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ABSTRACT

This study evaluated the effects of supplementing with natural functional feed on the plasma fatty acid profile of
lactating Italian Holstein-Friesian dairy cows. Thirty cows in mid-lactation received the natural olive extract
PHENOFEED DRY (500 mg/cow/day) which mainly comprises hydroxytyrosol, tyrosol and verbascoside. The
total content of polyphenols and the antioxidant power of standard feed, enriched feed and pure extract was
evaluated respectively by Folin-Ciocalteu and DPPH assay, and a characterization in HPLC-UV (High-Perfor-
mance Liquid Chromatography-Ultraviolet) of bioactive molecules present in the extract PHENOFEED DRY was
performed. PHENOFEED DRY was provided for 60 days, and the plasma profile of fatty acids was determined by
Gas Chromatography. The administration of enriched feed resulted in an increase in the ratio of Omega-6 to
Omega-3 polyunsaturated fatty acids from 3:1 to 4:1 (p<0.001). This was not influenced by the calving order.
The addition of polyphenols helped to keep monounsaturated (MUFA) and saturated (SFA) levels constant and
results in a significant increase in polyunsaturated (PUFA) fatty acid after 15 days of administration. The Omega-
6/0mega-3 ratio was in the optimal range. The findings show that inclusion of natural functional food such as
plant polyphenols helps to maintain a healthy blood fatty acid profile in lactating dairy cows.

1. Introduction

antioxidants improve production performance, immune status and
general health, and reduce the risk of disease, in livestock (Alagawany

Production performance and animal welfare in livestock are mainly
influenced by genetics, environment, and nutrition. Therefore, the
chemical-nutritional and functional aspects of the diet play an important
role (D’ Alessandro et al., 2017). According to Pauletto et al. (2020) and
Serra et al. (2021), the inclusion of natural antioxidants such as poly-
phenols from plants in the diet of cattle helps to achieve a positive
general welfare state. Diets supplemented with natural phenolic

and Abd El-Hack, 2015; Parrillo et al., 2017). In pasture-based grazing
systems, access to polyphytic pastures, with high plant biodiversity,
ensures an appropriate polyphenol intake (Avondo et al., 2013). In
intensive systems, it is beneficial to supplement the diet with
polyphenol-rich feed supplements (Fraisse et al., 2007; Maxin et al.,
2020). Several studies where the management strategy included diets
supplemented with natural antioxidants showed an improvement of
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bovine milk (Castillo et al., 2013) and goat meat (Adeyemi et al., 2016)
quality, the improvement of animal health, and a strengthening of the
immune response with a consequent reduction in the use of antibiotics
and hormones (Cimmino et al., 2018). Polyphenols represent a wide
class of plant substances with antioxidant, anti-inflammatory and anti-
cancer properties (Gupta et al., 2014). Several studies have shown that
the inclusion of polyphenols in the diet of farm animals, through plant
extracts, induces positive effects on the quality of animal products with
beneficial effects on animal welfare and human health (Castillo et al.,
2013; Gupta et al., 2014; Adeyemi et al., 2016; Cimmino et al., 2018;
Maxin et al., 2020). Alagawany and Abd El-Hack (2015) reported that
the administration of rosemary extract, rich in phenolic compounds, to
laying hens resulted in an increase in blood concentrations of IgA and
IgM and in superoxide dismutase activity resulting in an increase in
competence immunity and antioxidant capacity. Even the by-products
of olive oil extraction containing polyphenols and used in the diet of
farmed shrimps (Astacus leptodactylus) have determined benefits not
only for their growth but also in immune and antioxidant capacity
(Parrillo et al., 2017). Furthermore, the use of olive oil by-products
influenced inflammatory and apoptotic pathways in rabbit livers by
inhibiting pro-inflammatory enzymes or acting as antioxidants (Cap-
pelli et al., 2021; Maranesi et al., 2021). Recently some studies have
examined the effect of bioactive molecules on the qualitative and
quantitative aspects of milk and meat production in dairy cows (lanni
et al., 2019; lanni &Martino, 2020). However, only a few studies have
evaluated the effects of polyphenols on the plasma fatty acid profile of
livestock production animals. Some beneficial effects of polyphenols
have been reported to involve changes in the relative amounts of
different fatty acids. Indeed, dairy ewes fed a diet supplemented with
phenolic tannins from chestnut or quebracho showed an increase in
blood unsaturated fatty acids (vaccenic acid), a decrease in saturated
fatty acids (stearic acid), and an increase in linoleic acid. conjugated in
the rumen (rumenic acid) (Buccioni et al., 2017). Chestnut tannins have
been previously shown to alter the rumen microbiome (Buccioni et al.,
2015a) and fatty acids (FAs) profile of milk (Buccioni et al., 2015b) in
dairy ewes. Phenolic compounds can therefore alter the status of fatty
acids in blood and milk by modifying rumen function. Dairy cows un-
dergo marked changes in metabolic balance and energy demand when
transitioning from pregnancy to early lactation, and then through to
peak lactation (Abdel-Raheem et al., 2010; Loften et al., 2014). Fatty
acids are a source of energy and the inclusion of fats in the diet of dairy
cows can help meet the demand for energy (Bionaz et al., 2020). An
alternative approach to feeding fats, alluded to above, is to supplement
the diet of dairy cows with natural polyphenols that influence rumen
function and promote the endogenous production of favourable FAs.
Rapeseed contains polyphenols (Pohl et al., 2016) and Holstein dairy
cows fed rapeseed pomace from day 80 of lactation showed an increase
in milk polyunsaturated fatty acids (PUFAs) (Musayeva et al., 2021).
The by-products of olive oil extraction are rich in polyphenols and have
great antioxidant potential for application in dairy cows (Di Nunzio
et al., 2018; Tapia-Quiros et al., 2022). Consistent with the shift to
natural livestock systems, the present study aimed to examine the blood
FA profiles in lactating Holstein cows supplemented with by-products
and products of the olive-oil supply chain which are rich in poly-
phenols (Romani et al., 2019). However, the influence of the addition of
Olea europaea L. phenolic compounds and physiological factors, such as
lactation phase and breed, on the composition of plasma fatty acids still
remains a scarcely discussed topic. Only few authors describe the vari-
ation of the plasma fatty acid profile as a function of the lactation phase.
Abdel-Raheem et al. (2010) show that at the beginning lactation in dairy
cows (Simmental cows), when negative energy balance (NEB) and lip-
omobilization have their maximum expression, monounsaturated fatty
acids (MUFAs) concentrations in plasma were higher than during the dry
period or the other lactation phases (middle and late) during which
concentrations decrease. Due to the limited data regarding the influence
of natural bioactive extracts, supplemented in the diet of mid-lactation
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cows, on the plasma fatty acid profile, the aim of the present work
was to administer an enriched feed with polyphenolic extract (PHE-
NOFEED DRY) of Olea europaea L. to evaluate if this supplementation
induces changes on plasma fatty acid composition in lactating Holstein
cows in intensive breeding and with a high genetic merit.

