a high ruminal de-
gradability of DM. In turn, the average NDF and ADF contents of the pasture 
(Table 2) were far below the values considered critical (42% and 30%, for NDF  
 
Table 2. Chemical composition of pasture1. 

Parameter Values2 

DM, % 20.93 ± 1.81 

IVDDM, % 76.76 ± 7.74 

CP, % DM 25.47 ± 2.08 

NDF, % DM 24.96 ± 5.31 

ADF, % DM 15.71 ± 3.67 

ADL, % DM 3.61 ± 1.44 

EE, % DM 4.98 ± 2.75 

Ashes, % DM 10.97 ± 0.90 

1Perennial alfalfa pasture (Medicago sativa). 2Values are expressed as the average ± the standard deviation. 
DM = dry matter; IVDDM = in vitro digestibility of DM; CP = crude protein; NDF = neutral detergent fi-
ber; ADF = acid detergent fiber; ADL = acid detergent lignin; EE = ether extract. 
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and ADF, respectively) in order to achieve maximum DM intake in alfalfa-based 
pastures [34]. 

It could then be concluded that the quality parameters of the forage apparent-
ly consumed by the cows were adequate to allow high DM intakes. 

3.2. Milk Production and Composition 

Milk, 4% FCM, ECM and protein yields were similar (P > 0.05) between treat-
ments (Table 3). The treatment × week interaction was significant (P < 0.05) for 
fat yield and content, indicating that the response to lipid supplementation va-
ried depending on the week of lactation, detecting significant differences (P < 
0.01) between treatments only in the 3rd week of the data collection period in fa-
vor of the control group (1.39 vs. 1.13 kg∙d−1 and 3.86% vs. 3.23% for fat yield 
and content, respectively). 

The lactose content was not affected (P = 0.17) by the supplementation with 
O3 (Table 3), a result compatible with the similar milk production observed 
between treatments. The levels of protein, TS, NFS and casein were similar (P > 
0.05) between treatments (Table 3). The urea content in milk was slightly higher 
(+5%, P = 0.02) in the cows supplemented with O3 compared with the control 
group (Table 3), possibly associated with a lower availability of fermentable 
energy in the rumen. 

 
Table 3. Milk production and composition in dairy cows supplemented (O3) or not (C) 
with linseed oil calcium salts (0.85 kg∙day−1). 

Variable 
Treatment1 

SEM 
P-value2 

O3 C Treat Week Treat × Week 

Milk, kg∙day−1 33.4 33.8 0.85 0.72 0.01 0.88 

4% FCM, kg∙day−1 29.9 31.1 0.95 0.40 0.01 0.22 

ECM, kg∙day−1 29.8 30.9 0.92 0.40 0.01 0.20 

Fat       

% 3.31 3.47 0.08 0.21 0.01 0.02 

kg∙day−1 1.10 1.17 0.04 0.20 0.01 0.03 

Total protein       

% 3.11 3.14 0.04 0.54 0.01 0.21 

kg∙day−1 1.03 1.06 0.03 0.41 0.01 0.52 

True protein, % 2.89 2.92 0.04 0.54 0.01 0.21 

Lactose, % 4.87 4.83 0.02 0.17 0.01 0.09 

TS, % 12.14 12.27 0.12 0,50 0,01 0,16 

NFS, % 8.75 8.72 0.04 0.53 0.01 0.78 

Casein, % 2.49 2.48 0.02 0.60 0.01 0.45 

Urea, % 0.039 0.037 0.001 0.02 0.01 0.20 

1Values are expressed as the least squares means (LSMeans) and the standard error of the LSMeans (SEM). 
2Treatment effects (Treat), lactation week (Week) and treatment × week interaction (Treat × Week). 4% 
FCM = fat-corrected milk; ECM = energy-corrected milk; TS = total solids; NFS = non-fat solids. 
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3.3. Dry Matter and Energy Intake 

PMR and total DM intakes (kg∙day−1) were similar (P > 0.05) between treatments 
(Table 4). Concentrate intake was higher (+33%, P < 0.01) in the control group 
(Table 4), probably as a consequence of a lower palatability of the concentrate in 
the O3 group added to the fact that due to the design of the trial (isoenergetic 
concentrates) the cows of the control group received +0.7 kg DM day−1 of con-
centrate. 

A trend (P = 0.06) to a higher pasture DM intake (+65%) was detected in the 
cows of the O3 group (Table 4), possibly associated with the lower concentrate 
intake observed in this group. Total ME intake (Mcal∙day−1) was similar (P = 
0.44) between treatments (Table 4). 

