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Neutrophils represent primary mobile phagocytes recruited to the site of infection, and

their functions are essential to enhance animals’ health performance. Neutrophils have

an essential role in innate immunity and are able to kill the pathogens via the synthesis of

neutrophil extracellular traps (NETs). The objective of the present work was the study of

the in vitro NETosis of peripheral neutrophils isolated from dairy cows supplemented with

olive pomace. Dairy cows (n= 16) balanced for parity (3.67± 1.5 for CON, 3.67± 1.9 for

OP), milk yield (24.3 ± 4.5 kg d−1for CON and 24.9 ± 1.7 kg d−1 for OP), the number of

days in milk (109± 83.5 for CON and 196± 51 for OP), and body weight (647± 44.3 kg

for CON and 675 ± 70.7 kg for OP) were divided into two experimental groups fed with

a control diet (CON) and supplemented with 6% of olive pomace (OP). Peripheral blood

neutrophils were isolated and stimulated in vitro with phorbol-myristate-acetate (PMA) as

a marker for activation and reactivity of the neutrophils. After isolation, both the viability

and CD11b expression were analyzed by flow cytometry. Both NETosis by neutrophil

elastase-DNA complex system and myeloperoxidase (MPO) activity were evaluated by

ELISA. The specific antibodies against MPO and citrullination of Histone-H1were used for

investigating NETosis by immunofluorescence microscopy. The neutrophil elastase-DNA

complexes produced during NETosis and MPO activity of neutrophil extracts were

affected by OP supplementation. Furthermore, results from immunofluorescence analysis

of NETosis depicted a similar result found by ELISA showing a higher expression of MPO

and citrullination of Histone-H1 in OP than the CON neutrophils. In addition, all data

showed that the OP diet resulted in a better response of neutrophils to PMA stimulation

than the CON diet, which did not support the neutrophils’ responses to PMA stimulation.

Our results demonstrated that OP supplementation can enhance the neutrophil function

in dairy cows leading to udder defense and inflammation response especially when an

immunosuppression state can occur.

Keywords: ruminants, olive pomace, immune innate system, by-products, inflammation

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2021.626314
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2021.626314&domain=pdf&date_stamp=2021-04-29
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:mariangela.caroprese@unifg.it
https://doi.org/10.3389/fvets.2021.626314
https://www.frontiersin.org/articles/10.3389/fvets.2021.626314/full


Ciliberti et al. Olive Pomace Influences Bovine NETosis

INTRODUCTION

Neutrophils are considered the frontline defenders of innate
immunity recruited for the suppression and the clearance
of invading pathogens to an inflammatory site. Different
defense strategies can be initiated by neutrophils, among
which the antimicrobial mechanism involved in neutrophil
extracellular traps (NETs) formation (1, 2). This mechanism
consists of processed chromatin or DNA decorated with
histones characterized by specific cytoplasmic proteins from the
neutrophilic granules that are extruded into the extracellular
environment when neutrophils undergo NETosis, a dynamic cell
death program of neutrophils responsible for NET formation
(3). The pathogens get trapped into the physical barrier
of NETs and can be disarmed and killed extracellularly (4,
5). DNA is a major structural component of NETs. Using
immunofluorescence analysis, it emerges that NETs contain
components with bactericidal activities from primary granules
(6, 7) such as neutrophil elastase (NE), cathepsin G, and
myeloperoxidase (MPO), as well as proteins from secondary
and tertiary granules, such as lactoferrin and gelatinase. NET
formation is considered a beneficial neutrophil response with the
main aim of controlling the invading of infective microorganisms
(8); however, this dysregulation can be harmful to the host
(9). The antimicrobial function of neutrophils has long been
considered the unique role of these cells, defined as fixed pre-
programmed immune cells; however, in the last decade, their
extensive plasticity functions have been proposed (10–13).

Indeed, neutrophils have emerged as important mediators
between the innate and adaptive immune systems, as
demonstrated by a number of cytokines and chemokines secreted
that affect the immune response during an inflammatory process
(14, 15). Moreover, they have a central role in tissue remodeling
and in homeostasis maintenance by disposing of apoptotic cells
and phagocytosing foreign particles (16, 17). The understanding
of the new emerging role of neutrophils, at the crossroads of
innate and adaptive immunity, could be strategical when animals
are exposed to stress condition, such as transition period or
heat stress, being more vulnerable to immunosuppression due
to change in the metabolic, physiological, and immunological
state. It has been demonstrated that immediately post-calving,
about 30–50% of the cows experienced health disorders
(18). In particular, the negative energy balance (NEB) status
around calving is considered a major contributing factor to
periparturient immune dysfunction caused also by the increased
plasma non-esterified fatty acid (NEFA) concentrations due to
the lipid mobilization (19). Furthermore, in parturient cows,
reduced neutrophil adhesion, migration, and phagocytosis-
induced respiratory burst activities are observed (20). A
diagnostic tool that measures the total number of blood
neutrophils, the proportion of immature neutrophils along
with an alteration in the genes involved in neutrophil adhesion,
chemotaxis, and phagocytosis on the day of calving succeeded in
monitoring the health status of dairy cattle (21–24).

It is worth noting that a well-balanced diet is strictly
required for healthy and highly productive cows. Indeed, dietary
supplementation with antioxidants, including vitamins, and

trace minerals, may represent a very attractive strategy for
boosting the immunity of dairy cattle during immunosuppressive
conditions. A latest sustainable alternative has been represented
by the utilization of byproducts in animal nutrition, which
concomitantly decrease the feed costs and valorize a waste
biomass; this last concept is a key point in the European Union’s
2020 Environment Action Programme about waste management,
recycling, and reuse (25). Olive pomace has been tested in dairy
ruminant species, without any significant contribution to milk
production (26–29) and growth rate (30–32). However, stoned
olive cake results in a significant increase in the unsaturated fatty
acids/saturated fatty acids (UFAs/SFAs) ratio and in the oleic acid
(OA) content and a decrease in atherogenic and thrombogenic
indices in ewes’ milk (33, 34). The role of fatty acids n-3
supplementation into the diet was found out to be capable
of modulating the functional properties of lymphocytes and
mononuclear cells in transition ruminants (35, 36). Moreover,
supplementing cows during the transition period with n-6 fatty
acids resulted in better acute phase responses and enhanced
neutrophil function (37).

At present, no studies evaluated the role of dietary olive
pomace (OP) supplementation of dairy cows on neutrophil
function. Therefore, the aim of this study was to assess the ex vivo
antimicrobial activity of NETosis andmyeloperoxidase activity of
peripheral neutrophils isolated by cows fed with olive pomace.

MATERIALS AND METHODS

Animals
Sixteen dairy cows were assigned to two isoenergetic and
isonitrogenous feeding regimens.

