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We studied the effects of diet supplementation with docosahexaenoic (DHA) and in vitro vitamin C (VitC) at physiological
concentrations on oxidative and inflammatory neutrophil response to phorbol myristate acetate (PMA). Fifteen male footballers
ingested a beverage enriched with DHA or a placebo for 8 weeks in a randomized double-blind study. Neutrophils were isolated
from blood samples collected in basal conditions at the end of nutritional intervention. Neutrophils were cultured for 2 hours
at 37°C in (a) control media, (b) media with PMA, and (c) media with PMA + VitC. PMA induces neutrophil degranulation
with increased extracellular myeloperoxidase and catalase activities, nitric oxide production, expression of the inflammatory
genes cyclooxygenase-2, nuclear factor xf3, interleukin 8 and tumor necrosis factor «, and interleukin 6 production. DHA diet
supplementation boosts the exit of CAT from neutrophils but moderates the degranulation of myeloperoxidase granules induced
by PMA. VitC facilitates azurophilic degranulation of neutrophils and increases gene expression of myeloperoxidase induced by
PMA. VitC and DHA diet supplementation prevent PMA effects on inflammatory gene expression, although together they do not
produce additional effects. DHA diet supplementation enhances antioxidant defences and anti-inflammatory neutrophil response
to in vitro PMA activation. VitC facilitates neutrophil degranulation but prevents an inflammatory response to PMA.

1. Introduction

Neutrophils, along with other granulocytes, play an impor-
tant role in inflammation both for clearing pathogens and for
immune regulation [1] and also participate in remodelling
damaged tissue. Neutrophils are recruited to the site of
injury or infection where they can trigger an inflammatory
response by producing cytokines or other chemical mediators
and antimicrobial agents to deal with possible infection or
contribute to tissue repair [2]. The phagocytic neutrophil
function involves an oxidative burst carried out by the
enzyme NADPH-oxidase and the secretion of lysosomal

enzymes such as proteases, phospholipases, and glycosidases
among others [3].

Exercise produces an acute phase immune response
characterised by neutrophilia and lymphopenia [4, 5], thus
altering the lymphocyte and neutrophil oxidative balance
[6]. Acute exercise primes neutrophils to oxidative burst
[7], and it significantly increases neutrophil ROS production
after stimulation with zymosan or phorbol myristate acetate
(PMA) [8]. The priming of neutrophils induced by acute
exercise is in parallel with neutrophil secretion of CAT [7].
Extracellular CAT regulates extracellular hydrogen peroxide
levels, probably to minimize oxidative damage in plasma and
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also to end the signalling action of the hydrogen peroxide
[8]. Low levels of antioxidant enzymes in neutrophils after
exercise enhance the importance of low molecular weight
antioxidant molecules in order to prevent oxidative damage.
Ascorbate is found in normal circulating human neutrophils
in millimolar concentration [6, 9] and its levels duplicate in
neutrophils after prolonged acute exercise [6]. The contribu-
tion of ascorbate is a key element to neutrophil protection
against oxidative imbalance after acute exercise [6, 10].
However, the influence of ascorbate on neutrophil activation
and on its immune function has been little studied [11].

Ascorbate influences some neutrophil functions, includ-
ing augmented chemotaxis, increased particulate ingestion,
enhanced lysozyme-mediated nonoxidative killing, and pro-
tection against the toxic effects of superoxide anion radical
[11]. Some studies on humans have shown that high doses of
ascorbate (20 mM) can inhibit production of IL6 and TNF«
in monocytes without affecting IL1 or IL8 levels, but the same
ascorbate concentrations have also been found to inhibit
IL2 production without affecting TNFa or IFNy levels in
lymphocytes [12]. It has been indicated that the physiological
concentration of ascorbate in neutrophils is about 1-3 mM
depending on exercise status [5]. These physiological ascor-
bate levels are lower than ascorbate concentrations assayed
in other studies [12, 13]. The effects of physiological doses of
ascorbate after vigorous exercise on neutrophil inflammatory
and immune capabilities have not been studied, even though
there is evidence that a millimolar physiological concentra-
tion of ascorbate could inhibit NFx 8 activation in endothelial
cells [13].

PMA is a molecular mimetic of diacylglycerol [14] used to
activate neutrophils in order to mimic neutrophil response to
acute exercise [8]. PMA activates several isoforms of protein
kinase C, particularly PKCS and ¢, which in turn activate
the NF«f signalling pathway [15-17] in neutrophils [18, 19].
PMA induces neutrophil degranulation and the assembly and
activation of lysosomal NADPH-oxidase [20, 21]. Moreover,
PMA increases reactive oxygen species [22] production and
antioxidant enzyme gene expression in neutrophils [18] and
in HL60 cells [8]. The production of ROS, induced by PMA,
is attributed to NADPH-oxidase operation in the cell or
lysosomal membranes [23], but it is also attributed to the
mitochondrial respiratory chain function [8, 24]. Activated
neutrophils produce an oxidative burst that in turn can
cause oxidative damage in proteins, lipids, or nucleic acid
[25]. Similarly, neutrophils may modify the pattern of nitric
oxide (NO) availability after intense exercise [10]. Nitric
oxide (NO) regulates several important neutrophil functions,
including chemotaxis, adhesion, aggregation, and PMN-
mediated bacterial killing or tissue damage [26, 27]. NO
is synthesized in neutrophils by constitutive and inducible
nitric oxide synthase isoforms (iNOS). iNOS in combination
with NAD(P)H-oxidase play a role in peroxynitrite produc-
tion acting as a microbiocide together with other products
such as hypochlorous acid, produced by myeloperoxidase
[28-30].

The neutrophil response to PMA is affected by omega-3-
PUFAs in isolated neutrophils in rats [31]. Omega-3-PUFAs
increase phagocytic and antifungal activity without altering
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TABLE 1: Anthropometric and physical activity characteristics of
subjects.