3.4. Ruminal Environment Parameters 

The supplementation with linseed oil calcium salts did not produce significant 
changes in any of the evaluated ruminal environment parameters (Table 5). 
Only a trend (P = 0.12) to a higher concentration of NH3-N in the cows of the 
O3 group with respect to the control group was observed, which is compatible 
with the higher levels of urea in milk observed in this group of cows (Table 3). 

The absence of effect of lipids on the variables associated with the ruminal en-
vironment suggests that their protection by saponification was effective. 

3.5. Fatty Acid Profile 

Supplementation with linseed oil calcium salts modified the FA profile of the 
milk fat (Table 6). The concentration of the FAs C12:0, C14:0 and C16:0  
 
Table 4. Dry matter and metabolizable energy intake in dairy cows supplemented (O3) or 
not (C) with linseed oil calcium salts (0.85 kg∙day−1). 

Intake 
Treatment1 

SEM P-value 
O3 C 

DM, kg∙day−1     

Pasture 5.6 3.4 0.70 0.06 

Concentrate 3.9 5.9 0.07 <0.01 

PMR 13.1 12.8 0.11 0.08 

Total 22.7 22. 0.80 0.61 

ME2, Mcal∙day−1     

Pasture 14.6 9.3 1.72 0.06 

Concentrate 13.7 18.0 0.23 <0.01 

PMR 34.3 33.4 0.30 0.08 

Total 62.6 60.8 1.98 0.44 

1Values are expressed as the least squares means (LSMeans) and the standard error of the LSMeans (SEM). 
2Estimated according to [14]; ME values for pasture, O3 concentrate, C concentrate and PMR: 2.61, 3.50, 
3.05 and 2.61 Mcal kg DM−1, respectively. 
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Table 5. Ruminal environment parameters in dairy cows supplemented (O3) or not (C) 
with linseed oil calcium salts (0.85 kg∙day−1). 

Parameter 
Treatment1 

SEM P-value 
O3 C 

VFA (mmol∙L−1) 94.03 94.08 6.90 0.99 

Acetate (mmol∙L−1) 61.07 62.40 4.84 0.85 

Acetate (mol 100 mol−1) 65.33 66.33 1.32 0.61 

Propionate (mmol∙L−1) 24.93 22.03 2.90 0.51 

Propionate (mol 100 mol−1) 25.80 23.33 1.62 0.33 

Butyrate (mmol∙L−1) 8.05 9.68 1.58 0.50 

Butyrate (mol 100 mol−1) 8.87 10.32 1.76 0.59 

Acetate:Propionate ratio 2.62 2.88 0.18 0.35 

pH 6.10 6.13 0.26 0.95 

NH3-N (mg∙dl−1) 19.14 16.42 1.02 0.12 

1Values are expressed as the least squares means (LSMeans) and the standard error of the LSMeans (SEM). 
NH3-N = ammonia-nitrogen; VFA = total volatile fatty acids. 

 
Table 6. Fatty acid profile of milk fat in dairy cows supplemented (O3) or not (C) with 
linseed oil calcium salts (0.85 kg∙day−1). 

Fatty Acids,  
g∙100 g FA−1 

Treatment1 

SEM P-value 

O3 C 

C4:0 2.08 2.09 0.092 0.95 

C5:0 0.02 0.02 0.001 0.02 

C6:0 1.83 1.92 0.052 0.25 

C7:0 0.02 0.03 0.002 0.01 

C8:0 1.29 1.40 0.045 0.12 

C9:0 0.03 0.04 0.004 0.02 

C10:0 3.09 3.52 0.129 0.03 

C10:1 + C11:0 0.33 0.38 0.018 0.07 

C12:0 3.50 4.05 0.153 0.02 

cis-9 C12:1 0.08 0.09 0.005 0.36 

C13:0 + cis-11 C12:1 0.17 0.21 0.012 0.02 

i C14:0 0.10 0.09 0.007 0.81 

C14:0 11.08 11.96 0.235 0.02 

i C15:0 0.25 0.24 0.009 0.45 

ai C15:0 0.46 0.45 0.012 0.38 

cis-9 C14:1 0.82 0.82 0.044 0.99 

C15:0 0.93 1.06 0.035 0.02 

i C16:0 0.23 0.22 0.013 0.61 

C16:0 26.54 29.40 0.597 <0.01 

trans-9 16:1 0.41 0.38 0.017 0.40 

cis-7 16:1 0.17 0.18 0.005 0.55 

cis-9 16:1 1.41 1.53 0.053 0.13 
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Continued 

