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Among the long-chain fatty acids (FA), the omega-3 (n-3) FA have the most potent immunomodulatory activ-
ities. In the present large-scale study, we tested the effects of supplementation of a-linolenic acid (ALA) from
flaxseed commenced at the dry period on milk yield, health and fertility of dairy cows. Cows in a large com-
mercial dairy farm were randomly divided into two groups 21 days before expected calving. During the dry
period, cows in the treatment group were fed a diet that contained, on a DM basis, 40 g/kg of an extruded
flaxseed supplement (EFLX; n = 276); their postpartum diet contained 50 g/kg of the same supplement. The
cows were group-fed, and based on average cow's intake, the EFLX cows consumed 80 and 220 g ALA/day per
cow prepartum and postpartum, respectively. The control cows received a diet with a different composition but a
similar content of nutrients (CTL; n = 240). A veterinarian routinely examined the cows 7 to 10 days after
calving, treated them according to the farm's routine practice, and determined their body condition score at that
visit and at peak lactation. Milk yield was 4.5% greater (1.8 kg/day; P < 0.0001), and fat (P < 0.0001) and
protein (P = 0.002) contents were lower in the EFLX vs. CTL group. The proportion of n-3 FA in milk was 3.9
times higher in EFLX than in CTL cows (P < 0.0001), and the omega-6 (n-6):n-3 ratio in the milk fat decreased
from 13.0 in the CTL cows to 4.1 in the EFLX cows (P < 0.0001). The unsaturated FA content in milk fat was
20.1% greater in EFLX than in CTL cows (P < 0.0001). Ketosis incidence was lower in the EFLX vs. CTL group,
23.5 and 31.2%, respectively (P = 0.05), and ketosis was less severe in the former (P = 0.03). The mortality
rates in EFLX and CTL cows were 0.7 and 4.6%, respectively (P = 0.005). No differences were observed in
conception rates at first or second insemination, but days from first service to conception and calving to con-
ception were 17 (P = 0.07) and 18 days (P = 0.09) less in the EFLX cows, respectively. In conclusion, sup-
plementation of EFLX to dairy cows from the dry period increased milk yield, decreased incidence of ketosis and
severe metritis, reduced mortality, and tended to enhance fertility performance. Overall, ALA supplementation
improved milk quality and was beneficial to the cow's health and fertility.

1. Introduction longer-chain FA by desaturation and elongation enzyme systems.
Fatty acids are involved in several biological systems and processes:

In recent years, fatty acids (FA) have been recognized as major the immune system (Prescott and Calder, 2004; Raphael and

regulators in biological tissues; they are the main components of cell
membranes and their composition influences cell functioning. In wes-
ternized societies, consumption of omega-6 (n-6) polyunsaturated FA
(PUFA) is on the rise; the n-6:omega-3 (n-3) FA ratio has increased
from 2.4 in primitive human diets to 12.0 in the modern human diet
(Simopoulos, 2002). Diets with lower n-6:n-3 ratios are considered
healthier for humans. Traditionally, milk and milk products have been
among the main contributors to human nutrition. Linoleic acid (C18:2n-
6) and a-linolenic acid (C18:3n-3; ALA) are the most prominent PUFA
in milk fat; in the liver, these two essential FA may be converted to
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Sordillo, 2013; Sordillo, 2016); blood coagulation and vascular re-
sistance; enzyme activities; cell proliferation and differentiation; and
receptor expression (Clandinin et al., 1991). The types of FA within the
membrane phospholipid can affect both membrane fluidity and func-
tion of immune cells (Raphael and Sordillo, 2013). The n-3 FA are the
most potent participants in the above pathways (Deckelbaum et al.,
2006); the long chain length and the presence of double bonds at
carbon 3 endow these FA with distinct characteristics that confer un-
ique biological capabilities. Sordillo (2016) thoroughly reviewed stu-
dies that found direct or indirect involvement of long-chain FA in many
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immune-system activities.

Our group has demonstrated beneficial effects of n-3 supplementa-
tion on the reproductive system in dairy cows (Zachut et al., 2010 and
2011; Moallem et al., 2013; Moallem, 2018) and in bulls
(Moallem et al., 2015). Feeding n-3 PUFA attenuated endometrial
prostaglandin Fo, (Mattos et al., 2002), and cows fed rolled flaxseed
exhibited decreased pregnancy loss rates and larger ovulatory follicles
(Ambrose et al., 2006).

In ruminants, biohydrogenation activity of the microflora largely
converts unsaturated FA reaching the rumen to saturated FA (SFA), and
Chouinard et al. (1997) suggested that heat treatment of grains, such as
extrusion at high temperature, might protect PUFA from biohy-
drogenation activity in the rumen. Flaxseed and its oil form the most
widely available botanical source of n-3 FA that contain >50% ALA
(Moallem, 2018). Although many sophisticated studies have reported
the beneficial effects of n-3 FA supplementation on health and fertility
of dairy cows, no large-scale study, begun during the dry period and
continuing through lactation, has ever been performed. We hypothe-
sized that feeding dairy cows with n-3 FA from the dry period will help
to prepare the immune system and consequently benefit postpartum
health and fertility. Therefore, the objectives of the present study were
to determine the outcomes of extruded flaxseed (EFLX) supplementa-
tion—which provided ALA—that was initiated 3 weeks before expected
calving, on milk yield, milk composition, and health and fertility of
dairy cows.