2. Materials and methods

The procedure of this study was reviewed and approved by the
Ethical Animal Care and Use Committee of the University of Naples
“Federico II” (Protocol No. 99607-2017).

2.1. Animals and experimental design

The study was conducted at the dairy farm "Fratelli Mirra" located in
Francolise (CE) (Italy) (41°07'56"’N 14°03'43"’E; 10 m above sea level)
on thirty Italian Holstein-Friesian cows in mid-lactation phase (90 to
210 days). Cows were divided into three groups according to parity
(Primiparous (n = 10), Secondiparous (n = 10) and Pluriparous (n =
10)) and cows in each group were fed individually. Cows were on
average 180 days open and underwent artificial insemination during the
study.Cows were maintained in loose housing and had direct access to
feed and water, and received a standard feed ration supplemented with
phenolic extract of O. europaea (PHENOFEED DRY) twice daily. For the
trial, the analysis of plasma fatty acids composition of dairy cows fed
enriched feed at different administration times was assessed. Samples
were taken at time O (control, TO), before the administration of func-
tional feed, and subsequently, during supplementation at 15 (T1), 30
(T2), 45 (T3), and 60 (T4) days and at 45 days after the trial endend
(follow-up, T5).

2.2. Diet composition

Cows were fed, during study period (TO-T5), twice daily (morning
and evening) with a total mixed ration (TMR) containing concentrate,
maize silage, triticale, and oat hay. Refusals were recorded and then
removed. Individual feedstuff and refusals from each animal category
were sampled weekly and analyzed according to AOAC method (AOAC,
1990). The amount and composition of the diet is shown in Tables 1 and
2. The diet during the study was formulated by nutritionists of the
company "Mangimi Liverini S.p.A." (Telese Terme - Benevento - Italy)

Table 1
Ingredients (% dry matter (DM)) and vitamins (UI/kg) of
Mix 6350 PC flour.

Ingredients % DM
Maize 36.84
Soy Protein 46% 24.00
Sunflower 36% 19.18
Cotton Seed 8.50
Soybean Hulls 1.88
Molasses Cane 1.68
Roasted Soybean 1.40
Hydrogenated Palm Fat 1.11
Salt 0.65
Calcium 1.09
Phosphorus 0.56
Magnesium 0.48
Sulfur 0.23
Potassium 1.05
Sodium 0.82
Chlorine 0.53
VITAMINS Ul/kg
Vitamin A 21988
Vitamin B1 5324
Vitamin B12 217
Vitamin B2 2124
Vitamin E 105379
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Table 2
Chemical composition of standard diet (Mix 6350 PC flour (a); silage (b); hay(c))
on fresh matter (F.M.) and dry matter (D.M.).

a. Flour Mix 6350 PC

Parameters DM [%]

Moisture 11.32
Dry matter 221.71
Crude protein 14.21
Ash 8.89
NDF! 17.98
ADF” 11.74
Starch 27.90
Sugars 5.66

b. Silage corn and triticale

Parameters F.M. [%] D.M. [%]

Humidity 51.20

Dry matter 48.80

Crude protein 6.20
Raw fiber 32.40
Ashes 9.91
NDF' 58.40
ADF” 36.30

c. Oat hay

Parameters F.M. [%] D.M. [%]

Humidity 9.50

Dry matter 90.50

Crude protein 8.37 9.25
Raw fiber 34.00 37.57
Ashes 10.80 11.93
NDF' 61.30 67.73
ADF” 40.60 44.86

! NDF: neutral detergent fiber;
2 ADF: acid detergent fiber.

and Mix 6350 PC flour was used. The chemical-nutritional composition
of the diet was evaluated with AOAC methods (AOAC, 1990) and
compared with Near Infrared (NIR) System analysis (Table 2).

2.3. Preparation and composition of the feed supplemented with
PHENOFEED DRY

TMR (MIX 6350 PC) was supplemented with PHENOFEED DRY
phenolic extract, during the period from T1-T4, to provide phenolic
extract 500 mg/cow/day, while at time TO and T5 the cows received
only TMR. The evaluation of the total polyphenols content and antiox-
idant activity of MIX 6350 PC and PHENOFEED DRY phenolic extract
were carried out by Folin-Ciocalteu assay and DPPH test, while the
qualitative-quantitative evaluation of phenolic extract was carried out
by HPLC chromatographic analysis. Cows were fed for 60 days a water-
soluble natural olive extract powder PHENOFEED DRY (PhenoFarm,
02038 Scandriglia, Rieti, Italy). The polyphenolic content of Pheno-
feed® Dry is > 25 mg GAE (Gallic Acid Equivalent)/g (PhenoFarm
technical data). Each cow received 500 mg PHENOFEED DRY daily in 15
kg Mix 6350 PC flour.