C17:0 0.56 0.58 0.015 0.37 

cis-9 C17:1 0.17 0.18 0.007 0.45 

C18:0 11.52 10.75 0.450 0.25 

trans-6/7/8 C18:1 0.35 0.24 0.021 <0.01 

trans-9 C18:1 0.24 0.18 0.015 <0.01 

trans-10 C18:1 0.55 0.36 0.048 0.01 

trans-11 C18:1 (VA) 1.45 1.08 0.089 0.01 

trans-12 C18:1 0.38 0.26 0.030 0.03 

cis-9 C18:1 (oleic) 20.22 18.64 0.485 0.03 

cis-11 C18:1 0.67 0.69 0.029 0.69 

cis-12 C18:1 0.44 0.22 0.040 <0.01 

trans-16 + cis-14 C18:1 0.45 0,31 0,022 <0.01 

trans-11, trans-15 C18:2 0.31 0.20 0.019 <0.01 

cis-9, cis-12 C18:2 n-6 3.05 2.72 0.109 0.04 

Other C18:2 0.17 0.05 0.014 <0.01 

C18:3 n-6 0.03 0.03 0.002 0.15 

C18:3 n-3 1.00 0.48 0.069 <0.01 

cis-9, trans-11 CLA (RA) 0.64 0.50 0.035 0.01 

Other CLA 0.02 0.02 0.001 0.52 

C20:0 0.12 0.13 0.001 0.34 

C20:4 n-6 0.15 0.17 0.005 <0.01 

C20:5 n-3 (EPA) 0.05 0.03 0.003 <0.01 

C21:0 0.04 0.02 0.003 <0.01 

C22:0 0.38 0.46 0.080 0.50 

C22:4 n-6 0.03 0.03 0.004 0.18 

C22:5 n-3 0.07 0.05 0.002 <0.01 

C24:0 0.03 0.03 0.002 0.65 

Saturated (SFA) 64.09 68.45 0.828 <0.01 

Monounsaturated (MUFA) 27.80 25.24 0.632 0.01 

Poliunsaturated (PUFA) 5.50 4.28 0.209 <0.01 

MUFA trans total 3.29 2.51 0.185 0.01 

n-3 1.12 0.56 0.071 <0.01 

n-6 3.25 2.95 0.107 0.06 

AI2 2.36 2.90 0.114 <0.01 

DI3     

cis-9 C14:1/14:0 0.07 0.07 0.003 0.28 

cis-9 C18:1/18:0 1.78 1.75 0.062 0.74 

RA/VA 0.45 0.58 0.033 0.02 

Ratio n6/n3 3.04 5.54 0.204 <0.01 

1Values are expressed as the least squares means (LSMeans) and the standard error of the LSMeans (SEM). 
2AI: atherogenicity index (C12:0 + 4 × C14:0 + C16:0)/(sum of unsaturated FA). 3DI: Δ9-desaturase index. 
VA: vaccenic acid; RA: rumenic acid; n-3: omega-3 FA; n-6: omega-6 FA. 
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(pro-atherogenic) was lower (P < 0.05), while the concentration of oleic acid 
(cis-9 C18:1) was higher (+8%, P = 0.03) in the group of cows O3 with respect to 
group C. In turn, the rumenic acid (RA) (cis-9, trans-11 CLA) increased 28% (P 
< 0.01) in group O3 cows with respect to C, a result compatible with the increase 
(P < 0.01) in the concentration of vaccenic acid (VA) (trans-11 C18:1, precursor 
in the endogenous synthesis of RA in the mammary gland) in cows supple-
mented with lipids. Supplementation with O3 reduced (P < 0.01) the concentra-
tion of SFA (−6%) and increased (P < 0.01) the concentrations of MUFA 
(+10%), PUFA (+28%), acid α-linolenic (C18:3 n-3) and total n-3 FA with re-
spect to the control group. 

Finally, linseed oil calcium salts intake significantly reduced (P < 0.01) the AI 
(−18%) of milk fat and the n-6/n-3 ratio (−45%). 