2. Material and methods
2.1. Cows and treatments

The experimental study protocol was approved by the Animal Care
Committee of the Volcani Center, Rishon LeZion, Israel. The experiment
was conducted on a large commercial dairy farm (Darom Farm, Kibbutz
Gut, Israel). Multiparous Israeli-Holstein cows (n = 516) were used in
this 18-month study; the cows were randomly divided into two
groups—EFLX, and control (CTL)—3 weeks before the expected cal-
ving. The average parameters (mean * SD) of the cows at the previous
lactation of the control and EFLX cows, respectively, were: milk during
305 days of lactation — 12,574 * 1643 and 12,459 = 1717 kg;
average milk fat percentage — 3.66 * 0.28 and 3.64 * 0.26; average
milk protein percentage — 3.32 * 0.15 and 3.33 * 0.14, and parity
number - 1.8 *+ 1.3 and 1.9 + 1.4. During the dry period, the cows
received diets that were similar in nutrients content, but the diet of the
EFLX group contained extruded flaxseed (Valomega 160; Valorex,
Combourtille, France) at 40 g/kg of diet DM. Valomega 160 is a specific
extruded supplement that comprises flaxseed at 700 g/kg and wheat
bran at 300 g/kg. The supplement is produced by Tradi-Lin technology
(patent no. EP 1,155,626 A1), which is characterized by a preliminary
maturing step of specific duration—between 10 and 30 min—and
temperature around 80 °C, and by the level of incorporation of steam
and mounting of the extruders.

After calving, the cows were housed in two loose barns with ad-
jacent outside yards that were oriented parallel to each other. The pens
were identical in size (100 cows in each), design, bedding and venti-
lation. In addition, in Israel there are four seasons, and the study con-
tinued 18 mo, in which the cows in both groups experienced 6 seasons
in these pens. Both groups were fed lactating cow rations (Table 1) with
similar contents, but that of the EFLX group contained Valomega 160 at
50 g/kg of diet DM. The cows were moved after calving from the dry-
cow's barn to the milking-cow's barns and remained in the EFLX barn
until they were detected as pregnant by the veterinarian, and then they
were moved to a different barn. The ingredients and chemical compo-
sition of representative diets are presented in Table 1; however, because
the study lasted 18 months, the dietary composition was changed from
time to time depends on the availability and relative cost of the in-
gredients. The FA profile of representative diets are presented in
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Table 1

Ingredients and chemical composition of lactating cow's diet.
Ingredients g/kg of DM

CTL' EFLX'

Corn grain, ground 122 127
Wheat grain, ground 44 44
Rapeseed meal 22 52
Wheat bran 11 0
Corn gluten feed 102 89
Whole cottonseed 25 0
Wheat silage 98 98
Rye + whole cottonseed 0 12
Sorghum silage 161 154
Dried distiller's grain, gold 45 45
Oat hay 22 30
Clover hay 35 35
Dough, bakery waste 56 38
Corncob peels 105 76
Whey 128 128
Valomega 160 0 50
Calcium salts of fatty acids” 8 7
Urea (NPN) 5 4
Calcium bicarbonate 5 5
Vitamins and minerals® 11 11
Limestone 8 8
Salt 0.3 5
Chemical composition
NE;, MJ/kg" 7.41 7.41
Crude protein, g/kg 163 163
NDF°, g/kg 290 289
NDF - forage®, g/kg 170 170
Ether extract, g/kg 62.5 65
Ca, g/kg 0.09 0.09
P, g/kg 0.04 0.04

1 CTL, control; EFLX, extruded flaxseed.

2 Calcium salts of palm oil distillate.

3 Comprising (per kg) 16,000,000 IU vitamin A, 3200,000 IU vitamin D,
48,000 IU vitamin E, 24.0 g Mn, 24.0 g Zn, 24.0 g Fe, 12.8 gCu, 1.44g1,0.32 g
Se, 0.32 g Co.

4 Calculated using NRC (1989) values.

5 From forage plus other ingredients.

© From forage ingredients only.

Table 2. The cows were fed a total mixed ration (TMR) twice daily at
0900 and 1300 h; it comprised 107% of the expected intake, adjusted
according to the previous day's intake. The TMR was sampled every
month, composited and analyzed for FA profile.

Cows were milked thrice daily and milk production was recorded
electronically. Milk samples from two consecutive milkings were col-
lected monthly, pooled into one sample per cow and analyzed at the
laboratories of the Israeli Cattle Breeders' Association (Caesarea, Israel)
according to standard IDF 141C, 2000, for milk fat, protein, lactose and
urea contents. Somatic cell counts (SCC) were also determined at the
same laboratory.