The control group (CON) was fed with 8 kg/cow daily of
pelleted concentrate, whereas the OP group received 8 kg/cow
daily of pelleted concentrate with the inclusion of 6% of olive
pomace. The average parity of the cows was 3.67 ± 1.5 for CON
and 3.67 ± 1.9 for OP (mean ± standard deviation), the milk
yield was 24.3 ± 4.5 kg d−1 for CON and 24.9 ± 1. 7 kg d−1 for
OP, the number of days in milk was 109± 83.5 for CON and 196
± 51 for OP, and the body weight was 647± 44.3 kg for CON and
675± 70.7 kg for OP. All groups were individually fed twice daily
and received 12 kg/cow daily of oat hay and were kept in free-
stall housing condition. The experiment lasted for 30 days. Water
was offered ad libitum. Dry matter (DM), ash, ether extract (EE),
and crude protein (CP) were determined as described by AOAC
International (38). Briefly, the CON diet contained 16.1% CP,
3.1% EE, and 6.80% of ash, while the OP diet contained 15.4% CP,
3.19% ether extract, and 7.02% of ash (calculated on a DM basis,
93.48% for CON group and 93.52% of OP). The palatability of the
diet was assessed by the evaluation of the refusal and the study
of feces consistency; both parameters were not affected by the
diet. Milk yield and composition were determined throughout
the experiment; on average, milk yield was 20.97 kg/day for the
OP group and 20.85 kg/day for the CON group. Furthermore,
milk composition was, on average, characterized by 3.23 ± 0.48
of fat, 2.98 ± 0.29 of protein, and 2.31 ± 0.19 of casein content
in the OP group, whereas by 3.07 ± 0.51 of fat, 3.04 ± 0.25 of
protein, and 2.33± 0.18 of casein content in the CON group.
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A representative sample of feed supplementation was
collected for FA analysis of feed by the determination of methyl
esters according to O’Fallon et al. (39). Briefly, 1 g of each
sample was pipetted into a screw-cap (16 × 25mm) reaction
tube. Into each tube, 1.0mL of the C13:0 internal standard
(0.5mg of C13:0/mL of methanol), 0.7mL of KOH, and 5.3mL
of methanol were added during incubation at 55◦C for 1.5 h,
and the tubes were inverted to mix for 5 s every 20min. After
cooling the tubes in a cold water bath, 3mL of hexane was added
to each tube and mixed by vortex for 5min. The tubes were
centrifuged at room temperature for 5min at 500 × g; then
1mL of supernatant was taken from each tube, transferred into
vials, and stored at −20◦C for analysis by GC. Fatty acid profiles
were quantified using a GC (6890N; Agilent Technologies, Santa
Clara, CA) equipped with a flame-ionization detector. Helium
was the carrier gas, the gas flow rate was 0.8 mL/min, and the
column head pressure was 175 kPa. The oven temperature (40)
was initially held at 70◦C for 4min and then programmed to
increase at 13◦C/min to 175◦C and then held isothermally for
45min. The column used was a capillary column (HP88; 100m
× 0.24mm i.d., 0.20-µm film thickness, Agilent Technologies).
Concentrations of FAME were analyzed utilizing a calibration
curve with a mixture of standards of 50 FA (GLC Reference
standard 674, Nu-Chek Prep Inc., Elysian, MN) with added CLA
standards: C18:2 trans-8, cis-10; C18:2 cis-9, trans-11; C18:2 cis-
11, trans-13; C18:2 trans-9, cis-11; C18:2 cis-8, cis-10; C18:2 cis-
9, cis-11; C18:2 trans-10, cis-12; C18:2 trans-8, trans-10; C18:2
trans-9, trans-11; C18:2 trans-10, trans-12; and C18:2 trans-11,
trans-13 (GLCReference standardUC-59M,Nu-Chek Prep Inc.).
All procedures were conducted according to the guidelines of
EU Directive 2010/63/EU (41) on the protection of animals
used for experimental and other scientific purposes. Dairy cows
were healthy, and their conditions were carefully examined by
veterinarians throughout the trial to exclude the presence of
signs of diseases.

Blood Samples and Peripheral Neutrophil
Isolation
Blood samples from animals at 30 days of the experiment
were collected from the jugular vein into sterile vacuum tubes
containing heparin (Becton Dickinson). All experiments were
performed using peripheral neutrophils obtained from 16 dairy
cows (n= 8 for the OP group and n= 8 for the CON group).

Briefly, whole blood was diluted 1:1 with cold PBS and slowly
layered on the Histopaque R©-1077 solution (10mL). The tubes
were centrifuged at 1,500 g for 30min at 20◦C; the buffy coat
containing the PBMCs was discarded. The remaining cells were
treated with lysis buffer represented by cold NaCl (0.2% in PBS),
according to Baien et al. (42), with some modifications, in order
to remove red blood cells. After 30 s of gentling inversion mixing,
20mL of cold NaCl (1.6% in PBS) was added followed by gentling
mixing with inversion for 5 s and centrifuged for 8min at 500 g at
room temperature (RT). The lysis step was repeated two times
or until a clear neutrophil pellet was obtained. After the final
wash, the pellet was resuspended in 1mL of RPMI 1640 without
phenol red, and neutrophil concentrations were measured using

the trypan blue exclusion method on a CountessTM II Automated
Cell Counter (Thermo Fisher).

Immediately after isolation, 5 × 105 cells/100 µl were stained
with 5µl of FITC-labeled antibody against CD11b and incubated
for 30min in the dark at room temperature. Cells were washed
twice with 1 × PBS and centrifuged at 200 × g 4◦C for 10min.
Finally, the pellet was resuspended in 200 µl of PBS, and 5 µl
of 7-AAD Viability Staining Solution (Exbio) was added and
incubated for 10min at room temperature in the dark. The
positive dead control cells were represented by cells treated with
100 µl buffer containing 0.2% Triton X-100 (Sigma Aldrich)
and 2% BSA in PBS (Sigma Aldrich). Unstained cells were
used as 7-AAD and CD11b negative control. Threshold was
adjusted to unstained cells to remove background (i.e., noise).
The acquisition volume was set to 50 µl (total draw volume 100
µl), the acquisition speed was set to 100 µl/min, and a total of
10,000 events were recorded. CD11b and 7-AAD fluorescence
was collected in the BL1 (530/30) and BL3 (695/40) channels,
respectively. Cells were analyzed by Attune NxT Flow Cytometer
(Thermo Fisher). For the determination of living and dead cells,
gates were set with regards to the dead control and the unstained
control (live cells). The positive CD11b cells had about >98%
of purity (Figure 1), whereas the viable CD11b+ (CD11b+/7-
AAD−) cells had about 84% (Supplementary Figure 1).

Immunofluorescence Staining of NETs
Isolated neutrophils (5 × 105 cells) from each experimental
group (OP and CON) were seeded in 48-well plates (FalconTM

tissue culture treated) and allowed to adhere for 30min at 37◦C.
Cells were stimulated or not with PMA 50 ng/ml for up to 3 h.
After stimulation, supernatants were discarded, and cells were
washed twice with PBS and fixed in 4% paraformaldehyde for
15min at RT. Cells were washed twice with BSA 3%/PBS. For
the permeabilization step, 500 µl of Triton-x 0.5% in PBS was
added, and the plate was incubated for 20min at RT. The fixing

FIGURE 1 | Percentages of viable peripheral neutrophils after isolation. Cells

were stained with CD11b as the neutrophil marker and 7-AAD as the viable

dye. CD11b and 7-AAD fluorescence was collected in the BL1 (530/30) and

BL3 (695/40) channels, respectively.
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solution was removed, and cells were washed two times with BSA
3%. Then, the plates were blocked with BSA 3% for 1 h to prevent
non-specific binding and washed with PBS. To detect histone
and MPO, each well was incubated with 5 µl (400 µl) Histone-
H1 Polyclonal Antibody (Invitrogen) and 5 µl of Anti-Human
Myeloperoxidase (MPO)-FITC overnight at 4◦C. On the next
day, the plate was washed twice with BSA 3%/PBS, then 500 µl
of Goat anti-Rabbit IgG (H+L) Alexa Fluor plus 594 conjugated
(Invitrogen, 1/1,000), as secondary antibody for Histone-H1,
and Hoechst 33342 for nuclei detection (5µg/mL) was added
for 1 h at RT. Finally, the plate was washed with PBS and
imaged on the Life Technologies EVOSTM XL Imaging System
(Milan, Italy). The nucleus or DNA was detected in the DAPI
channel, theMPO in the GFP channel, and the Histone-H1 in the
Texas red channel.