2.4. Microwave assisted extraction (MAE) of standard and enriched feed

To analyze the phenolic content, antioxidant activity, and phenolic
composition of MIX 6350 PC and feed enriched with PHENOFEED DRY,
phenolic compounds were extracted by microwave-assisted extraction
(MAE) using a domestic microwave oven system (Samsung GE872T).
One gram of feed was placed in contact with water as a solvent
(leaching) for five minutes before irradiation (Bhuyan et al., 2015).
Extraction was performed at 600 W for 1 min and then the extract was
centrifuged at 4500 g at 20°C for 20 min and filtered through a 45 pm
filter.
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2.5. Total phenolic content (TPC)

Total phenolic content (TPC) in standard feed, PHENOFEED DRY,
and enriched feed, was determined by the Folin-Ciocalteu method
(Singleton and Rossi, 1965), modified according to Picariello et al.
(2016). Gallic acid (GA) (Sigma, St. Louis, MO, USA) was used as a
standard to construct the calibration curves. Results were expressed as
mg gallic acid equivalent (GAE)/g dry matter of the raw material.
Absorbance was monitored at 765 nm with a Biomate 3-Thermo Spec-
tronic spectrophotometer (Thermo Fisher, Waltham, Massachusetts,
USA). The assay was performed in triplicate.

2.6. HPLC-UV analysis

High performance liquid chromatography (HPLC) was used to
characterize the PHENOFEED DRY extract. For HPLC-UV analysis, a
Shimadzu LCMS-2010EV mass spectrometer was used, connected to an
LC unit consisting of two LC-10AD VP pumps with an SCL-10A VP
interface, on which a Supelco Discovery HS C18 column (5 um, 150 x
2.1 mm id) was placed. In addition, the system was equipped with a
diode array detector (SPD-10 M20A). The column temperature was set
at 30 °C. For HPLC injection, phenolic extracts in water were filtered
through a 0.22 um cellulose acetate syringe filter.

The chromatographic conditions used were:

e eluent phases: (A) water/acetic acid (97.5:2.5) (Sigma-Aldrich St.
Louis, MO, USA), (B) acetonitrile (Carlo Erba Reagents) at a flow rate
of 0.8 mL/min;

the linear gradient, according to the method proposed by Bena-
vente-Garcia et al. (2000) with some modifications, is initiated from
95% (A) and 5% (B) to 75% (A) and 25% (B) in 20 min; it changes to
50% (A) and (B) in 15 min (35 min; total time); in 5 min it is changed
to 20% (A) and 80% (B) (40 min; total time); after rebalancing in 5
min to the initial condition from 95% (A) and 5% (B) (45 min; total
time). The UV spectrum was acquired at 280 nm.

Key phenolic compounds were identified by comparing retention
times and absorption spectra with those of pure standards. The com-
pounds were quantified using calibration curves of tyrosol (> 98%) and
hydroxytyrosol (> 98%) standards (Sigma, St. Louis, MO, USA) and the
regression equations and correlation coefficient () were calculated.
The content of the phenolic compounds was expressed in mg/g dry
matter.

2.7. Antioxidant activity

The Antioxidant activity (DPPH assay) was used for the evaluation of
the antioxidant capacity of plant extracts to scavenge free radicals
generated by the DPPH reagent (Assimopoulou et al., 2005).

The radical scavenging ability of PHENOFEED DRY extract, and
standard and enriched feed, was determined using the DPPH method
with some modifications as reported in Siano et al. (2016). Briefly, 50 puL
of extract was added to the radical solution (DPPH diluted in 0.004%
methanol) (Cayman Chemical Co, USA). An equal volume (50 pL) of the
solvent was used as a control. Absorbance was measured at 517 nm with
a Biomate 3 spectrophotometer. Antiradical activity was expressed as
the percent inhibition (I%) of the sample (Ag) relative to the initial
concentration of DPPH (A.) according to the equation % = [(A-Ag) /
Al x 100, where A, is the absorbance of the control reaction (con-
taining all reagents except the tested compound), and A is the absor-
bance of the tested compound. All determinations were performed in
triplicate.

2.8. Blood samples

Blood samples were taken from all dairy cows during the study
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period (TO-T5). The experimental times (to T1 at T4) were compared
with TO and T5, in order to evaluate the fatty acids profiles before,
during, and after the experimental phase (T1-T4). Blood sampling at
time T5 was also performed to evaluate possible long-term effects of the
treatment. The blood sampling was carried out in the pre- and post-
milking phase, at 4:30 AM and 6:00 AM respectively.Blood was ob-
tained from the external jugular vein into EDTA vacutainer tubes and
stored at 4 "C until centrifuged.

2.9. Fatty acids analysis

To obtain fatty acid composition, blood and feed were extracted with
methylene chloride and the organic phase was dried under a slight flow
of nitrogen. Each sample was dried for 1 h over P05 and then treated for
20 min at 60 °C with a solution of boron trifluoride/methanol 10% (1.3
M, 0.5 mL) and 100 pL of dimethoxypropane (Crescenzo et al., 2015).
Finally, each solution was extracted twice with hexane and the organic
phase was dried. The fatty acid methyl esters were redissolved in hex-
ane, filtered on a millex, and injected into a gas chromatograph. Gas
chromatography analyses were obtained on an Shimadzu model GC2010
instrument equipped with a SP52-60 capillary column (Sigma-Aldrich,
St Louis, MO, USA; 100 m x 0.25 inside diameter x 0.20 film thickness);
flow rate 1.0 mL/min; injector temperature: 275 °C; splitting ratio: 1:20;
detector temperature: 275 °C; carrier gas: helium for chromatography at
a pressure of 1.8 psi; auxiliary gas: hydrogen for chromatography, under
a pressure of 18 psi; air chromatography at a pressure of 22 psi; sensi-
tivity of instrument: 4 to 16 times the minimum attenuation; amount of
sample injected: 1.0 pL. Analyses were performed with the following
temperature program: 175 °C for 10 min, 175-220 °C at 1.8 °C/min, and
220°C for 20 min. Fatty acid methyl esters were identified by comparing
their retention times with those of 22 commercial fatty acid standards
purchased from Supelco (Sigma-Aldrich Group, St. Louis, MO, USA),
with the limit of quantitation of 14 ppb.