Placebo Experimental
Age (years) 193+04 204+0.5
Weight (kg) 765+ 1.8 76.4+3.5
Height (cm) 179 + 2 180 +3
Body mass index (BMI, kg/m?) 24.0 £ 0.6 235+0.5
Waist-hip ratio (WHR) 0.805+0.012  0.814 + 0.012
Fat mass (Yuhasz, %) 753 +0.24 721+ 0.25
Fat-free mass (%) 92.5+0.2 92.8+0.3
Intfense physical activity time 96.4 + 579 504 + 13.1
(min/day)
querate physical activity time 68.6 + 171 632+ 14.6
(min/day)
VO, max 60.4 18 62.0+0.9
Neutrophils (10° cells/mL blood) ~ 3.47 +0.53 2.80 £0.12

Statistical analysis: Student’s t-test for unpaired data, p < 0.05.

nitric oxide production. They increase production of hydro-
gen peroxide and superoxide anion radical in the presence
of PMA but do not modify superoxide anion production
in the presence of zymosan [31]. In goats, DHA increases
neutrophil defensive functions by upregulating phagocytosis
activity and downregulating ROS production, thus reducing
excessive tissue damage [32]. In humans, no significant effects
on neutrophil chemotaxis or superoxide anion radical pro-
duction induced by DHA have been reported [33]. Although
DHA diet supplementation has little influence on neutrophil
capabilities to produce ROS after exercise, it reduces the
time at which maximal neutrophil ROS production after
stimulation with opsonized zymosan is attained; DHA sup-
plementation induces a faster response to zymosan after
exercise in neutrophils [8]. The “in vitro” generation of
inflammatory precursors by human neutrophils does not
seem to be modulated by DHA added in the cell medium
[34]. In a similar way, DHA diet supplementation hardly
modifies the antioxidant adaptive response of neutrophils to
training, and no effects have been reported on the production
of reactive oxygen and nitrogen species (ROS and RNS) by
neutrophils stimulated with PMA after acute exercise [35],
probably attributable to a lack of neutrophil activation after
exercise. However, the effects of DHA diet supplementation
on neutrophil response against a molecular mimetic of DAG,
such as PMA, in trained sportsmen are not known.

The aim of this study was to assess the potential role of
dietary supplementation with DHA for 8 weeks in highly
trained footballers in the oxidative and inflammatory neu-
trophil response against their activation “in vitro” with PMA
and the role of physiological neutrophil ascorbate levels in
these immune responses of activated neutrophils.

2. Material and Methods

2.1. Subjects and Study Design. Neutrophils were obtained
from fifteen male professional and federated football players
who volunteered to take part in this study (Table1). The
subjects and study design was the same as described pre-
viously [35, 36]. It was a double-blind study of eight weeks
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of nutritional intervention with DHA diet supplementation
which was registered at ClinicalTrial.gov (NCT02177383).
The participants were 22 football players randomly allocated
either to the supplemented (n = 11) or to the placebo
group (n = 11). During the nutritional intervention 2
football players of the experimental group left to train with
Mallorca B team and they abandoned the study, and 5
football players of the placebo group dropped out of trial
for different reasons, one of them broke the anterior cruciate
ligament of knee, 2 football players left the team, and the
other two were promoted to Mallorca A team. Each group
consumed one litre of DHA-enriched or placebo (DHA-
nonsupplemented) drinks five times a week. All subjects were
informed of the purpose and demands of the study before
giving their written consent to participate. The study protocol
was in accordance with the Declaration of Helsinki for
research on human subjects and was approved by the Ethical
Committee of Clinical Investigation of the Autonomous
Community of the Balearic Islands (Palma de Mallorca,
Balearic Islands, Spain). Participants in the study were 19.7 +
0.4 years old, 76.5 + 2.5 kg in weight, and 179.5 + 2.5 cm tall.
Waist circumference was 78.4 + 0.9 cm; hip circumference
was 97.4 + 1.2cm; and waist-hip ratio was 0.81 + 0.01
WHR. Body mass index was 23.7 + 0.55 BMI, kg/m*. The
football players had 92.6 + 0.2% fat-free mass. VO, max,
determined following the test of Leger-Boucher [37], was
61.4 + 1.35mL/kgmin. The study was performed at the
beginning of the competitive season. DHA supplementation
was administered to the footballers for eight weeks, using an
almond-based experimental drink enriched with DHA. In
order to avoid beverage influence, DHA-nonsupplemented
drink was given to the placebo group. Both experimental
and placebo drinks were enriched with the same amount
of a-tocopherol-acetate. There were no differences between
anthropometric characteristics or physical activity capabili-
ties, such as age, body weight, body mass index, waist-hip
ratio, percentage of fat mass, percentage of fat-free mass, daily
physical activity time, or their performance status measured
as the VO, max between placebo and experimental groups.
Neither were there any significant differences found between
the number of circulating neutrophils in the experimental
and placebo group [35].

2.2. Drinks Composition and Diet Supplementation. Both
the placebo and the experimental drinks contained 3.0%
almond, 0.8% sucrose, and 0.8% different lipids, depending
on the type of drink: traces of lemon and cinnamon flavours
and 40 mg/1L of vitamin E («-tocopherol-acetate). The lipid
content in the placebo drink was 0.8% refined olive oil
whereas in the experimental drink it was 0.6% of the same
refined olive oil and 0.2% DHA-S Market (Martek Biosciences
Corporation, Columbia, EEUU). The two almond drinks
were produced by Liquats Vegetals S.A. (Girona, Spain)
following standardized procedures [35, 36]. The placebo and
experimental beverages were identical in both taste and
appearance.

The experimental drink had significantly higher concen-
trations of the fatty acids C20:3 (21 uM), C22:0 (76 uM), C22:5

(1715 uM), and C22:6n3 (3457 uM) than the placebo drink
in which they were undetected. The daily intake of 1 litre of
experimental beverage for five days a week during eight weeks
represented a mean daily supplementation intake of 1.14 g of
DHA to which the intake of omega-3 in the diet must be
added. DHA intake of the placebo group was only from the
diet. Nutrient intake by the diet was determined beforehand
using a previously published seven-day questionnaire [35].

2.3. Assessment of Nutritional Intervention. The impact of
DHA diet supplementation was measured by determining
fatty acid composition of erythrocyte membranes before and
after nutritional intervention. Erythrocytes were obtained
from the blood samples taken at the beginning and at the
end of the nutritional intervention as indicated above. Fatty
acids were extracted [38] and analysed following a previously
described procedure [35].

2.4. Neutrophil Purification. Venous blood samples were
obtained from the antecubital vein of sportsmen in suitable
vacutainers with EDTA as anticoagulant. Blood samples were
obtained after eight weeks of nutritional intervention at 08:00
on a training day after 12h overnight fasting. Neutrophil
fraction was purified following an adaptation of the method
described by Boyum [39]. Blood was carefully introduced
on Ficoll in a proportion of 1.5:1 and was then centrifuged
at 900 g, at 4°C for 30 min. The precipitate containing the
erythrocytes and neutrophils was incubated at 4°C with
0.15M ammonium chloride to haemolyse erythrocytes. The
suspension was centrifuged at 750 g, at 4°C for 15 min, and
the supernatant was then discarded. The neutrophil phase at
the bottom was washed first with ammonium chloride and
then with phosphate buffer saline (PBS), pH 7.4.