Measurement of NE-DNA Complexes
Produced by NETosis
Isolated neutrophils (5× 105 cells) from each experimental group
(OP and CON) were seeded in 48-well plates (FalconTM tissue
culture treated) and allowed to adhere for 30min at 37◦C. Cells
were stimulated or not with PMA 50 ng/mL for up to 3 h. At
37◦C, NE-DNA complexes weremeasured using a NETosis Assay
Kit (Cayman Chemical, Ann Arbor, MI, USA). Briefly, unbound
NE in the supernatant was discarded following NET generation.
After adding S7 nuclease, the soluble elastase was dissociated
from NET-associated DNA and then added to a substrate; this
was selectively cleaved by elastase to yield a 4-nitroaniline, which
absorbs light at 405 nm.

Myeloperoxidase Activity Assay
Isolated neutrophils (5 × 105 cells) from each experimental
group (OP and CON) were seeded in 48-well plates (FalconTM

tissue culture treated) and allowed to adhere for 30min at 37◦C
following stimulation or not with PMA 50 ng/mL for up to 3 h at
37◦C as a positive control of NET formation. Neutrophils were
lysed by multiple freeze-thaw cycles, and the neutrophil extracts
were collected after centrifugation at 12,000 rpm for 15min at
4◦C. The MPO enzyme is responsible for antimicrobial activity
and expressed in stimulated neutrophils, where it catalyzes
the production of hypoalous acids, such as hypochlorous acid
(HOCl), from hydrogen peroxide (H2O2) and chloride ion (Cl

−),
or other halides. The MPO activity was determined in neutrophil
extracts using a commercial kit (Cell Biolabs, USA), according
to the manufacturer’s instructions. Briefly, the neutrophils were
incubated with 1mM hydrogen peroxide (H2O2) for 30min
at room temperature. A catalase-containing stop solution and
chromogen were added. The absorbance was then measured
at 405 nm.

Statistical Analysis
Data were checked for normality test and analyzed with the
MIXED ANOVA model of SAS (43). The model included the
fixed effects of in vitro treatment (PMA), the feeding strategy
(CON andOP), and their interaction. Animals are included in the
model as a random effect. The significance of the differences was
assessed using Tukey post-hoc-test for multiple comparisons, and

a P-value of < 0.05 was considered statistically significant. P <

0.10 was considered a tendency. Data were presented as mean ±

SEM. Data on the fatty acids profile of the experimental diet were
analyzed using one-way ANOVA of SAS (43). The significance of
the differences was assessed by the Tukey-test. Significance was
declared at P < 0.05. Pearson correlation analysis was performed
to correlate the levels of NE-DNA complexes and MPO activity.
Immunofluorescence staining of NETs of single cell staining was
analyzed using Image J (National Institute of Health, Bethesda,
MD, United States) as described previously (44). Area, integrated
density, and mean gray value were collected. In order to
calculate the corrected total cell fluorescence (CTCF), the mean
fluorescence of background was collected using areas without
fluorescence adjacent to cells. The equation applied was CTCF
= integrated density− (area of selected cell×mean fluorescence
of background). Data from immunofluorescence of NETs were
analyzed by ANOVA using Turkey’s post-hoc-test for multiple
comparisons using the GraphPad Prism 7 software (GraphPad
Software, La Jolla, CA, United States). Results were expressed as
mean± SEM.

RESULTS

Fatty Acids Profiles of Experimental Diets
The FA profile of experimental diets is shown in Table 1. Palmitic
acid (C16:0), stearic acid (C18:0), and saturated fatty acids (SFA)
were higher in the CON diet than in the OP diet. As expected, the
most abundant FAs in OPwere oleic acid (C18:1 cis9) and linoleic
acid (C18:2 c9c12). Moreover, the OP diet resulted in a major
proportion of monounsaturated fatty acids (MUFA), P/S, and
polyunsaturated fatty acids n6 as compared with the CON diet.

TABLE 1 | Fatty acids profile of the CON and OP diets.

Dieta P-value

Fatty acids, g/100g of FAME CON OP SEM

C16:0 40.88 31.47 0.39 0.002

C18:0 4.51 3.95 0.01 0.016

C18:1c9 28.06 32.83 0.16 0.009

C18:2c9c12 12.77 14.10 0.04 0.001

C18:3n3 0.79 0.76 0.01 0.870

SFA 50.32 40.52 0.38 0.002

MUFA 29.76 37.26 0.21 0.001

PUFA 19.92 22.22 0.58 0.058

P/S 0.40 0.55 0.01 0.009

n6 17.90 19.85 0.14 0.006

n3 1.67 1.88 0.11 0.207

aDiet=CON, control diet based on pelleted concentrate: maize (20%), dehusked soybean

meal (16%), wheat bran (15.3%), millings wheat (15%), sunflower seed meal (12%), flaked

corn (10%), sugar beet pulp (6%), mineral and vitamin mix (4.7%), and sucrose (1%); OP

= experimental diet based on pelleted concentrate with inclusion of 6% of olive pomace:

maize (21.14%), millings wheat (20%), dehusked soybean meal (18%), flaked corn (10%),

sunflower seed meal (10%), wheat bran (6.7%), olive pomace (6%), sugar beet pulp (3%),

mineral and vitamin mix (4.16%), and sucrose (1%). Data were presented as least squares

means ± standard error mean.
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The Levels of NE-DNA Complexes
Produced by NETosis
The levels of NE-DNA complexes produced by NETotic
neutrophils were significantly affected by in vitro PMA
stimulation (P = 0.0311); a tendency for both the feeding
strategy (P = 0.0683) and the interaction between in vitro
PMA stimulation and the feeding strategy (P = 0.0978)
was registered. In Figure 2, the OP NETotic neutrophils in
vitro, with no stimulation by PMA, showed the lowest level
of NE-DNA complexes. The CON NETotic neutrophils did

FIGURE 2 | Mean ± SEM of NE-DNA complexes (mU/mL) produced by

NETotic neutrophils evaluated using the NETosis Assay Kit. Cells (5 × 105

cells) from each experimental group (OP and CON n = 8 for each) were

seeded in 48-well plates and allowed to adhere for 30min at 37◦C. Cells were

stimulated or not with PMA 50ng/mL for up to 3 h at 37◦C.

FIGURE 3 | Mean ± SEM of MPO activity (U/mL) of neutrophils. Cells (5 ×

105 cells) from each experimental group (OP and CON n = 8 for each) were

seeded in 48-well plates and allowed to adhere for 30min at 37◦C following

stimulation or not with PMA 50ng/mL for up to 3 h at 37◦C. The antimicrobial

activity of MPO was determined indirectly by catalysis of the production of

hypoalous acids, such as hypochlorous acid (HOCl), from hydrogen peroxide

(H2O2) and chloride ion (Cl−).

not alter their level of NE-DNA complexes after in vitro
PMA stimulation (9.55 ± 1.34 vs. 10.63 ± 1.34); on the
contrary, OP NETotic neutrophils significantly increased their
level of NE-DNA complexes after in vitro PMA stimulation
(2.75± 1.34 vs. 10.27± 1.34).