2.10. Statistical analysis

Statistical significance was determined by Two-way Anova analysis
comparing individual fatty acids with each other and comparing the
total of saturated, monounsaturated, and polyunsaturated fatty acids
and specifically Omega-3 and Omega-6. The statistical significance of
the fatty acids was evaluated to establish significant differences between
the means (Tukey’s test) at a 95% confidence level, where p<0.05 is
considered significant. The variance was displayed as a standard error
mean (SEM). All analyses were performed using GraphPad Prism 8
(GraphPad Software, San Diego, CA, USA). The experimental results
(T1-T4) were compared with controls (TO, T5) according to the "verti-
cal" control mode, to evaluate the evolution of the lipid profile before,
during and after the experimental phase.

3. Results
3.1. Total phenolic content (TPC) and antioxidant activity

The results for the total phenolic content were calculated in mg of
gallic acid equivalents/g of dry weight (GAE/g DW).

Table 3 shows the total phenolic content. The polyphenolic amount
of the feed enriched with PHENOFEED DRY (19.31 £ 0.02) was greater
(p<0.05) than the standard feed (MIX 6350 PC) (9.24 + 0.04). Hence,
the daily ration of 15 kg of MIX 6350 PC feed was supplemented with
about 10 mg GAE.

Antioxidant capacity of the different diets were: MIX 6350 PC, 31.40
+ 0.02%; PHENOFEED DRY, 70.26 + 0.10%; and enriched feed (MIX
6350PC + PHENOFEED DRY), 50.30 £ 0.05%. These results were
consistent with the total phenolic content.
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Table 3

Total polyphenol content (mg gallic acid equivalents/g of dry matter) and
antioxidant activity (% DPPH inhibition) in phenolic extracts. Data are
expressed as mean =+ SD, (n=3)".

Phenolic Extracts TPC (mg GAE/g) Inhibition %

Feed MIX 6350 PC 9.24 £+ 0.55 31.40 + 1.14
Enriched feed 19.31 + 0.63 50.30 + 2.08
PHENOFEED DRY 36.81 + 0.69 70.26 + 1.32

! Two way Anova analysis between TPC and inhibition % in three phenolic
extracts. TPC vs % Inhibition in MIX 6350 PC, Enriched feed, PHENOFEED DRY
*¥* p<0.001.

3.2. HPLC-UV analysis

The main compounds present in PHENOFEED DRY were hydrox-
ytyrosol, tyrosol and verbascoside (Fig. 1). Hydroxytyrosol showed the
highest relative concentration. The relative concentrations of phenolic
compounds was determined by comparing retention times and absorp-
tion spectra with those of pure standards as shown in Table 4.

3.3. Dietary fatty acid profile and polyphenols

Table 5 shows the content of individual fatty acids in MIX 6350 PC
feed, PHENOFEED DRY extract and enriched feed. In order to under-
stand the amount of fatty acids integrated in the diet, the total amount
due to the addition of 500 mg per day of PHENOFEED DRY and the total
content in 15 kg of enriched feed given to cows per day were calculated.

The results showed that the content of PUFAs compared to MUFA
and SFA is higher (p<0.05) in standard feed, in enriched feed and in
PHENOFEED DRY, but the amount of fatty acids added to the diet did
not significantly influence the fatty acid composition of the feed. Indeed,
the addition of PHENOFEED DRY did not significantly influence the
fatty acid composition of feed, but it affects the phenolic content. The
phenolic compounds contained in one gram of PHENOFEED DRY were
four times higher than those contained in one gram of MIX 6350 PC feed
(TPC 36.81 vs 9.24 mg/g).

3.4. Plasma fatty acid profile

The plasma profile of individual fatty acids from TO to T5 is shown in
Table 6. In primiparous cows, there was an increase in linoleic acid (8)
(p<0.001) at T5 compared to TO and at different administration times.
Linoleic acid, belonging to the PUFA family, was higher than other fatty
acids, such as palmitic acid (2), oleic acid (6), a-linolenic acid (11), DHA
(18), EPA (16) and arachidonic acid (14) (p<0.001) and stearic acid (5)
(p<0.01).

Secondiparous cows showed the same trend as primiparous cows
with higher levels of linoleic acid (8) compared to the other fatty acids
(p<0.01), while among the SFA there was an increasing trend of stearic
acid (5) compared to palmitic acid (2). In pluriparous cows, stearic acid
(5) levels were higher than palmitic acid (2) levels, and linoleic acid (8)
levels were always higher than the other fatty acids. In the latter cows,
palmitic acid (2) and stearic acid (5) do not show significant variations,
while oleic acid (6) and linoleic acid (8) showed variation between time
TO and T2 (p<0.001 and p<0.01, respectively) and linoleic acid (8) and
DHA (18) between TO and T5 (p<0.001).

Linoleic acid (8) at time T5 showed an increase of approximately
75% in all parity groups compared to TO. PUFAs showed an increase
across T1 to T4 during administration of the enriched diet, and at T5
were the same as TO. At T5 there is an increase in the Omega-6 fraction
and a decrease in Omega-3 with a consequent decrease in the total
PUFAs content. After 60 days of administration of the enriched diet, the
plasma fatty acid profile of cows showed a variation in the Omega-6/
Omega-3 ratio in favor of Omega-6 (4:1 ratio).