During milk sampling, further milk samples were taken randomly to
determine milk fat FA profile from 24 cows from each group that were
at least 50 days in lactation. In addition, milk of both groups was col-
lected into separate tankers, from which samples were collected weekly
for FA composition analysis for 42 weeks—through completion of the
study. Cows were weighed automatically after each milking with a
walk-in electronic scale (S.A.E. Afikim, Kibbutz Afikim, Israel). Every 3
months (six times in total), blood samples were taken after the morning
milking at 0800 h from six cows that were randomly selected for FA
profile analysis. They were collected from the coccygeal tail vein into
vacuum tubes containing lithium heparin (Becton Dickinson Systems,
Cowley, UK) and were immediately put on ice. Plasma was then col-
lected after centrifugation at 1500 x g for 20 min, and stored at —32°C
pending analysis.
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Table 2
Fatty acid (FA) composition of postpartum diets (g per 100 g FA).
Diets

FA CTL! EFLX'
C16:0 32.88 24.65
Cl6:1 0.46 0.48
C18:0 4.42 4.21
C18:1n-9 33.26 30.19
C18:2n-6 24.75 24.17
C18:3n-3 1.89 14.45
C20:0 0.51 0.49
C20:1n-9 0.11 0
C20:2n-6 0.4 0.18
C20:4 0.41 0.28
C22:0 0.23 0.29
C22:2n-6 0.16 0.16
C22:5n-3 0.12 0.10
C24:0 0.28 0.22
C24:1 0.13 0.11
SFA” 38.32 29.86
MUFA® 33.96 30.78
PUFA’ 27.73 39.34
n-3° 2.01 14.55
n-6° 25.31 24.51
n-6:n-3 12.59 1.68
1 CTL, control; EFLX, extruded flaxseed.
2 Sum of saturated FA.
3 Sum of monounsaturated FA.
4 Sum of polyunsaturated FA.
5 Sum of n-3 FA.
% Sum of n-6 FA.

2.2. Health and reproductive management

Cows were routinely examined by a veterinarian 7 to 10 days after
calving, treated according to the farm management routine, and clinical
events and treatments were recorded. For estrus quantification by lo-
comotion assessment, the cows were fitted with a pedometer system
(AfiFarm System; SAE AFikim, Israel). Pedometer readings were taken
thrice daily at 8-h intervals in the milking parlor, and analyzed auto-
matically by the herd management computer program. Estrus was de-
tected solely by pedometers, unless cows were observed for estrus be-
havior signs. The cows were inseminated from 70 days in milk (DIM);
cows that did not exhibit behavioral estrus by 70 DIM were examined
and treated by the veterinarian according to routine protocols. All data
on postpartum health disorders and reproductive performance (number
of inseminations, date of conception, etc.) were obtained from the dairy
farm database (NOA, Israeli Cattle Breeders Association). Cows that did
not return in estrus 45 days after artificial insemination (AI) were
checked by a veterinarian by rectal palpation for presence of preg-
nancy. A positive pregnancy diagnosis required the presence of an
amniotic vesicle with viable embryo detectable heartbeat. Days from
first service to conception and calving to conception (days open),
number of Al per conception, conception rates at first and second Al, as
well as health disorders (ketosis, retained placenta, metritis, milk fever,
and mastitis) were analyzed according to treatment groups (CTL or
EFLX). Metritis and ketosis events were categorized as mild, moderate,
or severe, according to diagnosis and number of treatments until re-
covery: recovery after one treatment session was defined as mild, after
two or three treatments as moderate, and after three and more treat-
ments as severe. One veterinarian performed the diagnosis and treat-
ment of cows throughout almost the entire study period. The body
condition score (BCS) of cows (scale 1-5; Edmonson et al., 1989) was
determined by the veterinarian 7 to 10 days postpartum and at peak
lactation.
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2.3. Chemical analysis

Diets were sampled each month and DM was determined. Feed
samples were dried at 65°C for 24 h and then ground to pass through a
1.0-mm Retsch (Haan, Germany) SM 100 screen. At the end of the
study, the monthly diet samples from each group were combined for
further analysis. The ground combined samples were dried at 100°C for
24 h and analyzed for N by method 984.13 of the Association of Official
Analytical Chemists (AOAC) (1990). Neutral detergent fiber (aNDF)
and acid detergent fiber contents were determined with Ankom
Technology equipment (Fairport, NY, USA). The aNDF content was
determined using a-amylase and sodium sulfite, with ash included for
calculations (Van Soest et al., 1991). The National Research
Council (1989) (NRC) values, as accepted in Israel, were used for net
energy for lactation (NEp). AOAC (1990) methods 935.13 and 964.06
were used to determine Ca and P, respectively. Samples were dried at
550°C for 3 h for ash determination.

2.4. Fatty acid analysis

Milk fat and plasma FA composition were determined by gas chro-
matography (GC) after extraction according to AOAC method 996.06
(AOAC, 1990). The analyses were performed at Milouda Laboratories
(Haifa, Israel) with an Agilent Technologies 6890 N GC instrument
(Santa Clara, CA, USA) equipped with a capillary column
(60 m x 0.25 mm, 0.25 um) (Quadrex, Woodbridge, CT, USA) and a
flame ionization detector. The process temperature was increased from
60 °C by 5 °C/min to 225 °C isothermal, at which it was maintained.
Hydrogen was used as the carrier gas, with a linear velocity of 1.6 m/
min; injection volume was 1 pl, with a split ratio of 1:100.