2.5. Cell Culture. Purified neutrophils from experimental and
placebo groups were divided into three aliquots, each of
which was cultured with RPMI1640 culture medium contain-
ing 2mM L-glutamine, but three different treatments were
applied: control group: neutrophils treated only with culture
medium (RPMI 1640); PMA group: neutrophils treated
with culture medium (RPMI 1640) in addition to PMA
(PMA 5ug/mL); PMA and vitamin C group: neutrophils
treated with culture medium (RPMI 1640) in addition to
PMA (PMA 5 ug/mL) and ascorbate (3 mM). All neutrophil
groups were incubated in polypropylene tubes at 37°C for 2
hours. Subsequently, the cells were pelleted by centrifugation
(900 xg, 5min, 4°C) and cell-free supernatants were stored at
—80°C until biochemical determinations; the determinations
made in the cell-free supernatants will be considered as
determinations in the extracellular media. Neutrophils were
resuspended with 2 mL of PBS and divided into two aliquots
of ImL. One aliquot was centrifuged 900 xg, 5min, 4°C,
and the precipitate containing the neutrophils was lysed
with distilled water and stored at —80°C; determinations
performed in the neutrophils lysates will be considered as
determinations in the intracellular media. A second aliquot
was centrifuged 900 xg, 5 min, 4°C, and the neutrophil phase
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TABLE 2: Primer sequences and conditions.
Gene Primer Conditions
Fw: 5'-ATG TGA AGT CAC TGT GCC AG-3' 95°C 10s
18 Rv: 5'-GTG TAA TCC GTC TCC ACA GA-3' 60°C 10s
72°C 12s
Fw: 5 -AAACACTGTGAGGATGGGATCTG-3' 95°C 10s
NF«f Rv: 5'-CGAAGCCGACCACCATGT-3' 60°C 10s
72°C 155
Fw: 5'-CCCAGGCAGTCAGATCATCTTCTCGGAA-3' 95°C 10s
TNF« Rv: 5’ -CTGGTTATCTCTCAGCTCCACGCCATT-3' 63°C 10s
72°C 155
Fw: 5-GCTCTGTGTGAAGGTGCAGTTTTGCCAA-3’ 94°C 10s
L8 Rv: 5'-GGCGCAGTGTGGTCCACTCTCAAT-3' 63°C 10s
72°C 155
Fw: 5-TGAACATGGGGAGTGTTTCA-3' 95°C 5s
MPO Rv: 5'-CCAGCTCTGCTAACCAGGAC-3' 60°C 7s
72°C 10s
Fw: 5 -TTGCCTGGCAGGGTTGCTGGTGGTA-3' 95°C 10s
COX2 Rv: 5'-CATCTGCCTGCTCTGGTCAATGGAA-3' 63°C 10s
72°C 155

at the bottom was used to obtain RNA by adding 1mL of
Tripure and storing at —80°C until further processing.

2.6. Enzymatic Determinations. The activities of CAT and
MPO were determined both in the lysed neutrophil solution
(intracellular media) and in the cell-free culture supernatant
(extracellular media). Both enzyme activities were deter-
mined with a Shimadzu UV-2100 spectrophotometer at 37°C.
MPO activity was measured by guaiacol oxidation [40]. The
reaction mixture contained sodium phosphate buffer pH 7
and 13.5mM guaiacol. The reaction was initiated by adding
300 mM H,O,, and changes at 470 nm were monitored. CAT
activity was measured by the spectrophotometric method of
Aebi [41] based on following the decomposition of H,O, at
240 nm.

2.7. Cytokine Determination. Cytokine (IL6 and TNF«)
determinations were performed in neutrophil-free super-
natant using individual ELISA kits (Diaclone, lit for GEN-
PROBE) following the manufacturer’s instructions for use.
The overall intra-assay coefficient of variation was calculated
to be 3.3% for TNFa and 4.4% for IL6; the calculated overall
interassay coefficient of variation was 9.0% for TNFer and 9.1%
for IL6.

2.8. Nitrite and Nitrate Determination. We centrifuged the
neutrophil lysates at 900 xg at 4’C for 10 min to eliminate
cellular debris. The resulting supernatant and the cell-free
supernatants were used to measure nitrite and nitrate levels
by its transformation into NO which was detected by gas-
phase chemiluminescence reaction with ozone using a nitric
oxide analyzer (NOA) 280i (Sievers). Nitrite levels were
determined following an adaptation of the method described
by Castegnaro et al. [42]. Briefly, the purge vessel was loaded
with 50 mM KCl in glacial acetic acid and 400 uL of antifoam.
A nitrite standard (0.5-10 M) was used to calculate nitrite

concentration. 100 4L of sample or standard was injected in
the purge vessel and the area under the curve of NO peaks
was recorded and processed using Liquid software. Nitrate
levels were determined following an adaptation of the method
described by Braman and Hendrix [43]. The purge vessel
was loaded with a saturated VCl; solution in 1M HCI and
tempered to 90°C with a current of hot water. To prevent
damage to the NOA from the hydrochloric acid vapour, a gas
bubbler filled with 1 M NaOH was installed between the purge
vessel and the NOA. A nitrate standard (5-200 yM) was used
to calculate nitrate concentration. 10 L of sample or standard
was injected in the purge vessel and the area under the
curve of NO peaks was recorded and processed using Liquid
software. NO, was calculated by adding the extracellular
and intracellular concentrations of nitrates and nitrites. To
calculate intracellular nitrate concentration it was considered
a neutrophil volume of 30 x 107 yL/neutrophil [44].

2.9. Neutrophil RNA Extraction and Relative Quantitative
RT-PCR Assay. Total RNA was isolated from neutrophils
by Tripure extraction (Roche Diagnostics, Germany). RNA
(1 ug) from each sample was reverse-transcribed using 50 U
of Expand Reverse Transcriptase (Roche Diagnostics, Ger-
many) and 20 pmol oligo [45] for 60 min at 37°C in a 10 uL
final volume. The resulting cDNA (2.5 uL) was amplified
using the LightCycler FastStart DNA MasterPLUS SYBR
Green I kit (Roche Diagnostics, Germany). COX2 TNFa«,
IL8 NF«p, and MPO mRNA expression were determined by
multiplex real time rtPCR using human 18S rRNA as invariant
reference. The primers and amplification conditions used are
listed in Table 2. Relative quantification was performed by
standard calculations considering 2“*“Y, mRNA levels from
the control were arbitrarily referred to as 1.

2.10. Statistical Analysis. Statistical analysis was carried out
using the Statistical Package for Social Sciences (SPSS) v.18.0
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TaBLE 3: Effects of PMA activation, in vitro vitamin C, and DHA diet supplementation on the distribution of catalase (CAT) and
myeloperoxidase (MPO) activities between intracellular and extracellular neutrophil compartments.