Table 6 shows the total plasma fatty acid content of Holstein-Friesian
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Fig. 1. Chromatographic profile of PHENOFEED DRY Extract.

Table 4

Phenolic acids contents (mg/g of dry extract) of PHENOFEED DRY with retention time, standard curve and 2. Values are mean + SD (n = 3).

No. Compounds A RT Standard curve r? Phenolic compounds
peaks (nm) (min) concentration (mg/g)
1 Hydroxytyrosol 280 14 Y = 4E + 06x 0.97 0.180 + 0.05
2 Tyrosol 280 20 Y =7E + 07x 0.99 0.028 + 0.01
3 Verbascoside 280 54 Y =7E + 07x 0.99 0.033 £ 0.10

dairy cows. There are significant differences between MUFA and PUFA
for S and PL (p<0.001) compared to P (p<0.01), while for PL there are
also significant differences between SFA and PUFA (p<0.01). PUFA
content was higher (p<0.001) than SFA and MUFA during the experi-
mental period (TO to T4). At T5, the total PUFA levels had returned to TO
values, whereas SFA and MUFA are higher than at TO. At T5, the fatty
acids still affected by the enriched diet were mainly MUFAs and SFAs
since PUFAs were reduced due to the decrease of Omega-3.

Regarding calving order, PUFA content, in P, S, PL increases signif-
icantly (p<0.001) reaching higher levels in PL at T2 (p<0.001), while
SFA levels remain constant, with higher levels of stearic acid (5) and
palmitic acid (2) compared to the other SFAs (data shown in Supple-
mentary Materials).

Fig. 2 shows the plasma profile of the different fatty acid groups
analyzed at the different experimental times.

At TO, the plasma fatty acids profile showed a higher concentration
of PUFAs than SFAs (p<0.05) and MUFAs (p<0.001). PUFAs were
characterized by higher Omega-3 than Omega-6 (p<0.001) with minor
differences between parity orders. There were no apparent differences
between groups for SFAs and MUFAs.

At T1, total SFA, MUFA and PUFA did not differ to TO. There was a
decrease in Omega-3 and an increase in Omega-6 (p<0.001) with no
difference between parity groups.

At T2, SFA levels increased in pluriparous cows (p<0.05) and
remained constant in primiparous and secondiparous cows. MUFA levels
remained constant in primiparous and secondiparous cows and showed
a slight increase in pluriparous cows. Total PUFA showed a decrease
(p<0.001) in primiparous and secondiparous cows and slight increase in
pluriparous cows. The acid composition of PUFA was lower (p<0.001)
in Omega-3 in all treated groups. The Omega-6 content did not differ to
TO and T1 in primiparous and secondiparous cows and was increased

(p<0.001) in pluriparous cows. Pluriparous cows showed an increase
(p<0.001) in Omega-6 compared to Omega-3.

At T3, total PUFA was similar among the different parity groups and
all groups showed an increase in the Omega-6/0mega-3 ratio
(p<0.001). Omega-3 showed significant decrease compared to TO and
T1 (p<0.001). MUFA and SFA levels remained unchanged compared to
TO, T1, and T2.

At T4, levels of SFA, MUFA and PUFA were similar to TO, T1, T2 and
T3. The Omega-6/0mega-3 ratio was unchanged from T3.

At T5, Omega-3 was almost undetectable compared with times from
TO to T4 (p<0.001) and there was a statistically significant increase in
SFA in all three groups of cows (p<0.001).

4. Discussion

This study demonstrated the effects of dietary polyphenols (PHE-
NOFEED DRY) of the olive plant (O. europaea L.) on the plasma fatty
acid composition in Holstein- Friesian dairy cows in mid-lactation. The
findings showed that addition of PHENOFEED DRY to the diet was
associated with an increase in PUFA, no change in SFA and MUFA, and a
decrease in Omega-3 PUFA levels. Douglas et al. (2007) and Tessari
et al. (2020) regarding the hypothesis that plasma concentrations of
polyunsaturated fatty acids (PUFAs) of the Omega-6 lipid class are
higher in the middle lactation phase since free fatty acids such as linoleic
acid (8), y-linolenic acid (9), ecosadienoic acid (12), and diho-
mo-y-linolenic acid (13) increased. Brzozowska et al. (2018) also
showed that the content of linoleic acid (8) and dihomo-y-linolenic acid
(13) was lower at the beginning of lactation and increased in the middle
phase. Furthermore, our results show that in the three groups fed a diet
supplemented with polyphenols from O. europaea, plasma Omega-6
levels did not change significantly, maintaining an Omega-6/0Omega-3
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Table 5