2.5. Statistical analysis

Continuous variables (milk and milk solids) were treated as re-
peated measurements with the PROC MIXED procedure, version 9.2 of
SAS (2002). The model used for yield (Y) was:

Yju = ¢ + T + Lj + C(T*L)ijk + DIMj + Ejjkim

Where u = overall mean; T; = treatment effect, ; = 1 or 2; L; = parity,
j = 2or >2; C(T*L)jx = cowy nested in treatment; and cow nested in
parity;; DIM;; = DIM as continuous variable; and Ejjum = random
residual.

The autoregressive order 1 (AR 1) was used as a covariance struc-
ture in the model, because it resulted in the lowest Bayesian informa-
tion criterion (BIC) for most of the variables that were tested. Means
were estimated using the LSMEANS procedure of SAS by using the
Tukey-Kramer procedure.

The FA profiles in plasma and milk were analyzed with the general
linear models (GLM) procedure, version 9.2 of SAS (2002). Distribu-
tions of health disorders and conception rates were analyzed with the
PROC FREQ procedure, version 9.2 of SAS (2002). When relevant, least-
squares means and adjusted standard error means (SEM) are presented
in the tables. Significance was considered at P < 0.05 and tendencies
were reported for 0.05 < P < 0.10.

3. Results
3.1. Fatty acid profile of total mixed ration

Table 2 presents the FA profiles of the TMR. Proportions of palmitic
acid (C16:0) and oleic acid (C18:1n-9), respectively, were 25% and 9%
lower in the EFLX vs. CTL diet. The proportion of ALA was 7.6 times
greater in the EFLX vs. CTL diet, and total PUFA was 41% greater in
EFLX than in CTL. The n-6:n-3 ratio was 12.59 in CTL compared with
1.68 in the EFLX diet.
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Table 3
Mean treatment effects on milk yield and composition.
Treatment’
CTL EFLX SEM P-value
Milk, kg/day 39.6 41.4 0.21 <0.0001
Fat, g/kg 36.9 32.0 0.04 <0.0001
Protein, g/kg 32.2 31.6 0.01 0.002
Lactose, g/kg 47.9 47.9 0.011 0.92
Fat, kg/day 1.47 1.33 0.02 <0.0001
Protein, kg/day 1.29 1.32 0.01 0.04
Lactose, kg/day 1.96 2.04 0.02 0.006
SCC (x 10°) 498 398 40 0.08

1 Cows were randomly divided into two groups 21 days before the expected
calving. EFLX cows (n = 276) received a diet containing: precalving, 4% of an
extruded flaxseed supplement providing a-linolenic acid (ALA) and post-
partum, 5% of the same supplement. CTL cows (n = 240) received a diet
without the flaxseed supplement but with similar nutrient content.

3.2. Yields of milk and milk solids

The average daily milk production was 4.5% (1.8 kg/day) higher in
the EFLX vs. CTL cows (Table 3). Fat and protein contents were lower in
EFLX vs. CTL cows. The fat yields (kg/day) were lower and the protein
yields higher in the EFLX vs. CTL group. The SCC tended to be lower in
the EFLX vs. CTL group (Table 3).

3.3. Plasma and milk FA profile

Table 4 presents plasma FA composition of all blood samples taken
throughout the study period. Palmitic acid content was lower and that
of stearic acid (C18:0) tended to be lower in blood of the EFLX vs. CTL
cows. The content of ALA was 3.4 times higher in the EFLX vs. CTL
group. Total SFA was lower and PUFA tended to be higher in the EFLX
vs. CTL cows. Total n-3 FA were 1.7 times higher in EFLX than in CTL,
and EFLX supplementation decreased the plasma n-6:n-3 ratio
(Table 4).

Fifty FA and their isomers were detected in the milk fat; in Table 5,
we present the main ones. The proportions of palmitic acid and total
oleic acid were, respectively, 21% lower and 20% greater in the EFLX
vs. CTL cows. The proportion of stearic acid was 13% higher in the
EFLX vs. CTL cows. Total linoleic acid (C18:2) and conjugated linoleic
acid (CLA) contents were higher in EFLX than in CTL cows (Table 5).
The proportion of ALA was 3.5 times higher and those of eicosa-
pentaenoic acid (EPA) and docosapentaenoic acid (DPA) also were
higher in the EFLX vs. CTL cows. The proportion of total SFA was 7.3
percentage points lower and those of monounsaturated FA (MUFA) and
PUFA were, respectively, 5.7 and 1.68 percentage points higher in the
EFLX than in the CTL cows. The proportion of total n-3 fatty acids was
3.6 times higher and the n-6:n-3 ratio was lower in the EFLX vs. CTL
cows (Table 5).

In addition to the individual cows' milk analyses, we obtained the
results from 42 pooled milk samples from each group—samples that we
collected weekly from the milk tankers. We identified 50 FA and their
isomers, and the same trend that appears in Table 5 for individual cows
also appeared in the tanker results: lower palmitic acid, higher ALA,
lower SFA, higher MUFA and PUFA contents, and lower n-6:n-3 ratio in
the EFLX vs. CTL milk fat (data not presented).