4. Discussion 
4.1. Milk Production and Composition 

In this study, after 10 weeks of supplementation, milk production was not sig-
nificantly modified (P > 0.05) by the intake of linseed oil calcium salts (Table 3). 
The lack of positive effect of unsaturated lipid supplementation on milk produc-
tion is a frequent result in experiments under grazing conditions [4]. In accord 
with previous results, the supplementation of grazing primiparous and multi-
parous cows in the first third of lactation with unsaturated FA calcium salts (0.7 
kg∙day−1) did not show significant differences in milk production in either of the 
two categories, averaging 28.3 kg∙day−1 in multiparous cows and 24.6 kg∙day−1 in 
primiparous cows [35]. Under grazing conditions dry matter and energy intake 
have been identified as the most limiting components for milk production [1] 
[2] [36]. In the present trial, the lack of positive effect of supplementation with 
linseed oil calcium salts on total DM and energy intake (Table 4) could contri-
bute to explain the absence of increases in milk production. 

The treatment × week interaction was significant (P < 0.05) for fat yield and 
content (Table 3), detecting significant differences (P < 0.01) between treat-
ments only in the 3rd week of the data collection period in favor of the control 
group, with no differences (P = 0.20) in the rest of the 10 weeks evaluated (90% 
of cases). A significant reduction in the milk fat content (−8.0%) has been re-
ported when supplemented with unsaturated lipids to grazing dairy cows [4]. In 
line with this result, the milk fat concentration was lower (−7.0 g∙kg−1, 21% re-
duction) in grazing cows supplemented with unsaturated FA calcium salts (0.7 
kg∙day−1) both in multiparous as in primiparous cows [35]. In addition, the fat 
content of milk was reduced (−8.8%) in alfalfa-grazing multiparous cows that 
consumed 0.9 kg∙day−1 of unsaturated FA calcium salts in comparison with Con-
trol cows (32.2 vs. 35.3 g∙kg−1); an effect not found in primiparous cows [37]. 

The drop in milk fat content could be a consequence of the production of 
trans FA by hydrogenation at the rumen level of part of the polyunsaturated FAs 
contained in the calcium salts and their subsequent uptake by the mammary 
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gland. These trans FAs are inhibitors of acetyl-CoA carboxylase and de novo li-
pogenesis in cells of the mammary gland [5] [38] [39]. The capture by the 
mammary gland of some preformed fatty acids (trans-10 cis-12 CLA and trans-8 
cis-10 CLA) originated during ruminal biohydrogenation in cows supplemented 
with polyunsaturated FA calcium salts would be responsible for the reduction in 
activity and/or the expression of genes that encode important enzymes involved 
in the capture, synthesis and desaturation of fatty acids at the mammary level 
[5]. It has been proposed that for these trans FAs to be generated in the rumen, 
two situations should occur: altered ruminal fermentation and the presence of 
polyunsaturated FAs [40]. Among the risk factors related to altered ruminal 
fermentation are a low ruminal pH and a low content of effective fiber in the di-
et. However, in this study, the ruminal pH (Table 5) and the NDF content of the 
diet forage in the cows supplemented with linseed oil calcium salts were 6.10% 
and 19.8%, respectively. These conditions would not be predisposing to generate 
alterations in the biohydrogenation patterns of fats, which would help to explain 
the absence of a treatment effect on the fat content of milk in 9 of the 10 weeks 
evaluated. 

The protein concentration of milk and the amount of secreted protein were 
not affected (P > 0.05) by the treatments (Table 3). The absence of negative ef-
fects on the protein content of milk is an important aspect since this parameter 
determines the price of milk and affects the speed and quality of coagulation for 
subsequent transformation into cheese. Under grazing conditions, lipid supple-
mentation generally does not affect the protein concentration of milk [2] [4], 
while under intensive feeding conditions (100% TMR diets) this parameter is 
reduced [41]. On the other hand, protein yield tends to increase (+22.8 g∙day−1) 
with lipid supplementation as milk production increases [4]. The urea concen-
tration in milk was slightly higher (+5%, P = 0.02) in the cows supplemented 
with linseed oil calcium salts (Table 3), a result compatible with the higher 
plasma urea levels observed in this group of cows [42], possibly associated with a 
lower availability of fermentable energy in the rumen. 

4.2. Dry matter and Energy Intake 

Under stable feeding conditions, supplementation with fats causes an average 
reduction of −0.875 kg DM day−1 in the intake level of the total DM of the ration 
[41]. This effect was not detected in the grazing experiments reviewed by [4], 
since the average decrease reported (−0.9 kg DM day−1) was not significantly 
different from zero (P > 0.16). These results are in line with those reported by [2] 
in their review work where the total DM intake was slightly (−0.3 kg DM day−1) 
but not significantly reduced by lipid supplementation in some grazing experi-
ments. Coincidentally, in this study the total DM intake was similar between 
treatments (Table 4). 