Fatty acids profile of the standard feed, PHENOFEED DRY and enriched feed'.
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N.  Fatty acid Items Standard Feed PHENOFEED DRY Enriched Feed SEM  Total intake due to 500 mg/ Total content (g) in 15 kg of
(g/100 &) (g/100 &) (g/100g) day of PHENOFEED DRY enriched feed administered cow/
day
1 Myristic C14:0 3.838 2.983 3.839 0.10  0.015 575.70
2 Palmitic C16:0 13.999*** 12.971%** 13.011%** 0.29  0.065 2099.85
3 Trans-palmitoleic Cl6:1n 3.756 4.946 3.701 0.09 0.025 563.40
7t
4 Palmitoleic Cl6:1n 2.896 1.843 2.897 0.03  0.009 434.40
7
5 Stearic C18:0 6.386 6.918 6.387 0.10  0.035 957.90
6 Oleic C18:1 19.111%** 16.945%** 19.111%** 0.50  0.085 2866.65
n9
7 Linolelaidic C18:2 5.243 5.213 6.242 0.09  0.026 786.45
nét
8 Linoleic C18:2 19.5%%* 15.339%** 19.529%*** 0.36  0.077 2925.00
né6
9 Gamma-linoleic C18:3 0.126 2.189 0.126 0.18  0.011 18.90
né6
10 Eicosenoic C20:1 0.244 2.507 0.244 0.03 0.013 36.60
n9
11  Alpha-linolenic C18:3 3.136 3.158 3.136 0.05 0.016 470.40
n3
12 Eicosadienoic C20:2 0.146 1.621 0.146 0.03  0.008 21.90
né
13 Dihomo- C20:3 0.396 3.118 0.403 0.05 0.016 59.40
y-linolenic né6
14 Arachidonic C20:4 6.881 5.995 6.882 0.09  0.030 1032.15
né
15 Lignoceric C24:0 0.194 1.179 0.194 0.10 0.006 29.10
16 Eicosapentaenoic C20:5 2.782 2.333 2.783 0.05 0.012 417.30
n3
(EPA)
17 Nervonic C24:1 3.673 3.511 3.675 0.05 0.018 550.95
n9
18  Docosahexaenoic C22:6 7.693 7.231 7.694 0.14  0.036 1153.95
n3
(DHA)
Total
SFA 24.417 24.051 23.431 0.58
MUFA 29.68 29.752 29.628 0.69
PUFA 45.903* 46.197* 46.941* 1.04

! Two-way Anova Analysis in standard feed, PHENOFEED DRY and enriched feed C16:0 vs C14:0 and C18:0 *** (p<0.001), C18:1 n9 vs C16:1 n7 *** (p<0.001),
C18:2 n6 vs other PUFAs *** (p<0.001), PUFA vs MUFA and SFA * (p<0.05). SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated

fatty acids. SEM: standard error of the mean.

ratio in the optimal values (3:1-4:1).

Abdel-Raheem et al. (2010) reported a decrease in plasma Omega-3
in early lactation in dairy cows due to greater utilization by the mam-
mary gland when NEB is at its maximum negative peak, and then an
increase in mid- to late-lactation. In the present study, Omega-3 was
decreased in the mid- and late- lactation phase regardless of parity order;
this finding could be explained by the effect of polyphenols added to the
diet that may modulate the ruminal bio-hydrogenation by cellulosolytic
bacteria as suggested by Vasta et al. (2019). Indeed, during lactation the
composition and content of plasma fatty acids changed (Buccioni et al.,
2015b); but it is also known that plant polyphenols administered during
lactation act on the fatty acid bio-hydrogenation process, methane
production, nitrogen utilization, and protein and fiber digestion, as well
as on the ruminal microbial population (Buccioni et al., 2015b; Vasta
et al., 2019).

Other studies show that, the inclusion of polyphenols in the diet
induces an inhibitory effect on the bio-hydrogenation of PUFAs into
SFAs, due to their influence on microbial activity and diversity. Indeed,
a polyphenol-enriched diet can lead to a reduction in SFA and a
reduction in Butyrivibrio bacterial by increasing vaccenic acid (trans-11
C18:1) levels. It has been shown that the addition of bioactive com-
pounds (i.e. chestnut and quebracho tannins) can increase the duodenal
flux of fatty acids such as vaccenic acid and, consequently, improve the
nutritional value of milk fat through desaturation in rumenic acid (cis-9,
cis-12 C18:2) in the mammary gland and other tissues (Buccioni et al.,

2015a; Buccioni et al., 2015b).

Our results showed that during the administration of the feed
enriched with polyphenols plasma levels of PUFAwere elevated
compared with SFA in all three parity groups. It could be assumed that
the action of polyphenols may have influenced, in particular, the
amount of Omega-6 PUFAs compared with SFAs because of the inhibi-
tory effect exerted by polyphenols on biohydrogenation. This was sup-
ported by the higher levels of SFAs and lower levels of PUFAs at T5,
probably due to the absence of an inhibitory effect of polyphenols on the
PUFA biohydrogenation process.

The main factors influencing biohydrogenation pathways in the
rumen can vary based on species, diet (e.g. amount and type of forage,
amount of starch and its degradability in the rumen), ruminal pH,
amount and type of fat supplementation, and specific ingredients able to
interact with ruminal bacteria (Buccioni et al., 2015a; Buccioni et al.,
2015b). In addition, unsaturated fatty acids are able to interact with
fiber particles resulting in the formation of a lipid film, reduction of their
digestibility, prevention of bacterial attack and activity of cellulases
present in the ruminal fluid, while saturated fatty acids bypass the
rumen without interacting with either the ruminal micropopulation or
other substances within it. It is also known that an excess of PUFAs in the
rumen can be toxic to the ruminal biomass and therefore the process of
bio-hydrogenation is useful in preserving the ruminal bacteria integrity
(Vasta et al., 2019).