3.4. Health event incidence and body condition

Table 6 presents incidences of health events. Incidence of cows
without metritis, or with mild or moderate metritis, did not differ be-
tween groups, but occurrence of severe metritis was numerically higher
in the CTL vs. EFLX cows. Incidence of cows without ketosis was 7.6
percentage points (11%) higher in the EFLX vs. CTL cows, and that of
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Table 4
Mean treatment effects on plasma fatty acid (FA) composition (g per 100 g FA)
in cows supplemented with extruded flaxseed.

Treatment’
Fatty acid CTL EFLX SEM P-value
C14:0 0.90 0.78 0.05 <0.12
C16:0 17.10 15.8 0.4 <0.04
Cl6:1 1.38 1.20 0.14 0.38
C16:2 0.57 0.62 0.05 0.54
C16:3 0.36 0.36 0.05 0.98
C18:0 13.12 12.30 0.36 0.12
C18:1n-9 8.95 8.41 0.38 0.32
C18:1n-7 0.87 1.05 0.24 0.59
C18:2n-6 45.9 46.8 0.93 0.51
C18:3n-6 0.97 0.48 0.10 0.002
C18:3n-3 1.44 4.88 0.12 0.0001
C20:1n-9 0.41 0.32 0.04 0.12
C20:3 1.80 1.17 0.09 <0.0001
C204n-6 2.82 2.33 0.13 <0.02
C20:4n-3 0.35 0.44 0.06 0.26
C20:5n-3 0.42 0.43 0.08 0.92
C22:1n-9 0.18 0.15 0.04 0.65
C22:5n-3 0.28 0.28 0.07 0.97
C22:6n-3 2.14 2.12 0.25 0.94
SFA” 31.1 28.9 0.71 0.03
MUFA® 11.8 11.1 0.48 0.34
PUFA* 57.1 59.9 1.1 0.07
n-3° 5.05 8.48 0.34 <0.0001
n-6° 49.7 49.6 0.90 0.93
n-6:n-3 11.1 6.07 0.51 <0.0001

1 Cows were randomly divided into two groups 21 days before expected
calving. EFLX cows (n = 276) received a diet containing: precalving, 4% of an
extruded flaxseed supplement providing a-linolenic acid (ALA) and post-
partum, 5% of the same supplement. CTL cows (n = 240) received a diet
without the flaxseed supplement but with similar nutrient content. In total 33
blood samples from the CTL cows and 35 from the EFLX were analyzed.

2 Sum of saturated FA.

3 Sum of monounsaturated FA.

Sum of polyunsaturated FA.
5 Sum of n-3 FA.
¢ Sum of n-6 FA.

severe ketosis was higher in the CTL vs. EFLX animals. Milk fever in-
cidence did not differ between groups, and incidence of mastitis events
that were treated by the veterinarian was also similar between groups.
Cow mortality during the study period was 4.6 and 0.7% in the CTL vs.
EFLX groups (Table 6). Measured BCS in the first week and at peak
lactation were higher in the EFLX than in CTL cows; however, no dif-
ferences were observed between groups in the BCS changes from the
first week to peak lactation (~0.62 BCS unit for both groups). In ad-
dition, the average BW during the study period was 12.1 kg higher in
the EFLX vs. CTL animals (Table 6).

3.4. Fertility performance

Table 7 presents fertility performance. Groups did not differ in days
to first service or in conception rates from first and second Al. The in-
terval from first service to conception was 17 days shorter and the
number of days open were 18 days less in EFLX than in CTL cows. In
addition, the number of Al per conception tended to be lower in the
EFLX cows. Pregnancy rates at 120 and 150 DIM were not significantly
different between groups (Table 7).

4. Discussion

Previous reports by our group and others, of both sophisticated in-
vitro and small-scale in-vivo studies, have demonstrated beneficial ef-
fects of n-3 FA supplementation on cow fertility and health. Here, we
demonstrate several positive effects of n-3 FA supplementation from
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Table 5
Mean treatment effects on milk fatty acid (FA) components (g per 100 g FA) in
cows supplemented with extruded flaxseed.
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Table 6
Incidence of health events by treatment groups in cows supplemented with
extruded flaxseed.

Treatment' Treatment'