Intracellular ROS Generation Controlled by
Myeloperoxidase Activity
The MPO activity was not affected by the feeding strategy
(P = 0.1270) and the interaction between in vitro PMA
stimulation and the feeding strategy (P = 0.4385, Figure 3).
However, PMA stimulation significantly increased the
MPO activity (P = 0.0311). Furthermore, a positive
correlation was found in OP neutrophils between the
NE-DNA complexes produced by NETosis and MPO
activity (P = 0.008, r = 0.97).

FIGURE 4 | Mean of corrected total cell fluorescence (CTCF) = integrated

density—(area of selected cell × mean fluorescence of background) ± of each

experimental group (OP and CON, n = 4 for each) calculated using Image J

software of (A) DNA, (B) MPO, and (C) Histone-H1 images. The mean

fluorescence of the background was collected using areas without

fluorescence adjacent to cells.
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Immunofluorescence Staining of NETs
To assess NETosis, neutrophils were stained with Anti-Human
MPO, Histone-H1, and DAPI after in vitro PMA stimulation
in order to depict a concomitant peptidylarginine deiminase
4 (PAD4)-dependent citrullination of histones that induces
decondensation of DNA resulting in a mixture of DNA and
bactericidal proteins, including MPO and NE, which are
contained originally in intracytoplasmic granules. The images
were collected and analyzed using ImageJ software as described in
the methods. Data on CTCF did not show a significant difference
in NETs between the CON and OP groups and after in vitro PMA
stimulation (Figure 4). However, the images related to CRCF
revealed a lower NET activation in the CON group after in vitro
PMA stimulation (Figure 5).

DISCUSSION

In the present study, the response of peripheral neutrophils was
investigated by an ex vivo trial focusing on the NET formation
and MPO activity from in vivo dairy cows fed with olive pomace.
Our results demonstrated that supplementing diet with OP (6%)
supports the NETotic response of peripheral neutrophils when
activated with PMA stimulation; on the contrary, the CON
diet showed a pre-activated peripheral neutrophil without an
additional response after PMA stimulation.

Ruminant farming has been threatened and impacted recently
as a result of lacking knowledge on invading pathogens and
host responses. One of the main contributing factors to health
disorders is the uncontrolled inflammation activated by an
altered bovine immune mechanism. These disorders are on the
basis of several economically important infectious and metabolic
diseases including mastitis, retained placenta, metritis, displaced
abomasum, and ketosis (19). During inflammatory cascade, a
complex biological response of both cellular, such as an increased
movement of leukocytes and plasma components from the
blood into inflamed tissues, and soluble factors, such as local
antimicrobial factors, occurs (45, 46). The objective of host
inflammatory responses is firstly removing the cause of tissue
injury, restoring immune homeostasis, and returning tissues to
normal function. The first cell type recognized during the early
stage of inflammation are neutrophils, which are involved in
adhering to the local endothelium more proximate to the site
of infection. Neutrophils’ migration occurs very rapidly, and
their number increased within affected tissues as soon as 30–
60min following injury (47). Bovine neutrophils accounted for
only 25% of total blood leukocyte numbers; however, it has
been stated that mature lactating Holstein cows have a pool
of more than 100 billion circulating neutrophils (48). It is
interesting that the nature of neutrophil populations responding
to a particular mammary stimulus depends on the intensity of
the stimulus and the strength of the chemotactic agent (49). Once
neutrophils became activated, they can generate NETs consisting
of a network of fibers composed of chromatin and serine
proteases, which are involved in trapping and killing bacteria.
It has been found that after in vitro PMA stimulation, human
neutrophils experience morphological changes among which

include chromatin decondensation, loss of nuclear envelope,
mixing of nuclear contents and cytoplasmic granular proteins,
loss of membrane integrity, and release of cell free DNA (cfDNA)
(3). Moreover, studies in murine, human, and canine neutrophils
established that, during NETosis, the release of histones and
DNA is activated by histone post-translational modification
(50–52). In particular, histone citrullination, catalyzed by the
enzyme peptidylarginine deiminase 4 (PAD4), causes the loss of
positive charge of histones, which, in turn, destroys electrostatic
interactions between DNA and histones causing chromatin
decondensation and release of cfDNA during NETosis (53–
55). Using immunofluorescence imaging, studies confirmed the
presence of histone proteins on the NETs, including the core
histones (H2A, H2B, H3, H4), linker Histone-H1, and the H2A–
H2B–DNA complex (56). In a study by Papayannopoulos et al.
(57), they suggested that H1 may have to be degraded first to
allow for the subsequent degradation of core histones; indeed,
when nuclei was pre-treated or coincubated with H1, MPO
failed to partition with the nuclear fraction, which indicates that
chromatin is the primary binding site of MPO in vitro. Therefore,
NE and MPO require access to the core histones to degrade them
and induce decondensation.

In the present study, the NETosis was evaluated using
two different techniques: the ELISA and immunofluorescence
imaging. In the first, the NE-DNA complexes were evaluated;
in the second, the NETosis was checked by a colocalization
of DNA, Histone-H1, and MPO in granules of neutrophils,
aimed at a better understanding of this phenomenon. Data
from both analyses suggested that OP dietary supplementation
sustains neutrophil response after PMA stimulation. Conversely,
neutrophils from the CON diet did not respond after PMA
stimulation, being in a kind of pre-activated state, supporting
the hypothesis of an impairment of neutrophil immune response
with an increase in exposition to disease.

Bovine neutrophils actively participate in the inflammatory
process of mastitis being responsible for the production of
a wide variety of neutrophil β-defensins to fight invasive
pathogens (58). Nevertheless, these antimicrobial molecules also
damage the fragile inner layer of the mammary gland leading
to a permanent tissue damage and decreasing the mammary
epithelial cell participation in lactation. The MPO enzyme is
produced in neutrophil primary granules that, in a system with
hydrogen peroxide and halide, trigger an antimicrobial effect
oxygen-dependent on pathogens both at the extracellular and
intracellular levels (59). The quantitative analysis of MPO in
milk can be used as a diagnostic marker to detect intramammary
infections in dairy cattle (60). Results from the present study
demonstrated that PMA stimulation increased the MPO activity
of neutrophils as a result of their enhanced antimicrobial role
when supplementation with OP was offered to cows.