In dairy cows fed a diet enriched with canola oil, the fatty acid



Table 6
Fatty acid composition in plasma of lactating Holstein-Friesian cows (mid-lactation) fed with a standard diet (T0) and diet supplemented with PHENOFEED DRY'.
Fatty Acid (%) Experimental Time SEM
TO T1 T2 T3 T4 TS5
P S PL P S PL P S PL P S PL P S PL P S PL
C14:0 0.17 0.18 0.23 0.30 0.21 0.16 0.12 0.10 0.19 0.15 0.17 0.15 0.18 0.42 0.57 1.12 117 1.97 0.06
C16:0 12.80 13.29 12.05 11.21 10.50 10.54 10.38 8.73 9.98 9.25 10.29 10.03 9.31 9.59 10.12 12.80 14.65 14.58 0.33
C16:1 n7t 0.44 0.40 0.55 0.64 0.25 0.43 0.12 0.45 0.18 0.19 0.34 0.84 0.11 0.55 0.57 0.09 0.06 0.02 0.06
C16:1 n7 0.30 0.47 0.58 0.74 0.61 0.94 0.69 0.67 0.36 1.02 1.23 1.19 0.87 0.99 0.89 0.03 0.01 0.07 0.12
C18:0 18.55 18.77 19.85 16.98 21.20 19.34 16.40 13.08 12.92 15.56 13.24 16.58 13.20 15.18 14.72 21.91 23.69 24.90 0.68

C18:1 n9 10.01 11.70 11.56 12.55 13.64 13.16 14.44 14.85 19.59 14.30 19.09 17.15 16.63 16.77 17.58 22.43%** 17.49 18.99 0.50

C18:2 n6t 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C18:2n6 24.92 24.88 22.88 29.54 25.70 24.96 30.91 34.81 29.00%* 26.56 23.18 22.98 28.61 26.16 24.94 36.66%** 37.77%** 34.58 0.71
C18:3 n6 0.48 0.47 0.35 0.77 0.46 0.34 0.75 0.78 0.38 0.71 0.46 0.57 0.65 0.36 0.37 0.31 0.22 0.20 0.06
C20:1 n9 0.86 0.44 0.50 1.42 1.00 1.00 1.31 1.20 1.19 1.87 1.93 1.44 1.24 0.59 0.29 0.53 0.31 0.12 0.14
C18:3n3 0.48 0.45 0.65 0.35 0.26 0.32 0.33 0.29 0.22 0.54 0.49 0.35 0.38 0.32 0.36 0.25 0.29 0.31 0.07
C20:2 n6 0.20 0.16 0.10 0.10 0.04 0.13 0.16 0.36 0.75 0.97 0.42 0.04 0.56 0.77 0.20 0.19 0.28 0.11 0.05
C20:3 n6 3.66 3.49 3.96 4.13 4.70 5.21 4.21 4.73 4.55 6.50 6.67 5.51 6.10 4.41 5.20 0.41 0.42 0.82 0.21
C20:4 n6 4.45 4.85 4.72 6.10 5.98 6.90 5.39 5.00 5.82 6.85 6.28 6.08 5.50 5.77 6.06 1.85 1.97 1.82 0.15
C24:0 0.83 0.82 0.99 0.22 0.20 0.55 0.26 0.06 0.09 0.23 0.09 0.10 0.09 0.15 0.17 0.26 0.27 0.13 0.05
C20:5 n3 0.48 0.37 0.40 0.75 0.72 0.53 0.77 0.80 0.80 0.90 0.90 0.61 0.85 0.75 0.27 0.31 0.19 0.20 0.09
C24:1 n9 8.49 5.91 7.42 1.09 1.00 1.94 0.73 0.99 0.64 0.75 0.68 0.68 0.69 0.34 1.08 0.39 0.55 0.53 0.17
C22:6 n3 12.88 13.35 13.21 13.11 13.53 13.55 13.03 13.10 13.34 13.65 14.54 15.70 15.03 16.88 16.61 0.46 0.66 0.65 0.47
Total

SFA 32.35 33.06 33.12 28.71 32.11 30.59 27.16 21.97 23.18 25.19 23.79 26.86 22.78 25.34 25.58 36.09 39.78 41.58 1.12
MUFA 20.10 18.92 20.61 16.44 16.5 17.47 17.29 18.16 21.96 18.13 23.27 21.3 19.54 19.24 20.41 23.47 18.42 19.73 0.98

PUFA 47.55 48.02 46.27 54.85 51.39 51.94 55.55 59.87 54.86 56.68 52.94 51.84 57.68 55.42 54.01 40.44 41.8 38.69 1.81

1 P-Primiparous, S-Secondiparous and PL-Pluriparous. TO-control diet; T1,T2,T3,T4-Experimental times, T5-45 days after the last administration of the enriched feed (end lactation). SEM: standard error of the mean.
Analysis Two-way Anova P and S C18:2 n6 T5 vs T0,T1,T2,T3,T4 (p<0.001)***, P C18:1 n9 T5 vs T0,T1,T2,T3,T4 (p<0.001)***, PL. C18:1 n9 TO vs T2 (p<0.001)***; C18:2 n6 TO vs T2 (p<0.01)**. P (PUFA vs MUFA TO,
T1,T2,T3,T4,T5 p<0.01 **), S (PUFA vs MUFA T0,T1,T2,T3,T4,T5 p<0.001 ***), PL (SFA vs MUFA TO, T1,T2,T3,T4,T5 p<0.01**; PUFA ys MUFA TO0,T1,T3,T3,T4,T5 p<0.001***).
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Fig. 2. Plasma fatty acids profile in TO, T1, T2, T3, T4 and T5 f-up. Data are reported as mean + SD. Two-way Analysis of Variance (ANOVA). (SFA T0-T4 vs PUFA
TO-T4 and Omega-3 T0,T1,T5; p<0.001***), (SFA T1,T2 vs MUFA T1,T4; p<0.01**), (SFA T5 vs MUFA TO-T5 and PUFA TO-T2 and Omega-3 TO-T5; p<0.001***),
(MUFA TO-T5 vs PUFA TO-T5 and Omega-3 TO, T1 and Omega-6 TO-T5; p<0.001***), (PUFA TO vs PUFA T2-T5; p<0.001***), (Omega-3 TO-T5 vs Omega-3 T2-T5

and Omega-6 TO-T5; p<0.001***).

composition of the diet influenced the plasma fatty acid content in cows
at mid-lactation phase (Loor et al., 2002). In the latter study, the diet
administered, rich in linoleic and oleic acid, resulted in an increase of
the same fatty acids in the plasma of cows even after 45 days from the
end of treatment especially in primiparous and secondiparous cows.
Plasma concentrations of vaccenic acid and linoleic acid are higher
when dairy cows are fed soybean and flaxseed, while plasma concen-
trations of saturated fatty acids were not affected by supplementation
(Liu et al., 2008). According to Liu et al. (2008) from the results obtained
in the present study, it is possible to highlight that the composition of the
diet influenced more the plasma content of unsaturated fatty acids
(UFAs) and less the SFAs.