Fatty acid CTL EFLX SEM P-value Event Control EFLX SEM P-value

C4:0 2.96 2.89 0.1 0.64 Without metritis,% 64.6 (155/240) 67.8 (187/276) NS

C6:0 1.94 1.78 0.08 0.17 Mild metritis,% 10.4 (25/240) 8.3 (23/276) NS

C8:0 1.17 1.01 0.06 0.06 Moderate metritis,% 12.1 (29/240) 14.9 (41/276) NS

C10:0 2.93 2.45 0.14 0.02 Severe metritis,% 12.9 (31/240) 9.1 (25/276) 0.15

C12:0 3.20 2.74 0.13 0.02 Without ketosis,% 68.9 (166/240) 76.5 (211/276) 0.05

C14:0 10.36 8.96 0.23 <0.0001 Mild ketosis,% 11.7 (28/240) 8.7 (24/276) NS

C15:0 1.36 1.09 0.04 <0.0001 Moderate ketosis,% 8.3 (20/240) 7.6 (21/276) NS

C16:0 30.98 25.65 0.38 <0.0001 Severe ketosis,% 10.8 (26/240) 7.2 (20/276) 0.03

Cl6:1 1.75 1.86 0.10 0.45 Udder edema,% 5.8 (14/240) 2.2 (6/276) 0.03

C18:0 8.47 9.57 0.36 0.04 Mastitis”, % 5.0 (11/240) 5.1 (14/276) NS

C18:1t10 3.49 4.17 0.48 0.32 Milk fever,% 0.8 (2/240) 1.1 (3/276) NS

C18:1t11 0.99 1.25 0.06 <0.007 Mortality,% 4.6 (11/240) 0.7 (2/276) 0.005

Total C18:1t 5.69 6.78 0.55 0.17 BCS post-calving 3.45 3.65 0.03 <0.0006

C18:1c9 19.10 22.39 0.4 <0.0001 BCS peak lactation 2.84 3.03 0.03 <0.0003

C18:1cl1 1.41 1.89 0.05 <0.0001 BW (kg) 648.7 660.8 0.5 <0.0001

Total C18:1c 21.7 26.1 0.43 <0.0001

Total C18:1 27.44 32.90 0.74 <0.0001 ! Cows were randomly divided into two groups 21 days before expected

C18:2n6t 0.10 0.20 0.01 <0.0001 calving. EFLX cows (n = 276) received a diet containing: precalving, 4% of an

C18:2ct 0.11 0.13 0.00 0.10 extruded flaxseed supplement providing a-linolenic acid (ALA) and post-

C18:2tc 0.05 0.06 0.00 020 partum, 5% of the same supplement. CTL cows (n = 240) received a diet

C18:2n-6 3.19 3.40 0.10 0.15 . . o .

Total C18:2¢ 3.43 4.20 012 <0.0001 w12th0ut t.hfe flaxseed supplement but with similar .nutrhlent content.

CLA cot11 0.40 0.53 0.02 <0.0001 Mastitis events that were treated by the veterinarian.

Total CLA 0.42 0.55 0.02 <0.0001

Total C18:2 4.06 5.13 0.13 <0.0001 Table 7

C18:3n-3 0.24 0.84 0.03 <0.0001 Fertility performance by treatment groups in cows supplemented with extruded

C20:4n6 0.18 0.13 0.01 0.007 flaxseed.

C20:5n-3 0.0 0.05 0.00 <0.0001

C22:5n-3 0.06 0.10 0.00 <0.0001 Treatment’

C20:1n-9 0.41 0.32 0.04 0.12

Total C:4 to C:15 25.06 21.96 0.65 0.002 Item CTL EFLX SEM  P-value

Total C:4 to C:16 57.79 49.48 0.83 <0.0001

SFA”? 64.78 57.5 0.90 <0.0001 Days from calving to 1st AI* 101.4 102.7 28 0.75

MUFA® 30.63 36.3 0.80 <0.0001 Conception rate 1st Al (%) 26.6 (38/ 27.2 (46/ NS

PUFA* 4.59 6.27 0.16 <0.0001 143) 169)

n-3° 0.26 0.94 0.03 <0.0001 Conception rate 2nd Al (%) 23.7 (23/97) 22.9 (27/ NS

n-6° 3.47 3.59 0.11 0.43 118)

n-6:n-3 13.8 4.06 0.38 <0.0001 Conception rate 1st + 2nd Al 25.4 (61/ 25.4 (73/ NS

(%) 240) 287)

! Cows were randomly divided into two groups 21 days before expected Days from 1st Al to conception 66.6 49.7 6.6  0.07
calving. EFLX cows (n = 276) received a diet containing: precalving, 4% of an Days open 166.1 148.5 7.3 0.09
extruded flaxseed supplement providing a-linolenic acid (ALA) and post- Al per conception , 2.99 2.51 02 010

_ . . Pregnancy rate, 120 DIM~ (%) 25.3 29.0 0.46
partum, 5% of the same supplement. CTL cows (n = 240) received a diet
Pregnancy rate, 150 DIM (%) 26.7 42.4 0.29

without the flaxseed supplement but with similar nutrient content.
2 Sum of saturated FA.
3 Sum of mono-unsaturated FA.
4 Sum of poly-unsaturated FA.
5 Sum of n-3 FA.
6 Sum of n-6 FA.
EFLX initiated in the dry period and administered through lactation in a
large-scale study conducted on a commercial farm.

4.1. Milk yield and composition

Milk yield of the EFLX cows was higher than that of the CTL ani-
mals, similar to findings in other studies that used the same supplement
(Moallem, 2009; Zachut et al., 2010), whole flaxseed as compared to
sunflower seeds (Petit et al., 2004) or prilled fat (Petit et al., 2007).
However, other studies found no effect on milk yield from feeding
whole (Kennelly, 1996; Mustafa et al, 2003) or extruded
(Gonthier et al., 2005) flaxseed. The inconsistency among the effects of
the various flaxseed products on milk yield might be attributed to dif-
ferences among the various studies' diets in terms of type of delivery,
amount, or composition.