The inclusion of linseed oil calcium salts in the experimental concentrate re-
duced its voluntary intake (Table 4), a result that could be explained in part by a 
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lower palatability of the experimental concentrate and in part by the different 
amount of concentrate offered (the cows of the control group received +0.7 kg 
DM day−1 of concentrate). A limitation to take into account when adding lipids 
to the concentrate from grazing dairy cows is the potential reduction in the pa-
latability of the concentrate supplement [4]. The reductions in concentrate DM 
intake with the addition of lipids have been attributed to a lower intake rate and 
size of each meal, which may represent an important limitation under grazing 
conditions, where the concentrate is supplied twice daily and for a limited time 
during each milking shift [4]. 

From the protected lipid supplementation trials under grazing conditions re-
viewed by [4], only in few of them has individual intake of pasture and total DM 
been measured and the results are contradictory. Indeed, the addition of hydro-
genated vegetable oil to the basal concentrate of cows in early lactation reduced 
pasture DM intake [3]; however, when the same source of lipids partially re-
placed the corn grain in the experimental concentrate, pasture DM intake was 
not affected [10]. A homeostatic regulation of energy intake appeared to have 
been the most likely mechanism to explain the drop in pasture intake recorded 
in lipid-supplemented animals [3]. In turn, the supplementation of primiparous 
and multiparous grazing cows in the first third of lactation with unsaturated FA 
calcium salts (0.7 kg∙day−1) significantly reduced the voluntary pasture intake in 
both categories (−12% on average), without treatment × category interaction 
[35]. A negative effect of the unsaturated FA contained in the supplement on 
ruminal fermentation and fiber digestibility, due to partial dissociation, would 
contribute to explaining these results, since it would induce a greater filling of 
the rumen and a lower rate of passage, depressing consumption.  

In this study, pasture DM intake tended (P = 0.06) to be higher in the cows 
supplemented with lipids (Table 4), thus compensating for the lower concen-
trate intake observed in this group of cows. In line with this result, in a comple-
mentary study of ingestive behavior under grazing conditions [43], it was ob-
served that cows supplemented with lipids spent more time grazing (+48 
min∙day−1, P < 0.05) and less time resting (−46 min∙day−1, P < 0.05). Lipid sup-
plementation did not significantly affect any of the parameters associated with 
the ruminal environment (Table 5), suggesting an adequate protection of lipids 
that did not alter ruminal metabolism and therefore DM intake. 

Total ME intake was similar between treatments (Table 4), coinciding with 
[44] who reported that the effect of supplementation with protected lipids on 
energy intake would be null or slightly positive (+5% - 7%). 

4.3. Ruminal Environment 

Lipids that are not adequately protected exert negative effects on ruminal diges-
tion. Hence, a decrease in the molar proportions of acetate and butyrate, an in-
crease in the molar proportion of propionate and a lower concentration of total 
VFA, together with a decrease in degradability of fiber could be expected [45]. In 
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this study, the high dose of lipids used (0.85 kg∙day−1 of linseed oil calcium salts) 
would be sufficient to induce modifications in the ruminal environment if they 
were not completely inert. However, the total VFA concentration, the acetate 
and propionate molar proportions and the acetate:propionate ratio were not af-
fected by the treatments (Table 5). The absence of effect of lipids on the ruminal 
fermentation pattern suggests that their protection by saponification was effec-
tive. 

Supplementation with linseed oil calcium salts did not significantly modify the 
ruminal pH (Table 5), a result consistent with that reported by other authors in 
trials conducted under grazing conditions and supplementation with saturated 
[3] [10] and unsaturated lipids [6] [46]. In the present experiment, the ruminal 
pH of the cows supplemented with lipids was above the range of values (5.5 and 
6.0) in which, according to [47], a theoretical dissociation of 40% in polyunsatu-
rated fatty acids calcium salts is expected calculated from the pKa values. 

According to [48], the replacement of a part of the concentrate by protected 
fat in the ruminant diet would increase the concentration of NH3-N in the ru-
men due to an increase in the protein:energy (fermentable carbohydrates) rela-
tion of the diet, since FAs are not used as an energy source by the ruminal mi-
croflora. Indeed, the use of NH3-N by the microbial population depends on the 
amount of fermentable carbohydrates available in the rumen [49]. In accord 
with these observations, in the present study the isoenergetic substitution of 
corn grain for lipids tended (P = 0.12) to increase the concentration of NH3-N in 
the rumen, a result compatible with the higher levels of urea in milk observed in 
cows from group O3 (Table 3). 