Regarding the Omega-6/0mega-3 ratio, the daily diet supplemented
with polyphenols maintained this ratio in the range of 3:1-4:1. Feed
rations for lactating cows usually have a high content of concentrates
and corn silage resulting in a Omega-6/0mega-3 ratio often close to
15:1-18:1 (500 g Omega-6/34 g Omega-3) (Borreani et al., 2013).
Altered levels between Omega-6 and Omega-3 not only reduce milk
production and the lipid and protein content of the milk, but also induce
a negative effect on antioxidant activity and immune function (Greco
et al, 2015). These conditions induce the activation of a
pro-inflammatory metabolic cascade with production of free radicals
and negative effects on production and fertility (Greco et al., 2015;
Greco et al., 2018). Omega-3 and Omega-6 PUFAs are essential for
improving milk composition, metabolic and anti-inflammatory status
and reproductive performance of lactating dairy cows (Greco et al.,
2018; Dirandeh et al., 2013). It has shown that diet supplementation
with products and by-products of the olive-oil chain is able to provide
beneficial effects not only on the plasma fatty acid profile of cows, as
analysed in the present study, but also to positively influence the quality
of milk and dairy products (Molina-Alcaide and Yanez-Ruiz, 2008).
Vargas-Bello-Pérez et al. (2018) show the influence of supplementation
with unrefined olive oil on the milk quality of Friesian cows, in partic-
ular they show an increase in milk production and an improvement in
the lipid profile of the cheese. Moreover, Molina-Alcaide and
Yanez-Ruiz (2008) show that the quantity and composition of the milk
fatty acid profile is significantly influenced by the diet fed to the ani-
mals, particularly in ruminants. Specifically, they show that the lipid
profile of milk from animals fed with olive leaves has a higher amount of
oleic and linoleic acids (244 and 18.9 g/kg vs. 212 and 16.3 g/kg,

respectively) and less saturated myristic and palmitic fatty acids (112
and 251 g/kg vs. 121 and 279 g/kg, respectively) than from animals fed
with alfalfa hay. Therefore, the use of olive by-products appears to in-
crease the monounsaturated fatty acid content and decrease the satu-
rated fatty acid content in milk. It is also shown in other ruminants
(goats) that supplementation with these by-products and co-products is
able to improve not only the nutritional quality but also the functional
quality of the milk in terms of phenolic composition (lanni et al., 2021).
In this regard, lanni et al. (2021) show that supplementation with olive
leaves (10%) increases the antioxidant power in goat milk and leads to a
significant reduction in lipolytic events. Furthermore, Chiofalo et al.
(2020), show that, in addition to an increase in unsaturated fatty acids
(oleic acid, vaccenic acid and CLA) and a decrease in saturated fatty
acids, there is also an improvement in the sensory profile (appearance,
texture, taste and smell) in cheese derived from cows treated with dried
olive cakes. The feed enriched with phenolic compounds present in the
products and by-products of the olive-oil chain is therefore strongly
influenced by the concentration and composition in antioxidant mole-
cules (Molina-Alcaide and Yanez-Ruiz, 2008; Chiofalo et al., 2020). In
addition, the use of extracts derived from this chain, in particular the
PhenoFeed Dry extract used in this study, as stated in the product data
sheet, does not present factors with potential toxic effects; in general, it
is a good practice to use products and by-products obtained from crops
that are not chemically treated (organic farming). In this regard, Moli-
na-Alcaide and Yanez-Ruiz (2008) show that the Cu content in olive
leaves depends on the number of chemical treatments applied and
weather conditions (wind, rain). In any case, it is always recommended
to perform multi-residual chemical analysis before using extracts from
plant matrices in the formulation of functional feeds.

5. Conclusions

In conclusion, our results indicate that the diet supplemented with
phenolic compounds of Olea europaea L. influences the plasma fatty acid
composition (SFA, MUFA, PUFA) in lactating Holstein-Friesian cows,
independent of the calving order. In particular, a close relationship be-
tween the fatty acid composition of the diet and the plasma lipid content
of lactating cows with significant impact on PUFA with an increase of
Omega-6 versus Omega-3 during treatment was shown. We can hy-
pothesize that the PUFA fraction, compared to MUFA and SFA, is the one
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most influenced by the phenolic composition of the diet. Therefore,
enrichment of the diet with high-functional extracts could contribute to
improving the metabolic performance of cows to sustain high levels of
milk production in high-performance cows (Italian Holstein-Friesian
breed), provided that dosages and timing of phenolic supplementation
are established to avoid adverse effects. In this work, a new approach
was adopted with regard to the timing of sampling (every 15 days) in
order to avoid additional causes of stress to the animal and with regard
to the sampling method of the control sampling carried out on the same
animals studied (vertical control method) in order to remove possible
errors in the assessment of results due to individual metabolic or other
variables.

The use of natural bioactive molecules extracted by-products of the
olive-oil supply chain for the production of functional feeds may
represent a possible source of circular economy in view of environ-
mental sustainability.

Fig. S1: Plasma fatty acid profile during the experimental period (TO-
T5) of Primiparous cows, Fig. S2: Plasma fatty acid profile during the
experimental period (TO-T5) of Secondiparous cows, Fig. S3: Plasma
fatty acid profile during the experimental period (TO-T5) of Pluriparous
COWS.
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