Control PMA PMA + VitC S A SxA
Extracellular activity
2+1 4+ 8.1 1+73°
CAT (K/10° cells) Placebo 16.2+1.9 39.4 £ 8#{ 46173 . X X
Experimental 103£3.2 112 £ 31 90.6 £17.8
18 + 0. 3+38° +25%
MPO (nkat/10° cells) Placebo 9.18 £ 0.86 343+3 8# 135+ 25 . X
Experimental 6.94 £ 1.07 40.3+£43 84.5+33.6
Intracellular activity
+ + # + $
CAT (K/10° cells) Placebo 621+12.9 282+ 6.0# 772+ 7.29$ X
Experimental 67.2 £ 6.26 21.6 £3.0 68.8 £11.9
5+11.8° 1+8.93" 19 £ 0.06°
MPO (nkat/10° cells) Placebo 315 +11.8 381+8 93b 1.19 £ 0.06 X X
Experimental 16.9 + 2.4™ 83.6 +18.5 1.23 + 0.06°

Statistical analysis: two-way ANOVA, p < 0.05. S: supplementation effect; A: activation effect; S X A: interaction between supplementation and activation
effects. X indicates significant effect of the statistical factor S, A, or S x A. *Differences between placebo and experimental groups; * difference with respect to

the control group; S differences between PMA and PMA + VitC group. When interaction S X A exists between supplementation and activation factors, different

letters reveal significant differences. Results are the mean + SEM.

for Windows. Results are expressed as mean + SEM. And p <
0.05 was considered statistically significant. A Kolmogorov-
Smirnov test was applied to assess the normal distribution of
the data. The statistical significance of the data was assessed
by two-way analysis of variance (ANOVA). The statistical
factors analysed were beverage supplementation (S) and
neutrophil treatment (T). The sets of data in which there was
a significant SxE interaction were tested by one-way ANOVA.
When significant effects of S or E factor were found, Student’s
t-test for unpaired data was used to determine the differences
between the groups involved.

3. Results

3.1. Assessment of Nutritional Intervention by Fatty Acid Ery-
throcyte Composition. DHA supplementation with the exper-
imental beverage significantly increased the levels of this
fatty acid in the erythrocyte membranes. At the beginning of
the nutritional intervention there were no differences in the
fatty acid composition of erythrocyte membranes between
the placebo (DHA concentration is 29.0 + 1.3nmol/10°
erythrocytes) and experimental groups (DHA concentration
is 34.0 + 3.6nmol/ 10° erythrocytes). After eight weeks of
nutritional intervention with DHA-enriched or non-DHA-
enriched drinks the DHA concentration in erythrocytes of
the placebo group was 33.6 + 3.16 nmol/10° erythrocytes and
43.0+3.66 nmol/10° erythrocytes in the supplemented group.
Nutritional intervention increased DHA levels 26.5% with
respect to initial values in erythrocytes from the experimental
group, whereas its levels were unchanged in the placebo
group. No effects of either beverage were reported on the
amounts of saturated fatty acids (SFAs), monounsaturated
fatty acids (MUFAs), or PUFAs on erythrocyte fatty acid
composition.

3.2. Influence of PMA, Vitamin C, and DHA Diet Sup-
plementation on Neutrophil Oxidative Response. We have

studied the influence of PMA, vitamin C, and DHA diet
supplementation on neutrophil CAT and MPO activities in
lysed neutrophils solution (intracellular media) and in free-
cells culture supernatants (extracellular media).

PMA activation significantly increased total CAT activity
in neutrophils (1.8 times) with respect to unstimulated con-
trol cells in the experimental group, whereas no differences
were reported in the placebo group (Figurel(a)). These
differential responses to PMA resulted in significantly higher
total CAT activity in the experimental group when compared
to the placebo group. The addition of vitamin C combined
with PMA significantly increased total CAT activity both
in the placebo and in the experimental groups, without
differences between them. Neutrophil activation with PMA,
DHA diet supplementation, and vitamin C addition influence
extra/intracellular CAT activity distribution, with a signifi-
cant interaction between these factors on the percentage of
neutrophil extracellular CAT activity (Figure 1(b)). The per-
centage of CAT activity in the extracellular medium signifi-
cantly increased after neutrophil activation with PMA both in
the placebo (1.71 times) and in the experimental (5.71 times)
groups. PMA activation produced a significantly higher
percentage of CAT activity in the extracellular medium (1.4
times) in the experimental rather than the placebo group.
The addition of vitamin C attenuated the effect of PMA
activation on the percentage of extracellular enzyme activity,
mainly in the placebo group, which returned to control level,
whereas the experimental group continued with higher val-
ues than the control level. The intra/extracellular distribution
of neutrophil CAT activity was significantly altered by PMA
activation in both groups (Table 3). Neutrophil CAT release
into the extracellular media was reinforced by DHA with
a significant increase in CAT activity, about 10 times, in
the experimental group, but only about 2.4 times in the
placebo group, after PMA stimulation. In fact, extracellular
CAT activity in the experimental group was 2.8 times higher
than the placebo group after PMA activation. Vitamin C did
not modify the CAT activity measured in the extracellular
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FIGURE 1: Effects of in vitro PMA activation, vitamin C, and DHA diet supplementation on total CAT and MPO enzyme activities and on
their distribution in the extracellular compartment of neutrophils. Statistical analysis: two-way ANOVA, p < 0.05. S: significant effect of DHA
dietary supplementation; A: significant effect of PMA activation; S x A: significant interaction between DHA dietary supplementation and
PMA activation effects. * indicates differences between placebo and experimental groups; # indicates difference with respect to the control
group; $ indicates differences between PMA and PMA + VitC group. When interaction S x A exists between supplementation and activation
factors, different lowercase letters reveal significant differences. Results are the mean + SEM.

media in PMA-activated neutrophils. These pictures are
complementary to those present in the intracellular CAT
activity of neutrophils with a decrease about 2.5 after PMA
activation, both in the placebo and in the experimental
groups. However, the addition of vitamin C together with
PMA maintained intracellular CAT activity at control levels.

The possible effect of vitamin C present in the cul-
ture medium on the determination of catalase activity was
assessed. The presence of vitamin C in the medium used
to determine CAT activity could contribute to consumption
of hydrogen peroxide, reducing its availability for CAT. The
3mM concentration of vitamin C added in the neutrophil
incubation medium resulted in a concentration of 40 uM
in the medium used to determine CAT activity. There
was no evidence that the addition of 3mM vitamin C to
the neutrophil incubation medium influenced CAT activity
measurement at this concentration of vitamin C.