4.4. Fatty Acid Profile 

In this study, supplementation with linseed oil calcium salts reduced (P < 0.05) 
the hypercholesterolemic fraction of milk (C12:0, C14:0 and C16:0). These FAs 
are the most harmful to health when consumed in excess, since they raise total 
plasma cholesterol and cholesterol associated with LDL [50]. Myristic acid 
(C14:0) has the highest atherogenic potential since it has a fourfold stronger ef-
fect than palmitic acid on plasma cholesterol levels [51]. The reduction in the 
concentration of these FAs in milk as a consequence of supplementation with li-
pids containing polyunsaturated FAs is a well-documented effect [52] [53] [54] 
that could be explained by the high production of trans FA by hydrogenation at 
the ruminal level of the polyunsaturated FA contained in calcium salts that are 
inhibitors of the acetyl-CoA carboxylase enzyme and de novo lipogenesis in the 
cells of the mammary gland [39]. 

The average AI of the milk in the cows that received the lipid supplement was 
18% lower (P < 0.01) with respect to that of the non-supplemented group (Table 
6. The aforementioned reduction in the hypercholesterolemic fraction of milk 
plus the increase (13%) in the concentration of unsaturated FAs (particularly of 
trans C18:1 and cis-9 trans-11 C18:2) explain the lower average AI of milk ob-
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tained after supplementation. 
Rumenic acid (RA, cis-9, trans-11 CLA) and vaccenic acid (VA, trans-11 

C18:1) concentrations were higher (28% and 34%, respectively, P < 0.01) in cows 
supplemented with lipids with respect to the control group (Table 6). RA has 
received considerable attention from specialists in human nutrition due to its 
potential beneficial effects on health, since it plays an important role in the reg-
ulation of plasma lipids and cardiovascular functions, reducing the incidence of 
cancer and inhibiting the tumor growth and metastasis of breast cancer [55]. In 
addition, VA also has anti-cancer properties and can be metabolized by humans 
to RA [56]. Many studies corroborate our findings that supplementing rations 
with oils rich in PUFA increases VA and RA content [57] [58] [59] [60]. The 
amount of RA in milk depends on the amounts of RA and VA produced in the 
rumen, together with the activity of Δ9-desaturase in mammary tissue. Endo-
genous synthesis of RA by ∆9-desaturase activity in the mammary gland was 
shown to be closely correlated with VA content [60], and [61] observed that 
changes in the concentration of RA depend fundamentally on the content of VA 
and, to a lesser extent, on ∆9-desaturase activity. In this study, the increase in the 
concentration of RA in the milk of the cows supplemented with lipids was asso-
ciated with an increase in the concentration of VA, but not with an improve-
ment in the activity of the enzyme ∆9-desaturase. 

As expected, supplementation with linseed oil calcium salts increased (100%, 
P < 0.01) the concentrations of α-linolenic acid (C18:3 n-3) and total n-3 FA 
(Table 6) and reduced the n-6/n-3 ratio within the healthy ranges of the diet (< 
4:1) [62]. Results of the present study are in accord with several studies evaluat-
ing the effects of supplementation with linseed oil on the FA profile of milk [13] 
[57] [63] [64] [65]. α-linolenic acid is a quality factor with functional value since 
it inhibits platelet aggregation induced by thrombin and prevents the so-called 
sudden death (coronary mortality) in humans, presenting anti-inflammatory 
(vascular epithelium) and immunosuppressive effects (inhibits the proliferation 
of lymphocytes). The average concentration of milk linolenic acid in the study 
was supported by [66] in their review on 28 publications, in which the average 
level of C18:3 n-3 in milk ranged from 0.02 to 1.90 g∙100 g FA−1. 

5. Conclusion 

In the present study’s experimental conditions, supplementation with linseed oil 
calcium salts (0.85 kg∙day−1) improved the healthy value of the milk, without ef-
fects on milk production and composition, probably due to a similar intake of 
total energy in the supplemented cows with respect to the control group. Indeed, 
the lipid supplement used was effective in reducing the hypercholesterolemic 
fraction of milk and its atherogenicity index, increasing the concentration of 
vaccenic acid and rumenic acid over basal levels. In turn, it increased the con-
centration of linolenic acid and total n-3 FA and significantly reduced the 
n-6/n-3 ratio, thus decreasing the potential risk of coronary heart disease. The 
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absence of effect of lipids on the ruminal fermentation pattern suggests that their 
protection by saponification was effective. 
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