Recently, a great number of therapies for livestock diseases
have been promoted starting from natural byproducts, among
which phytochemicals have attracted scientific attention for
their anti-inflammatory activity and modulatory biological
responses, principally orientated to treat or prevent microbial
invasion as alternatives to antibiotics (61–63). In vitro co-
cultured neutrophils with cold pressed terpene less Valencia
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FIGURE 5 | Imaging of neutrophils from the OP group (n = 4) (A) and from the CON group (n = 4) (B). Cells (5 × 105 cells) were seeded in 48-well plates and allowed

to adhere for 30min at 37◦C. Cells were stimulated or not with PMA 50ng/mL for up to 3 h. Cells were fixed in 4% paraformaldehyde for 15min at RT and then

permeabilized with 500 µl of Triton-x 0.5% in PBS for 20min at RT. To detect Histone-H1 and MPO, each well was incubated with 5 µl (400 µl) Histone-H1 Polyclonal

Antibody (Invitrogen) and 5 µl of Anti-Human Myeloperoxidase (MPO)-FITC overnight at 4◦C. On the next day, the plate was washed twice with BSA 3%/PBS, then

500 µl of Goat anti-Rabbit IgG (H+L) Alexa Fluor plus 594 conjugated, as secondary antibody for Histone-H1, and Hoechst 33342 for nuclei detection. The plate

imaged on Life Technologies EVOSTM XL Imaging System (Milan, Italy). The nucleus was detected by the DAPI channel, the MPO in the GFP channel, and the

Histone-H1 in the Texas red channel.

orange oil increased their chemotaxis without altering their
phagocytic ability and expressing a downregulation of pro-
inflammatory immune response, resulting in the inhibition
of bacterial growth without negatively altering the neutrophil
function (64). Moreover, butyric acid, a short-chain fatty
acid (SCFA), was found to exert potent anti-inflammatory
action, activating neutrophils, inducing platelet activating
factor (PAF), increasing CD63 expression, producing the
release of matrix metalloproteinase-9 (MMP-9) and lactoferrin,
and activating NET formation (65). Studies on SCFA-based

pathways demonstrated that the production of SCFA is
involved in subacute rumen acidosis and the activation of
the inflammatory response (66). Similarly, NEFAs, among
which OA is the principal released during lipomobilization
at the time of calving in cows (67), have been suggested to
have a potential role in innate immune responses or in the
inflammatory process at parturition, when cows experience
higher risk of contracting infectious diseases (68). In particular,
OA was found to activate the bovine PMN responses in
vitro by inducing intracellular calcium mobilization, MAPK
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phosphorylation, superoxide production, and release of granules
containing CD11b and MMP-9 (69–71). Accordingly, our results
demonstrated that OP dietary supplementation succeeded in
making neutrophils more reactive to PMA activation by inducing
NET formation and increasing the MPO activity. These results
were confirmed by the positive correlation found between NE-
DNA complexes produced during NETosis and intracellular
H2O2 controlled by MPO activity, and were probably due
to the major content of OA in the OP diet found in the
present study. Neofytou et al. (72), supplementing cows with
10% of ensiled olive cake, with a level of OA of about 30%
of the dietary lipids, observed a reduction of medium-chain
FA concentration and increased long-chain FA (LCFA) levels
in cow’s milk (72). The direct transfer between blood to milk
constituent (73) could suggest that OA from the diet could
have represented a suitable energy source to initiate an effective
neutrophil response. In support of this hypothesis, previous
studies demonstrated that n-3 FA supplementation of dairy cows
exposed to high ambient temperatures attenuated the alterations
of lymphocyte proliferation during negative energy balance and
enhanced immune responses (74, 75).

CONCLUSIONS

Data from the present study demonstrated that supplementation
of 6% OP in the diet of dairy cow supports the NETosis after
PMA stimulation with a concomitant increase in the MPO
activity. These findings were corroborated by the colocalization
of citrullination of Histone-H1 and MPO expression of
neutrophils by immunofluorescence imaging. A comprehensive
understanding of the linkages between potentiality of nutrients
and the first line of cellular immunity defense will be
useful in planning nutritional regimes and reduce disease
susceptibility in lactating cows. At present, the crucial role of
neutrophils has emerged in both antimicrobial and the newest
immunomodulatory properties at the crossroad of innate and
adaptive immunity. Studies on bovine neutrophils are needed
to better understand the mechanisms of their modulation
and regulatory function pointed out to control various health
disorders at the time of immunosuppression as a diagnostic tool
for improving the productivity of dairy cows.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by Ethics
Committee for animal testing–CES, University of Foggia.

AUTHOR CONTRIBUTIONS

MC and MGC were involved in the original design of the study.
SC was responsible for the on-farm trial. MGC was responsible
for analytical procedures, RM and AS analyzed the data, and
MC, MGC, andMA wrote the manuscript. All authors have read,
revised critically, approved the final version of the manuscript,
and contributed to the preparation of the manuscript.

FUNDING

The authors declare that this study received funding from
MISE—A valere sulle risorse previste dal Decreto del
ministro dello sviluppo economico 1 giugno 2016 Horizon
2020–PON 2014/2020 con Decreto di Concessione n.
943 del 23/3/2018. The funder was not involved in the
study design, collection, analysis, interpretation of data,
the writing of this article, or the decision to submit it
for publication.

ACKNOWLEDGMENTS

We would like to thank the CREA-ZA Researcher Annicchiarico
Giovanni for his technical and scientific support, which pre-
maturely ended during the COVID-19 pandemic.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fvets.
2021.626314/full#supplementary-material

REFERENCES

1. Kolaczkowska E, Kubes P. Neutrophil recruitment and function in health and

inflammation. Nat Rev Immunol. (2013) 13:159–75. doi: 10.1038/nri3399

2. Nauseef WM, Borregaard N. Neutrophils at work. Nat Immunol. (2014)

15:602–11. doi: 10.1038/ni.2921

3. Fuchs TA, Abed U, Goosmann C, Hurwitz R, Schulze I, Wahn V, et al. Novel

cell death program leads to neutrophil extracellular traps. J Cell Biol. (2007)

176:231–41. doi: 10.1083/jcb.200606027

4. Brinkmann V, Zychlinsky A. Beneficial suicide: why neutrophils die to make

NETs. Nat Rev Microbiol. (2007) 5:577–82. doi: 10.1038/nrmicro1710

5. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS,

et al. Neutrophil extracellular traps kill bacteria. Science. (2004) 303:1532–

5. doi: 10.1126/science.1092385

6. Bainton DF. Distinct granule populations in human neutrophils and

lysosomal organelles identified by immuno-electron microscopy. J Immunol

Methods. (1999) 232:153–68. doi: 10.1016/S0022-1759(99)00173-8

7. Borregaard N, Cowland JB. Granules of the human neutrophilic

polymorphonuclear leukocyte. Blood J Am Soc Hematol. (1997) 89,

3503–3521 doi: 10.1182/blood.V89.10.3503

8. Papayannopoulos V, Zychlinsky A. NETs: a new strategy for using old

weapons. Trends Immunol. (2009) 30:513–21. doi: 10.1016/j.it.2009.07.011

9. Sollberger G, Tilley DO, Zychlinsky A. Neutrophil extracellular traps:

the biology of chromatin externalization. Dev Cell. (2018) 44:542–

53. doi: 10.1016/j.devcel.2018.01.019

10. Perobelli SM, Galvani RG, Gonçalves-Silva T, Xavier CR, Nóbrega A, Bonomo

A. Plasticity of neutrophils reveals modulatory capacity. Braz J Med Biol Res.

(2015) 48:665–75. doi: 10.1590/1414-431x20154524

Frontiers in Veterinary Science | www.frontiersin.org 8 April 2021 | Volume 8 | Article 626314

https://www.frontiersin.org/articles/10.3389/fvets.2021.626314/full#supplementary-material
https://doi.org/10.1038/nri3399
https://doi.org/10.1038/ni.2921
https://doi.org/10.1083/jcb.200606027
https://doi.org/10.1038/nrmicro1710
https://doi.org/10.1126/science.1092385
https://doi.org/10.1016/S0022-1759(99)00173-8
https://doi.org/10.1182/blood.V89.10.3503
https://doi.org/10.1016/j.it.2009.07.011
https://doi.org/10.1016/j.devcel.2018.01.019
https://doi.org/10.1590/1414-431x20154524
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Ciliberti et al. Olive Pomace Influences Bovine NETosis

11. Sagiv JY, Michaeli J, Assi S, Mishalian I, Kisos H, Levy L, et al. Phenotypic

diversity and plasticity in circulating neutrophil subpopulations in cancer.Cell

Rep. (2015) 10:562–73. doi: 10.1016/j.celrep.2014.12.039

12. de Oliveira S, Rosowski EE, Huttenlocher A. Neutrophil migration in

infection and wound repair: going forward in reverse. Nat Rev Immunol.