Neutrophil activation with PMA significantly increased
total MPO activity in the experimental group but not in
the placebo group, whereas the combined addition of PMA

and vitamin C increased total MPO activity in both groups
with respect to the control values (Figure 1(c)). The addition
of vitamin C to PMA-activated neutrophils significantly
increased total MPO activity in the placebo (1.8 times higher
than PMA-activated neutrophils) group, while the vitamin C
addition significantly decreased the total MPO activity (1.4
times) in the experimental group. Neutrophil activation with
PMA significantly increased the percentage of extracellular
MPO activity in the placebo group but to a lesser extent
than in the experimental group (Figure 1(d)). The addition
of vitamin C combined with PMA significantly increased
the percentage of extracellular MPO activity in both groups
until practically reaching 100% MPO. The distribution of
MPO activity between the intra- and extracellular neutrophil
medium was strongly influenced by the addition of vitamin
C and PMA (Table 3). Extracellular MPO activity increased
after neutrophil activation with PMA, both in the placebo
and in the experimental groups, and the addition of vitamin
C to PMA-activated neutrophils significantly reinforced this
response. Intracellular MPO activity significantly increased



Oxidative Medicine and Cellular Longevity 7
Extracellular NO,, Total NO,,
100 - ANOVA: A s # 800 - ANOVA: A .
700 F
75 | = 600 - #
E 500
~ o $ $
& 50 - 400
< 300
25 ¢ S 200
g
£ 100
0 0
Control PMA PMA + VitC Control PMA PMA + VitC
M Placebo M Placebo

O Experimental
(@

[0 Experimental
(b)

FIGURE 2: Effects of PMA activation, in vitro vitamin C, and DHA diet supplementation on the percentage of extracellular NO, and the
total NO, production. Statistical analysis: two-way ANOVA, p < 0.05. S: DHA diet supplementation effect; A: PMA activation effect; S x A:
interaction between supplementation and activation effects. # indicates difference with respect to the control group; $ indicates differences
between PMA and PMA + VitC group. When interaction S x A exists between supplementation and activation factors, different lowercase
letters reveal significant differences. Results are the mean + SEM.

TABLE 4: Effects of PMA activation, in vitro vitamin C, and DHA diet supplementation on nitrite and nitrate distribution between extracellular
and intracellular neutrophil compartments.

Control PMA PMA + VitC S AEOVA Sx A
Extracellular
# #3
Nitrate (mM) Plaf:ebo 1.07 £ 0.05 123 + 0.01{# 1.03 + 0.07#$ X X
Experimental 116 £ 0.10 141+ 0.06 1.10 £ 0.07
# #S
Nitrite (nM) Pla.cebo 458 + 54 648 + 4%# 422 + 68% X X
Experimental 545 £ 104 798 + 65 495 + 69
Intracellular
Nitrate (mM) Pla-cebo 572+ 60 447 £ 45# 441 + 65# X
Experimental 715 £ 119 494 +£78 437 + 60
Intracellular/extracellular relationships
. . Placebo 1366 + 213 712+ 77° 1305 + 284°
Nitrate ratio . " 4 X
Experimental 1363 £ 130 646 + 87 954 + 152

Statistical analysis: two-way ANOVA, p < 0.05. S: supplementation effect; A: activation effect; S x A: interaction between supplementation and activation
effects. X indicates significant effect of the statistical factor S, A, or S x A. *Differences between placebo and experimental groups; * difference with respect to

the control group; $ differences between PMA and PMA + VitC group. When interaction S X A exists between supplementation and activation factors, different

letters reveal significant differences. Results are the mean + SEM.

4.9 times after neutrophil activation with PMA in the experi-
mental group, whereas the placebo group maintained control
values. Vitamin C addition to PMA-activated neutrophils
emptied them of MPO, both in the placebo and in the
experimental groups.

3.3. Influence of PMA, Vitamin C, and DHA Diet Supple-
mentation on Neutrophil Inflammatory Response. Nitrite and
nitrate production by immune cells was measured as indica-
tive of NO production related to neutrophil immune toxicity
and inflammation activation. We have analysed nitrite and
nitrate levels in lysed neutrophils solution (intracellular
media) and in free-cells culture supernatants (extracellular
media).

PMA stimulation significantly increased total NO,
production in both placebo and experimental groups
(Figure 2(a)). Vitamin C addition to PMA-activated
neutrophils resulted in total NO, production similar to
control nonactivated neutrophil values. NO, distribution
between intracellular and extracellular media was
influenced by PMA neutrophil stimulation increasing
the percentage in the extracellular media, whereas vitamin
C addition to PMA-stimulated neutrophils resulted in
NO, distribution similar to the control situation. No
significant effects were observed in NO, production due
to DHA diet supplementation. Extracellular nitrate and
nitrite concentration demonstrated a similar pattern of
change induced by PMA stimulation, vitamin C, and
DHA diet supplementation (Table4). PMA stimulation
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TaBLE 5: Effects of PMA activation, in vitro vitamin C, and DHA diet supplementation on inflammatory gene expression.

Control PMA PMA + VitC S AEOVA Sx A
Gene expression
# $
COX2 PlaFebo 1.00 £ 0.12 4.37 £1.65 1.21+0.31 X
Experimental 114 £ 0.25 2.32+0.81 1.54 +0.33
a b a
NExp Pla.cebo 1.0+0.14 . 191+ 0.34a 0.88 + 0.09a e X X
Experimental 0.90 +0.08 0.98 +0.14 0.84 +0.06
IL8 Placebo 1.00 £ 0.15 319 +1.19° 1.01 £ 0.36 X
Experimental 0.89 + 0.13° 0.89 + 0.12° 1.09 + 0.18°
#
TNFa PlaFebo 1.00 £ 0.12 2.30 £ 0.51 0.99 = 0.14$ X
Experimental 1.03 £0.15 1.24 £ 0.26 0.97 £0.12
MPO Pla'cebo 1.00 £ 0.16 1.32+£0.27 173 £ 0.59#$ X X
Experimental 2.09 £ 0.61 1.86 £ 0.66 472 £1.23

Statistical analysis: two-way ANOVA, p < 0.05. S: supplementation effect; A: activation effect; S x A: interaction between supplementation and activation

effects. X indicates significant effect of the statistical factor S, A, or S X A. * Difference with respect to the control group; *differences between PMA and PMA +
VitC group. When interaction S x A exists between supplementation and activation factors, different letters reveal significant differences. Results are the mean

+ SEM.

significantly increased extracellular nitrate and nitrite
concentrations in both the placebo and the experimental
groups, whereas vitamin C addition to PMA stimulated
neutrophils returned to control values. Intracellular
nitrate concentration reflected a complementary picture
to extracellular nitrate concentration.