The extruded flaxseed supplementation used in the present study
decreased the milk fat content by 4.9 g/kg. Decreases in fat percentage

1 Cows were randomly divided into two groups 21 days before expected
calving. EFLX cows (n = 276) received a diet containing: precalving, 4% of an
extruded flaxseed supplement providing a-linolenic acid (ALA) and post-
partum, 5% of the same supplement. CTL cows (n = 240) received a diet
without the flaxseed supplement but with similar nutrient content.

2 Al artificial insemination; DIM, days in milk.

that resulted from feeding the same supplement at a rate of 40 g/kg of
diet DM (Moallem, 2009) or 92 g/kg (Zachut et al., 2010) of DM were
2.2 or 4.0 g/kg, respectively. Mustafa et al. (2003) also observed lower
milk fat content in cows fed unheated flaxseed. However, other studies
that involved feeding whole (Petit et al., 2005) or extruded
(Gonthier et al., 2005) flaxseed did not find a lower fat percentage.
Conjugated linoleic acid (CLA; Baumgard et al., 2001) and C18:1trans
(Piperova et al., 2004) were associated with low fat contents in milk;
these specific isomers depress FA synthesis in the mammary gland,
mainly affecting short-chain FA, up to C:16. Indeed, we found that the
proportions of a few C18:1trans and CLA isomers were higher in EFLX
vs. CTL cows (Table 5). Moreover, in an in-vitro study, Lee and
Jenkins (2011) demonstrated the formation of several CLA isomers
from linolenic acid in a continuous culture fermenter with mixed rumen
microbes, which is consistent with our present findings. Furthermore, in
our study, the proportion of total short-chain FA in milk—C:4 to
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C:15—was 3.1 g per 100 g FA points (14%) lower in the EFLX vs. CTL
cows, which indicates less de-novo synthesis of FA in the mammary
gland of cows fed EFLX. The relatively large depression in milk fat in
the present study may be attributed to the diet composition; this in-
cluded high proportions of byproducts and ether extracts and low
forage content, which could interact with the provided supplement to
generate intermediate isomers and suppress milk fat production. The
protein percentage in the milk was lower in the present study than
those found in other studies that used the same supplement
(Moallem, 2009; Zachut et al., 2010), whole flaxseed (Petit et al., 2004,
2007), or extruded flaxseed (Gonthier et al., 2005). We do not have an
explanation for the present reduction in milk protein content. Part of
the decrease in protein percentage can be explained by the increase in
milk yields.

4.2. Plasma FA profile

In the present study, the proportion of ALA in the plasma was 3.4
times greater in EFLX vs. CTL cows, similar to the proportions found in
milk fat, which was 3.5 times as great in the EFLX cows.
Gonthier et al. (2005) obtained similar results, with the increase in
blood ALA being 2 to 3 times higher in flaxseed treatments than in
controls, which was correlated with the increase of ALA in the milk fat.
Blood lipoproteins are the main source of the long-chain FA that are
incorporated into milk fat, which could explain the close association
between ALA proportions in plasma and milk. However, further re-
search is required to elucidate the association between FA profiles in
plasma and that in milk fat in dairy cows.

4.3. Milk fat FA composition

As expected, the FA profile in milk fat changed in response to ex-
truded flaxseed supplementation. In general, other studies have found
trends similar to those in the present study: higher proportions of oleic
acid, linoleic acid and ALA, and lower contents of myristic and palmitic
acids in cows supplemented with flaxseed (Mustafa et al., 2003;
Gonthier et al., 2005; Petit et al., 2007; Moallem, 2009; Zachut et al.,
2010). Moreover, other studies (Gonthier et al., 2005; Moallem, 2009;
Zachut et al., 2010) found lower SFA and higher unsaturated FA con-
tents in cows given diets supplemented with flaxseed products. In the
present and other studies (Moallem, 2009; Zachut et al., 2010), n-3 FA
in milk increased and the n-6:n-3 ratio decreased as a result of feeding
extruded flaxseed. Milk and milk products are among the most im-
portant and widely used components of the modern human diet.
Simopoulos (2002) suggested that a lower n-6:n-3 FA ratio is desirable
for reducing the risk of many of the chronic diseases that are highly
prevalent in western societies. The reduction in the n-6:n-3 ratio in milk
fat observed here was accompanied by a reduction in SFA content, and
enhanced proportions of MUFA and PUFA, all of which are desirable in
human nutrition.

4.4. Effects on incidence of disease events

In the present study, we observed several beneficial effects on cow
health, with a considerable impact on cow mortality rate. In another,
small-scale (n = 35) study, Petit et al. (2007) found less sick animals
among cows fed whole flaxseed than among those fed a control diet or
supplemented with energy booster. Several studies have reported ben-
eficial effects of n-3 FA on many health aspects of both animals and
humans: metabolic syndrome, brain metabolic abnormalities
(Simopoulos, 2013) inflammatory diseases (Calder, 2006) and immune
system (Miles and Calder, 1998). Abnormalities in the FA composition
of membranes, especially a deficiency in n-3 FA, may be involved in the
pathogenesis of disorders linked to insulin resistance (Storlien et al.,
1991; Borkman et al., 1993), which may be associated with the peri-
parturient metabolism of high-yielding dairy cows. Because insulin is
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an anabolic hormone, disruption of its intercellular signaling in insulin
resistance adipose tissue will encourage increased lipolysis (Murri et al.,
2014) and triggers lipids breakdown and mobilization of adipose tissue
in peripartum dairy cows. This disorder could be prevented by inclusion
of n-3 FA in the diet (Storlien et al., 1991), which might be the case in
our study. However, further mechanistic research should be conducted
to establish this theory.