(2016) 16:378–91. doi: 10.1038/nri.2016.49

13. Selders GS, Fetz AE, Radic MZ, Bowlin GL. An overview of the role

of neutrophils in innate immunity, inflammation and host- biomaterial

integration. Regen Biomater. (2017) 4:55–68. doi: 10.1093/rb/rbw041

14. Cassatella MA. The production of cytokines by

polymorphonuclear neutrophils. Immunol Today. (1995) 16:21–

6. doi: 10.1016/0167-5699(95)80066-2

15. Sohn EJ, Paape MJ, Connor EE, Bannerman DD, Fetterer RH, Peters

RR. Bacterial lipopolysaccharide stimulates bovine neutrophil production

of TNF-alpha, IL-1beta, IL-12 and IFN-gamma. Vet Res. (2007) 38:809–

18. doi: 10.1051/vetres:2007033

16. Shirasuna K, Shimizu T, Matsui M, Miyamoto A. Emerging roles of

immune cells in luteal angiogenesis. Reprod Fertil Dev. (2012) 25:351–

61. doi: 10.1071/RD12096

17. Shirasuna K,Miyamoto A. Immune cells and their effects on the bovine corpus

luteum. In: Meidan R, editor. The Life Cycle of the Corpus Luteum. Springer:

Cham (2017). p. 99–116.

18. LeBlanc S.Monitoringmetabolic health of dairy cattle in the transition period.

J Reprod Dev. (2010) 56:29–35. doi: 10.1262/jrd.1056S29

19. Sordillo LM. Nutritional strategies to optimize dairy cattle immunity. J Dairy

Sci. (2016) 99:4967–82. doi: 10.3168/jds.2015-10354

20. Burton JL, Erskine RJ. Immunity and mastitis some new

ideas for an old disease. Vet Clin Food Anim Pract. (2003)

19:1–45. doi: 10.1016/S0749-0720(02)00073-7

21. Alhussien M, Manjari P, Sheikh AA, Seman SM, Reddi S, Mohanty AK,

et al. Immunological attributes of blood and milk neutrophils isolated from

crossbred cows during different physio- logical conditions. Czech J Anim Sci.

(2016) 61:223–31. doi: 10.17221/63/2015-CJAS

22. Pathak R, Prasad S, Kumaresan A, Kaur M, Manimaran A, Dang

AK. Alterations in cortisol concentrations and expression of certain

genes associated with neutrophil functions in cows developing

retention of fetal membranes. Vet Immunol Immunopathol. (2015)

168:164–8. doi: 10.1016/j.vetimm.2015.09.003

23. Dang AK, Kapila S, Singh C, Sehgal JP. Milk differential cell counts

and compositional changes in cows during different physiological stages.

Milchwissenschaft. (2008) 63:239–42.

24. Dang AK, Mukherjee J, Kapila S, Mohanty AK, Kapila R, Prasad S. In vitro

phagocytic activity of milk neutrophils during lactation cycle in Murrah

buffaloes of different parity. J Anim Physiol Anim Nutr. (2010) 94:706–

11. doi: 10.1111/j.1439-0396.2010.01013.x

25. European Union. A General Union Environment Action Programme to

2020 “Living well, within the limits of our planet”. Off J Eur Union.

(2013) L354:171–200. doi: 10.2779/57220

26. Terramoccia S, Bartocci S, Taticchi A, Di Giovanni S, Pauselli M, Mourvaki E,

et al. Use of dried stoned olive pomace in the feeding of lactating buffaloes:

effect on the quantity and quality of the milk produced. Asian-Australas J

Anim Sci. (2013) 26:971–80. doi: 10.5713/ajas.2012.12627

27. Zilio DM, Bartocci S, Di Giovanni S, Servili M, Chiariotti A, Terramoccia

S. Evaluation of dried stoned olive pomace as supplementation for lactating

Holstein cattle: effect on milk production and quality. Anim Prod Sci. (2014)

55:185–8. doi: 10.1071/AN14254

28. Cibik M, Keles G. Effect of stoned olive cake on milk yield and composition of

dairy cows. Rev Med Vet. (2016) 167:154–8.

29. Castellani F, Vitali A, Bernardi N, Marone E, Palazzo F, Grotta L, et al.

Dietary supplementation with dried olive pomace in dairy cows modifies the

composition of fatty acids and the aromatic profile in milk and related cheese.

J Dairy Sci. (2017) 100:8658–69. doi: 10.3168/jds.2017-12899

30. Owaimer AN, Kraidees MS, Al-saiady M, Zahran S, Abouheif MA.

Effect of feeding olive cake in complete diet on performance and

nutrient utilization of lambs. Asian-Australas J Anim Sci. (2004) 17:491–

6. doi: 10.5713/ajas.2004.491

31. Awawdeh MS, Obeidat BS. Treated olive cake as a non-forage fiber source

for growing Awassi lambs: effects on nutrient intake, rumen and urine pH,

performance, and carcass yield. Asian-Australas J Anim Sci. (2013) 26:661–

7. doi: 10.5713/ajas.2012.12513

32. Mele M, Serra A, Pauselli M, Luciano G, Lanza M, Pennisi P, et al. The

use of stoned olive cake and rolled linseed in the diet of intensively reared

lambs: effect on the intramuscular fatty-acid composition. Animal. (2014)

8:152–62. doi: 10.1017/S1751731113001924

33. Abbeddou S, Rischkowsky B, Richter EK, Hess HD, Kreuzer M. Modification

of milk fatty acid composition by feeding forages and agro-industrial

byproducts from dry areas to Awassi sheep. J Dairy Sci. (2011) 94:4657–

68. doi: 10.3168/jds.2011-4154

34. Vargas-Bello-Pérez E, Vera RR, Aguilar C, Lira R, Peña I, Fernández J. Feeding

olive cake to ewes improves fatty acid profile of milk and cheese. Anim Feed

Sci Technol. (2013) 184:94–9. doi: 10.1016/j.anifeedsci.2013.05.016

35. Lessard M, Gagnon N, Godson DL, Petit HV. Influence of parturition and

diets enriched in n-3 or n-6 polyunsaturated fatty acids on immune response

of dairy cows during the transition period. J Dairy Sci. (2004) 87:2197–

210. doi: 10.3168/jds.S0022-0302(04)70040-5

36. Caroprese M, Ciliberti MG, Albenzio M, Annicchiarico G, Sevi A. Dietary

polyunsaturated fatty acids from flaxseed affect immune responses of dairy

sheep around parturition. Vet Immunol Immunopathol. (2015) 168:56–

60. doi: 10.1016/j.vetimm.2015.08.006

37. Silvestre FT, Carvalho TS, Crawford PC, Santos JE, Staples CR, Jenkins

T, et al. Effects of differential supplementation of fatty acids during the

peripartum and breeding periods of Holstein cows: II. Neutrophil fatty

acids and function, and acute phase proteins. J Dairy Sci. (2011) 94:2285–

301. doi: 10.3168/jds.2010-3371

38. AOAC Methods. Official Methods of Analysis. Washington, DC: Association

of Official Analytical Chemists (2005).