The effects of PMA activation, vitamin C, and DHA
diet supplementation on the expression of inflammatory
genes and cytokine production in neutrophils are shown in
Table 5. COX2 expression was significantly increased when
neutrophils were stimulated with PMA in the placebo group,
and vitamin C addition prevented this increase. An interac-
tion between PMA activation and DHA diet supplementation
factors on NF«f3 expression was observed. NF«xf3 expression
maintained control levels in all treatments in the experimen-
tal group, whereas it increased in the placebo group after
stimulation with PMA but not after the addition of vitamin
C. The pattern of IL8 expression was very similar to NFxf3
expression, with an interaction between neutrophil activation
and DHA-diet supplementation factors. IL8 expression sig-
nificantly increased after neutrophil stimulation with PMA
only in the placebo group. TNF« expression was affected by
PMA activation with a significant increase in the expression
only in the placebo group. The addition of vitamin C together
with PMA maintained TNFa expression at control level
both in the placebo and in the experimental groups. There
were no significant changes in the expression of MPO when
neutrophils were stimulated with PMA. However, MPO
expression increased significantly (more than 4 times) in the
experimental group, but not in the placebo group, after the
addition of vitamin C in combination with PMA.

We have analysed the production rate of IL6 and TNF«
(Figure 3). The rate of IL6 production in the extracellular
medium increased significantly when neutrophils were stim-
ulated with PMA but was only significant in the placebo
group. The addition of vitamin C enhanced the response
to PMA activation. No significant differences in the rate of
neutrophil TNFa production in the extracellular medium
were observed.

4. Discussion

4.1. Assessment of Nutritional Intervention. Diet supplemen-
tation for 8 weeks with a DHA-enriched beverage increases
DHA content in erythrocytes in accordance with similar
nutritional interventions performed in humans [46, 47]. The
membrane composition of the placebo and experimental
groups’ neutrophils should be different in line with the greater
DHA content in experimental group’s erythrocytes. In fact,
similar changes in the fatty acid composition of erythrocyte
and leukocyte membranes have been pointed out in child
patients with alterative-exudative and allergic inflammation
[48], in the same way as diet supplementation with fish
oil is known to significantly increase the DHA content
of lymphocyte and monocytes membranes [47, 49]. The
enrichment of DHA in cellular membranes could modulate
several signalling responses to different stimuli [50, 51].
Following fish oil supplementation, omega-3 fatty acids are
incorporated into cellular membranes, which can affect lipid-
protein interactions and, therefore, the function of embedded
proteins [52].

4.2. PMA, DHA, and Vitamin C Effects on Oxidative Neu-
trophil Response. PMA activates the protein kinase signalling
pathways in neutrophils [18, 19, 23] and induces neutrophil
degranulation [18]. PMA induces higher MPO and CAT
activities in extracellular neutrophil media, in accordance
with the degranulation effects of PMA [18]. Neutrophils
contain several types of exocytosable organelles which hold a
battery of molecules that contribute to the precise execution
of many neutrophil functions [53]. First, secretory vesicles
are mobilized, while tertiary granules, specific granules,
and MPO containing azurophilic granules are sequentially
mobilized in response to increasingly strong stimuli [53]. The
exocytosable CAT is detected in neutrophil organelles [7] but
the specific type of organelle is not known. CAT and MPO
exit from neutrophils in response to PMA are influenced
differently by DHA-diet supplementation and vitamin C
addition. DHA diet supplementation enhances exocytosable
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FIGURE 3: Effects of PMA activation, in vitro vitamin C, and DHA diet supplementation on IL6 and TNF« production rate. Statistical analysis:
two-way ANOVA, p < 0.05. S: DHA diet supplementation effect; A: PMA activation effect; S X A: interaction between supplementation and
activation effects. When interaction S x A exists between supplementation and activation factors, different lowercase letters reveal significant

differences. Results are the mean + SEM.

catalase and also moderates the degranulation of azurophilic
MPO containing granules induced by PMA. Vitamin C
addition enhances MPO exit but practically prevents (in
placebo) or reduces (in the DHA-supplemented group) CAT
exit from neutrophils activated by PMA. This may indicate
the presence of these two enzymes in different neutrophil
organelles. Despite the fact that DHA diet supplementation
enhances CAT exit and moderates neutrophil degranulation
of azurophilic MPO containing granules induced by PMA,
total neutrophil MPO and CAT activities increase in response
to PMA in the DHA-supplemented group. DHA supple-
mentation enhances neutrophil oxidative burst by increasing
the activity of NAD(P)H-oxidase [54]. The parallelism in
the effects of DHA on NAD(P)H-oxidase and CAT activ-
ities of PMA-activated neutrophils could be the result of
a need to reduce, or to remove, the large amount of ROS
produced during the oxidative burst induced by PMA. In
addition, MPO gene expression is enhanced by PMA only
when a physiological concentration of vitamin C is present,
mainly in the DHA-supplemented group. The presence of
vitamin C is required to allow complete PMA-induced neu-
trophil azurophilic granule degranulation until neutrophils
are emptied of MPO in response to PMA, whereas DHA
diet supplementation enhances PMA-induced CAT exit from
neutrophils.

Intense physical activity brings about similar changes
in neutrophil CAT and MPO activities as those induced
by PMA: decreasing CAT, superoxide dismutase, and glu-
tathione peroxidase activities in neutrophils increasing CAT
exit [6, 7] and MPO neutrophil degranulation since increased
levels of plasma MPO activity were reported after exercise
[50]. Moreover, vitamin C diet supplementation facilitates
greater neutrophil activation and antioxidant enzyme secre-
tion to extracellular media induced by intense exercise [4].
We found evidence that vitamin C plays a necessary role in
facilitating neutrophil degranulation induced by PMA, in a
similar way to that observed in physiological situations such
as intense exercise [4, 6, 7, 55].

4.3. PMA, DHA, and Vitamin C Effects on Inflammatory Neu-
trophil Response. Neutrophil capability of producing nitric
oxide is stimulated by PMA since total NO, levels, mark-
ers of NO synthesis, increased after neutrophil activation
with PMA. Similarly, it has been pointed out that PMA
increases iNOS gene expression in HL60 cells [8], probably
as a result of the previous ROS production induced by
PMA [8, 24, 56] or due to the presence of inflammatory
cytokines such as TNFe or IL1 [57]. Vitamin C and DHA
diet supplementation influence nitric oxide production and
release in response to neutrophil stimulation with PMA. The
DHA diet supplemented group had greater intracellular and
extracellular nitrate and nitrite levels than placebo group, but
the response to PMA stimulation and vitamin C addition
was similar to the placebo group. PMA increases the rate of
NO production by neutrophils and the extracellular markers
of NO synthesis. Neutrophil activation via PMA is driven
by protein kinase C isoforms by activating NF«xf3 [15] which
regulates the transcription of many acute phase proteins and
a large variety of stress response genes, such as inducible
nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX2).
It also regulates the expression of inflammatory cytokines,
chemokines, immunoreceptors, and cell adhesion molecules
[58]. The addition of vitamin C at physiological concentration
avoids the stimulatory effects of PMA on NO production
and NO, distribution, maintaining these parameters at non-
PMA-stimulated neutrophil level. In this way it has been
pointed out that millimolar concentrations of ascorbate
inhibit NFk[3 activation in endothelial cells [13]. The vitamin
C effects could indicate the participation of ROS produced
by neutrophil activation with PMA in NO production by
neutrophils. In fact, it has been pointed out that ROS mediates
the induction of iNOS gene expression [56, 59]. However,
DHA diet supplementation does not influence the neutrophil
response to PMA on NO synthesis.