Prolonged previous lactation, a long dry period (Vanholder et al.,
2015), and precalving over-conditioning (Fronk et al., 1980) are among
the management factors related to postpartum ketosis. Nevertheless,
ketosis is closely associated with nutritional management; among re-
cognized risk factors for ketosis in dairy cows are prepartum feed intake
(Douglas, 2002), and postpartum inappetence and restricted diets
(Dann et al., 2005). In the present study, we found lower prevalence of
ketosis in the EFLX vs. CTL cows, It should be emphasized that we
started the n-3 FA supplementation 3 weeks before expected calving,
which may elicit positive effects on the metabolic status of the cows
before calving, shown to be important by Vanholder et al. (2015).
However, the present study was conducted on a commercial dairy farm,
and therefore we had no records of feed intake to determine energy
balance.

In the present study, there were no substantial differences between
groups in metritis occurrence. The most frequent postpartum risk fac-
tors for metritis in cows include abortion, dystocia, stillbirth, twins,
retained placenta, calf size, age, and calving season (Kaneene and
Miller, 1995; Bruun et al., 2002; LeBlanc, 2008; Kumari et al., 2016).
None of these factors are directly related to nutritional management,
although LeBlanc (2008) mentioned the impact of low feed intake as a
risk factor for metritis, which could explain the absence of inter-group
differences in metritis incidence in the present study. However, the
occurrence of severe metritis was 30% less in the EFLX vs. CTL group (P
< 0.15), which may be attributed to improved immune system activity
and faster healing in the former.

Only mastitis events that were treated by the veterinarian were
recorded, and their occurrence was similar between groups. However,
the groups differed markedly in mortality: cows in the present study in
both groups died due to complications of milk fever, mastitis, and la-
meness and these findings indicate higher resilience of the EFLX cows.
Involvement of FA, and especially PUFA, in the immune system has
been well demonstrated by many in-vivo and in-vitro studies, as sum-
marized by Sordillo (2016). Although we did not measure the immune
function in this study, we can assume that the higher resilience of the
EFLX cows may be associated with the PUFA supplementation. How-
ever, further research is required to establish the association between
PUFA supplementation, the immune system, and the resilience of dairy
cows to common diseases.

4.5. Fertility performance

In the present study, we did not observe any inter-group differences
in conception rates, but we did observe a tendency toward fewer days
from first AI to conception, open days, and number of Al per conception
in the EFLX cows. Beneficial effects of feeding n-3 FA on the re-
productive system can be found in other reports: attenuated en-
dometrial prostaglandin F,, production was found in dairy cows fed n-3
PUFA (Mattos et al., 2002). Ambrose et al. (2006) found 27.3% lower
pregnancy losses in cows fed rolled flaxseed than in those fed rolled
sunflower seed; they also found larger ovulatory follicles and lower
pregnancy losses in cows fed rolled flaxseed. Previous studies in our
laboratory have demonstrated beneficial effects of n-3 FA supple-
mentation on cows' reproductive system (Zachut et al., 2010, 2011;
Moallem et al., 2013). Zachut et al. (2011) reported greater length and
intensity of behavioral estrus in cows supplemented with n-3 FA than in
controls. Estrus detection rate is recognized as an important factor af-
fecting reproductive efficiency, and Lopez et al. (2004) found con-
siderably lower duration and intensity of estrous behavior in modern
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high-yielding dairy cows compared to cows of a few decades ago. De-
spite the lack of effect on conception rate in this study, the shorter
intervals between first Al and conception and less open days in the
EFLX vs. CTL cows suggest that higher detection of behavioral estrus in
those cows was due to its greater length and intensity (Zachut et al.,
2011); this promotes re-insemination of repeating cows and reduces the
rate of missed estrus.

5. Conclusions

Supplementation of extruded flaxseed to dairy cows providing ALA
from 3 weeks prepartum increased milk yield, reduced milk fat and
protein percentages, and improved cows' body condition and BW.
Extruded flaxseed supplementation decreased the incidence of ketosis
and severe metritis, remarkably reduced mortality, and tended to de-
crease the interval between first Al and conception and number of open
days, without affecting conception rates. Furthermore, enrichment of
milk with n-3 FA and reduction in the n-6:n-3 ratio in milk fat in the
EFLX group was accompanied by a reduction in SFA content, and en-
hancement of MUFA and PUFA contents, which are all desirable for
human nutrition. These beneficial effects of n-3 FA on the animal per se
came together with alterations in milk fat composition that are all de-
sirable for human nutrition.
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