39. O’Fallon JV, Busboom JR, Nelson ML, Gaskins CT. A direct method for fatty

acidmethyl ester synthesis: application to wetmeat tissues, oils, and feedstuffs.

J Anim Sci. (2007) 85:1511–21. doi: 10.2527/jas.2006-491

40. Eulitz K, Yurawecz MP, Sehat N, Fritsche J, Roach JAG, Mossoba MM,

et al. Preparation, separation, and confirmation of eight geometrical cis/trans

conjugated linoleic acid isomers 8,10- through 11,13-18:2. Lipids. (1999)

34:873–7. doi: 10.1007/s11745-999-0435-z

41. European Union. EU Directive 2010/63/EU of 22 September 2010 on the

protection of animals used for scientific purposes. Off J Eur Commun.

(2010) L276:33–79.

42. Baien SH, Langer MN, Heppelmann M, von Köckritz-Blickwede M,

de Buhr N. Comparison between K3EDTA and lithium heparin as

anticoagulant to isolate bovine granulocytes from blood. Front Immunol.

(2018) 9:1570. doi: 10.3389/fimmu.2018.01570

43. SAS Institute. SAS Enterprise Guide: Statistics, Version 6.1 ed. Cary, NC: SAS

Inst. Inc. (2013).

44. Gavet O, Pines J. Progressive activation of CyclinB1-Cdk1 coordinates entry

to mitosis. Dev Cell. (2010) 18:533–43. doi: 10.1016/j.devcel.2010.02.013

45. Aitken SL, Corl CM, Sordillo LM. Immunopathology of mastitis: insights into

disease recognition and resolution. J Mammary Gland Biol Neoplasia. (2011)

16:291–304. doi: 10.1007/s10911-011-9230-4

46. Ryman VE, Packiriswamy N, Sordillo LM. Role of endothelial cells in

bovine mammary gland health and disease. Anim Health Res Rev. (2015)

16:135. doi: 10.1017/S1466252315000158

47. Summers C, Rankin SM, Condliffe AM, Singh N, Peters AM, Chilvers ER.

Neutrophil kinetics in health and disease. Trends Immunol. (2010) 31:318–

24. doi: 10.1016/j.it.2010.05.006

48. Bassel LL, Caswell JL. Bovine neutrophils in health and disease.Cell Tissue Res.

(2018) 371:617–37. doi: 10.1007/s00441-018-2789-y

49. Paape MJ, Bannerman DD, Zhao X, Lee JW. The bovine neutrophil:

structure and function in blood and milk. Vet Res. (2003) 34:597–

627. doi: 10.1051/vetres:2003024

50. Li RHL, Ng G, Tablin F. Lipopolysaccharide-induced neutrophil extracellular

trap formation in canine neutrophils is dependent on histoneH3 citrullination

by peptidylarginine deiminase. Vet Immunol Immunopathol. (2017) 193:29–

37. doi: 10.1016/j.vetimm.2017.10.002

51. Li Y, Liu B, Fukudome EY, Lu J, Chong W, Jin G, et al. Identification

of citrullinated histone H3 as a potential serum protein biomarker in a

lethal model of lipopolysaccharide-induced shock. Surgery. (2011) 150:442–

51. doi: 10.1016/j.surg.2011.07.003

Frontiers in Veterinary Science | www.frontiersin.org 9 April 2021 | Volume 8 | Article 626314

https://doi.org/10.1016/j.celrep.2014.12.039
https://doi.org/10.1038/nri.2016.49
https://doi.org/10.1093/rb/rbw041
https://doi.org/10.1016/0167-5699(95)80066-2
https://doi.org/10.1051/vetres:2007033
https://doi.org/10.1071/RD12096
https://doi.org/10.1262/jrd.1056S29
https://doi.org/10.3168/jds.2015-10354
https://doi.org/10.1016/S0749-0720(02)00073-7
https://doi.org/10.17221/63/2015-CJAS
https://doi.org/10.1016/j.vetimm.2015.09.003
https://doi.org/10.1111/j.1439-0396.2010.01013.x
https://doi.org/10.2779/57220
https://doi.org/10.5713/ajas.2012.12627
https://doi.org/10.1071/AN14254
https://doi.org/10.3168/jds.2017-12899
https://doi.org/10.5713/ajas.2004.491
https://doi.org/10.5713/ajas.2012.12513
https://doi.org/10.1017/S1751731113001924
https://doi.org/10.3168/jds.2011-4154
https://doi.org/10.1016/j.anifeedsci.2013.05.016
https://doi.org/10.3168/jds.S0022-0302(04)70040-5
https://doi.org/10.1016/j.vetimm.2015.08.006
https://doi.org/10.3168/jds.2010-3371
https://doi.org/10.2527/jas.2006-491
https://doi.org/10.1007/s11745-999-0435-z
https://doi.org/10.3389/fimmu.2018.01570
https://doi.org/10.1016/j.devcel.2010.02.013
https://doi.org/10.1007/s10911-011-9230-4
https://doi.org/10.1017/S1466252315000158
https://doi.org/10.1016/j.it.2010.05.006
https://doi.org/10.1007/s00441-018-2789-y
https://doi.org/10.1051/vetres:2003024
https://doi.org/10.1016/j.vetimm.2017.10.002
https://doi.org/10.1016/j.surg.2011.07.003
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Ciliberti et al. Olive Pomace Influences Bovine NETosis

52. Lewis HD, Liddle J, Coote JE, Atkinson SJ, BarkerMD, Bax BD, et al. Inhibition

of PAD4 activity is sufficient to disruptmouse and humanNET formation.Nat

Chem Biol. (2015) 11:189–91. doi: 10.1038/nchembio.1735

53. Wang Y, Li M, Stadler S, Correll S, Li P, Wang D, et al.

Histone hypercitrullination mediates chromatin decondensation

and neutrophil extracellular trap formation. J Cell Biol. (2009)

184:205–13. doi: 10.1083/jcb.200806072

54. Leshner M, Wang S, Lewis C, Zheng H, Chen XA, Santy

L, et al. PAD4 mediated histone hypercitrullination induces

heterochromatin decondensation and chromatin unfolding to form

neutrophil extracellular trap-like structures. Front Immunol. (2012)

3:307. doi: 10.3389/fimmu.2012.00307

55. Rohrbach A, Slade D, Thompson P, Mowen K. Activation of PAD4 in NET

formation. Front Immunol. (2012) 3:360. doi: 10.3389/fimmu.2012.00360

56. Hamam HJ, Palaniyar N. Post-translational modifications in

NETosis and NETs-mediated diseases. Biomolecules. (2019)

9:369. doi: 10.3390/biom9080369

57. Papayannopoulos V, Metzler KD, Hakkim A, Zychlinsky A. Neutrophil

elastase and myeloperoxidase regulate the formation of neutrophil

extracellular traps. J Cell Biol. (2010) 191:677–91. doi: 10.1083/jcb.201006052

58. Roosen S, Exner K, Paul S, Schroder JM, Kalm E, Looft C. Bovine beta-

defensins: identification and characterization of novel bovine beta- defensin

genes and their expression in mammary gland tissue.Mamm Genome. (2004)

15:834–42. doi: 10.1007/s00335-004-2387-z

59. Tobler A, Koeffler HP. Myeloperoxidase: localization, structure and function.

In: Robin, HJ, editor. Blood Cell Biochemistry. Boston, MA: Springer. (1991).

p. 255–88.