PMA activates an inflammatory response in neutrophils
reflected by its effects on neutrophil degranulation,
inflammatory gene expression, and IL6 production. This
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inflammatory response by neutrophils is mediated by both
DHA diet supplementation and vitamin C, both of which
prevent the inductive effects of PMA on IL6 production and
inflammatory gene expression. It reinforces the idea that
both ROS and NFxf3 participate in the signalling pathway
activated by PMA in neutrophils. Several studies have
demonstrated the anti-inflammatory effects of omega-3 fatty
acids [50, 60, 61]. DHA diet supplementation prevents the
enhanced expression of IL8, TNF«, COX2, and NF«[3 genes
induced by PMA. This attenuating neutrophil inflammatory
response could be due to direct DHA prevention of NF«f3
activation and translocation into the nucleus. DHA has been
described as preventing I-xf8 phosphorylation and NFxf3
activation, thereby also preventing NFxf translocation
into the nucleus [62], which is required to activate gene
expression. Therefore, the DHA attenuating response of
neutrophil stimulation with PMA on the gene expression
of IL8, TNFa, and COX2 could be mediated by DHA
interference with NF«f signalling [58]. COX2 [63], IL8, and
TNFa gene expression [64] are also mediated by activation
and internalization into the nucleus of the NFxf pathway
which also enables the expression of more than 150 genes [58].

Vitamin C influences the expression of inflammatory
genes induced by PMA-activated neutrophils because vita-
min C attenuates increased expression of COX2, IL8, TNFa,
and NFxf3 in response to PMA. This reinforces the idea that
PMA-induced ROS production mediates the activation and
translocation of NF«f3 into the nucleus and the induction of
inflammatory genes into neutrophils [13, 64]. The presence
of both vitamin C and DHA diet supplementation hinders
PMA effects on inflammatory gene expression, but these
two factors together do not produce additional effects on
the expression of COX2, NFxf3, IL8, and TNF«. However,
MPO gene expression follows a different pattern of change in
response to PMA, DHA diet supplementation, and vitamin C.
The presence of vitamin C at a physiological concentration
only induces increased expression of the MPO gene in the
DHA-supplemented group, but not in the placebo group. This
different pattern of response is in accordance with the role
of vitamin C in the neutrophil degranulation of azurophilic
granules indicated above. It suggests the participation of
different signalling pathways regulating PMA-induced neu-
trophil degranulation.

In conclusion, DHA diet supplementation enhances neu-
trophil antioxidant capability and attenuates inflammatory
response after PMA activation. DHA enhances CAT and
MPO activities, releases CAT, and moderates degranulation
of azurophilic granules containing MPO after PMA acti-
vation of neutrophils. Vitamin C facilitates the azurophilic
degranulation in PMA-activated neutrophils. Vitamin C and
DHA diet supplementation prevent PMA effects on inflam-
matory gene expression in neutrophils, but these two factors
together do not produce additional effects on the expression
of inflammatory genes.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Oxidative Medicine and Cellular Longevity

Acknowledgments

This study was supported by Accion Estratégica en Salud
del Ministro de Ciencia e Innovacién DPS2008-07033-C03-
03, Programme of Promotion of Biomedical Research and
Health Sciences, Projects 11/01791, Red Predimed-RETIC
RD06/0045/1004, CIBERobn CBI2/03/30038, and Balearic
Island Government and FEDER funds (35/2011 and 23/2012).
The authors hereby acknowledge the Ph.D. grant provided by
the University of the Balearic Islands.

References

[1] B.Geering, C. Stoeckle, S. Conus, and H.-U. Simon, “Living and
dying for inflammation: neutrophils, eosinophils, basophils;”
Trends in Immunology, vol. 34, no. 8, pp. 398-409, 2013.

[2] N. Borregaard, “Neutrophils, from Marrow to Microbes,’
Immunity, vol. 33, no. 5, pp. 657-670, 2010.

[3] J. Verhoef, E. A. E. Verhage, and M. R. Visser, “A decade of
experience with selective decontamination of the digestive tract
as prophylaxis for infections in patients in the intensive care
unit: what have we learned?” Clinical Infectious Diseases, vol. 17,
no. 6, pp. 1047-1054, 1993.

P. Tauler, A. Aguild, I. Gimeno et al., “Differential response of
lymphocytes and neutrophils to high intensity physical activity
and to vitamin C diet supplementation,” Free Radical Research,
vol. 37, no. 9, pp. 931-938, 2003.

[5] S. Shinkai, S. Shore, P. N. Shek, and R. J. Shephard, “Acute exer-
cise and immune function. Relationship between lymphocyte
activity and changes in subset counts,” International Journal of
Sports Medicine, vol. 13, no. 6, pp. 452-461, 1992.

[6] P. Tauler, A. Aguild, N. Cases et al., “Acute phase immune
response to exercise coexists with decreased neutrophil antioxi-
dant enzyme defences,” Free Radical Research, vol. 36, no. 10, pp.
1101-1107, 2002.

[7] A. Sureda, M. D. Ferrer, P. Tauler et al., “Intense physical activ-
ity enhances neutrophil antioxidant enzyme gene expression.
Immunocytochemistry evidence for catalase secretion,” Free
Radical Research, vol. 41, no. 8, pp. 874-883, 2007.

[8] M. D. Ferrer, A. Sureda, A. Mestre, J. A. Tur, and A. Pons,
“The double edge of reactive oxygen species as damaging and
signaling molecules in HL60 cell culture,” Cellular Physiology
and Biochemistry, vol. 25, no. 2-3, pp. 241-252, 2010.

[9] P. W. Washko, Y. Wang, and M. Levine, “Ascorbic acid recycling
in human neutrophils;” Journal of Biological Chemistry, vol. 268,
no. 21, pp. 15531-15535, 1993.

[10] A. Sureda, J. M. Batle, P. Tauler et al., “Neutrophil tolerance
to oxidative stress induced by hypoxia/reoxygeneration,” Free
Radical Research, vol. 38, no. 9, pp. 1003-1009, 2004.

[11] B. Leibovitz and B. V. Siegel, “Ascorbic acid, neutrophil func-
tion, and the immune response,” International Journal for
Vitamin and Nutrition Research, vol. 48, no. 2, pp. 159-164,1978.