60. Cooray R, Bjorck L. Bactericidal activity of the bovine myeloperoxidase

system against bacteria associated with mastitis. Vet Microbiol. (1995) 46:427–

34. doi: 10.1016/0378-1135(95)00048-F

61. Caroprese M, Ciliberti MG, Albenzio M. Application of aromatic plants and

their extracts in dairy animals. In: Florou-Paneri, P, Christaki, E, Giannenas,

I. Feed Additives, Aromatic Plants and Herbs in Animal Nutrition and Health.

London: Academic Press (2019). p. 261–72.

62. Federici F, Fava F, Kalogerakis N, Mantzavinos D. Valorisation of agro-

industrial by-products, effluents and waste: concept, opportunities and the

case of olive mill waste waters. J Chem Technol Biotechnol. (2009) 84:895–

900. doi: 10.1002/jctb.2165

63. Mirzaei-Aghsaghali A, Maheri-Sis N. Nutritive value of some agro-industrial

by-products for ruminants—a review.World J Zool. (2008) 3:40–6.

64. Garcia M, Elsasser TH, Biswas D, Moyes KM. The effect of citrus derived oil

on bovine blood neutrophil function and gene expression in vitro. J Dairy Sci.

(2015) 98:918–26. doi: 10.3168/jds.2014-8450

65. Carretta MD, Hidalgo AI, Burgos J, Opazo L, Castro L, Hidalgo MA, et al.

Butyric acid stimulates bovine neutrophil functions and potentiates the effect

of platelet activating factor. Vet Immunol Immunopathol. (2016) 176:18–

27. doi: 10.1016/j.vetimm.2016.05.002

66. Zebeli Q, Metzler-Zebeli BU. Interplay between rumen digestive disorders

and diet-induced inflammation in dairy cattle. Res Vet Sci. (2012) 93:1099–

108. doi: 10.1016/j.rvsc.2012.02.004

67. Adewuyi AA, Gruys E, Van Eerdenburg FJCM. Non esterified

fatty acids (NEFA) in dairy cattle. A Rev Vet Q. (2005)

27:117–26. doi: 10.1080/01652176.2005.9695192

68. Goff JP, Horst RL. Physiological changes at parturition and their

relationship to metabolic disorders 1, 2. J Dairy Sci. (1997)

80:1260–8. doi: 10.3168/jds.S0022-0302(97)76055-7

69. Hidalgo MA, Nahuelpan C, Manosalva C, Jara E, Carretta

MD, Conejeros I, et al. Oleic acid induces intracellular calcium

mobilization, MAPK phosphorylation, superoxide production and

granule release in bovine neutrophils. Biochem Bioph Res Co. (2011)

409:280–6. doi: 10.1016/j.bbrc.2011.04.144

70. Manosalva C, Mena J, Velasquez Z, Colenso CK, Brauchi S, Burgos RA,

et al. Cloning, identification and functional characterization of bovine free

fatty acid receptor-1. (FFAR1/GPR40) in neutrophils. PLoS ONE. (2015)

10:e0119715. doi: 10.1371/journal.pone.0119715

71. Mena SJ, Manosalva C, Carretta MD, Teuber S, Olmo I, Burgos RA,

et al. Differential free fatty acid receptor-1. (FFAR1/GPR40) signalling is

associated with gene expression or gelatinase granule release in bovine

neutrophils. Innate Immun. (2016) 22:479–89. doi: 10.1177/175342591

6656765

72. Neofytou MC, Miltiadou D, Sfakianaki E, Constantinou C, Symeou S,

Sparaggis D, et al. The use of ensiled olive cake in the diets of Friesian

cows increases beneficial fatty acids in milk and Halloumi cheese and alters

the expression of SREBF1 in adipose tissue. J Dairy Sci. (2020) 103:8998–

9011. doi: 10.3168/jds.2020-18235

73. Chilliard Y, Ferlay A, Mansbridge RM, Doreau M. Ruminant milk

fat plasticity: nutritional control of saturated, polyunsaturated,

trans and conjugated fatty acids. Ann Zootech. (2000) 49:181–205.

doi: 10.1051/animres:2000117

74. Lacetera N, Scalia D, Mashek DG, Bernabucci U, Grummer RR.

Effects of intravenous triacylglycerol emulsions on lymphocyte

responses to mitogens in fasted dairy cows undergoing intense

lipomobilization. J Dairy Res. (2007) 74:323–8. doi: 10.1017/S0022029907

002579

75. Caroprese M, Marzano A, Entrican G, Wattegedera S, Albenzio M, Sevi

A. Immune response of cows fed polyunsaturated fatty acids under high

ambient temperatures. J Dairy Sci. (2009) 92:2796–803. doi: 10.3168/jds.

2008-1809

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Ciliberti, Albenzio, Claps, Santillo, Marino and Caroprese. This

is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Veterinary Science | www.frontiersin.org 10 April 2021 | Volume 8 | Article 626314

https://doi.org/10.1038/nchembio.1735
https://doi.org/10.1083/jcb.200806072
https://doi.org/10.3389/fimmu.2012.00307
https://doi.org/10.3389/fimmu.2012.00360
https://doi.org/10.3390/biom9080369
https://doi.org/10.1083/jcb.201006052
https://doi.org/10.1007/s00335-004-2387-z
https://doi.org/10.1016/0378-1135(95)00048-F
https://doi.org/10.1002/jctb.2165
https://doi.org/10.3168/jds.2014-8450
https://doi.org/10.1016/j.vetimm.2016.05.002
https://doi.org/10.1016/j.rvsc.2012.02.004
https://doi.org/10.1080/01652176.2005.9695192
https://doi.org/10.3168/jds.S0022-0302(97)76055-7
https://doi.org/10.1016/j.bbrc.2011.04.144
https://doi.org/10.1371/journal.pone.0119715
https://doi.org/10.1177/1753425916656765
https://doi.org/10.3168/jds.2020-18235
https://doi.org/10.1051/animres:2000117
https://doi.org/10.1017/S0022029907002579
https://doi.org/10.3168/jds.2008-1809
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	NETosis of Peripheral Neutrophils Isolated From Dairy Cows Fed Olive Pomace
	Introduction
	Materials and Methods
	Animals
	Blood Samples and Peripheral Neutrophil Isolation
	Immunofluorescence Staining of NETs
	Measurement of NE-DNA Complexes Produced by NETosis
	Myeloperoxidase Activity Assay
	Statistical Analysis

	Results
	Fatty Acids Profiles of Experimental Diets
	The Levels of NE-DNA Complexes Produced by NETosis
	Intracellular ROS Generation Controlled by Myeloperoxidase Activity
	Immunofluorescence Staining of NETs

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