[12] C. Hirtel, T. Strunk, P. Bucsky, and C. Schultz, “Effects of
vitamin C on intracytoplasmic cytokine production in human
whole blood monocytes and lymphocytes,” Cytokine, vol. 27, no.
45, pp. 101-106, 2004.

[13] A. G. Bowie and L. A. J. O’Neill, “Vitamin C inhibits NF-xB
activation by TNF via the activation of p38 mitogen-activated
protein kinase,” The Journal of Immunology, vol. 165, no. 12, pp.
7180-7188, 2000.

=



Oxidative Medicine and Cellular Longevity

(14]

(15]

(16]

[17]

[25]

[26]

(27]

(28]

(29]

R. Uauy-Dagach, P. Mena, and D. R. Hoffman, “Essential fatty
acid metabolism and requirements for LBW infants Acta
Paediatrica Supplement, vol. 83, no. 405, pp. 78-85, 1994.

N. S. Holden, P. E. Squires, M. Kaur, R. Bland, C. E. Jones,
and R. Newton, “Phorbol ester-stimulated NF-xB-dependent
transcription: roles for isoforms of novel protein kinase C,
Cellular Signalling, vol. 20, no. 7, pp. 1338-1348, 2008.

K. C. Das and C. W. White, “Activation of NF-kappaB by
antineoplastic agents. Role of protein kinase C;” Journal of
Biological Chemistry, vol. 272, no. 23, pp. 14914-14920, 1997.

L. Wilson, C. Szabo, and A. L. Salzman, “Protein kinase C-
dependent activation of NF-«xB in enterocytes is independent
of IxB degradation,” Gastroenterology, vol. 117, no. 1, pp. 106-114,
1999.

Y. Niwa, Y. Ozaki, T. Kanoh, H. Akamatsu, and M. Kurisaka,
“Role of cytokines, tyrosine kinase, and protein kinase C on
production of superoxide and induction of scavenging enzymes
in human leukocytes,” Clinical Immunology and Immunopathol-
0gy, vol. 79, no. 3, pp. 303-313, 1996.

M. A. Giembycz and M. A. Lindsay, “Pharmacology of the
eosinophil,” Pharmacological Reviews, vol. 51, no. 2, pp. 213-339,
1999.

A. Karlsson, J. B. Nixon, and L. C. McPhail, “Phorbol myristate
acetate induces neutrophil NADPH-oxidase activity by two sep-
arate signal transduction pathways: dependent or independent
of phosphatidylinositol 3-kinase,” Journal of Leukocyte Biology,
vol. 67, no. 3, pp- 396-404, 2000.

M. Yamada, K. Suzuki, S. Kudo et al., “Effect of exhaustive

exercise on human neutrophils in athletes,” Luminescence, vol.
15, no. 1, pp. 15-20, 2000.

D. W. Gilroy, T. Lawrence, M. Perretti, and A. G. Rossi,
“Inflammatory resolution: new opportunities for drug discov-
ery, Nature Reviews Drug Discovery, vol. 3, no. 5, pp. 401-416,
2004.

R. E. Mortensen and W. Zhong, “Regulation of phagocytic
leukocyte activities by C-reactive protein,” Journal of Leukocyte
Biology, vol. 67, no. 4, pp. 495-500, 2000.

M. J. Jackson, S. Papa, J. Bolafios et al., “Antioxidants, reactive
oxygen and nitrogen species, gene induction and mitochondrial
function,” Molecular Aspects of Medicine, vol. 23, no. 1-3, pp.
209-285, 2002.

A. Sureda, P. Tauler, A. Aguil6 etal., “Relation between oxidative
stress markers and antioxidant endogenous defences during
exhaustive exercise,” Free Radical Research, vol. 39, no. 12, pp.
1317-1324, 2005.

S. Sethi and M. Dikshit, “Modulation of polymorphonuclear
leukocytes function by nitric oxide;,” Thrombosis Research, vol.
100, no. 3, pp. 223-247, 2000.

J. A. Knight, “Review: free radicals, antioxidants, and the
immune system,” Annals of Clinical and Laboratory Science, vol.
30, no. 2, pp. 145-158, 2000.

J. F. Lima-Garcia, R. C. Dutra, K. A. B. S. da Silva, E. M.
Motta, M. M. Campos, and J. B. Calixto, “The precursor of
resolvin D series and aspirin-triggered resolvin D1 display anti-
hyperalgesic properties in adjuvant-induced arthritis in rats,”
British Journal of Pharmacology, vol. 164, no. 2, pp. 278-293,
2011.

T. J. Evans, L. D. K. Buttery, A. Carpenter, D. R. Springall, J.
M. Polak, and J. Cohen, “Cytokine-treated human neutrophils
contain inducible nitric oxide synthase that produces nitration
of ingested bacteria,” Proceedings of the National Academy of

(32

(33]

[34]

[37]

(38]

(39]

(40]

(41]

(42]

(43]

1

Sciences of the United States of America, vol. 93, no. 18, pp. 9553-
9558, 1996.

C. C. King, M. M. Jefferson, and E. L. Thomas, “Secretion
and inactivation of myeloperoxidase by isolated neutrophils,”
Journal of Leukocyte Biology, vol. 61, no. 3, pp. 293-302, 1997.

V. A. Paschoal, M. A. R. Vinolo, A. R. Crisma, J. Magdalon, and
R. Curi, “Eicosapentaenoic (EPA) and docosahexaenoic (DHA)
acid differentially modulate rat neutrophil function in vitro,”
Lipids, vol. 48, no. 2, pp. 93-103, 2013.

L. E Pisani, C. Lecchi, G. Invernizzi, P. Sartorelli, G. Savoini,
and E Ceciliani, “In vitro modulatory effect of w-3 polyunsat-
urated fatty acid (EPA and DHA) on phagocytosis and ROS
production of goat neutrophils,” Veterinary Immunology and
Immunopathology, vol. 131, no. 1-2, pp. 79-85, 2009.

D. A. Healy, E A. Wallace, E. A. Miles, P. C. Calder, and P.
Newsholme, “Effect of low-to-moderate amounts of dietary fish
oil on neutrophil lipid composition and function,” Lipids, vol.
35, no. 7, pp. 763-768, 2000.

S. Quattrucci, M. Napolitano, S. B. Valentini, A. Giuliani, and
E. Bravo, “Neutrophil generation of inflammatory precursors
is not modulated by docosahexaenoic acid” Inflammation
Research, vol. 58, no. 10, pp. 677-685, 2009.

M. Martorell, X. Cap06, A. Sureda, J. A. Tur, and A. Pons, “Effects
of docosahexaenoic acid diet supplementation, training, and
acute exercise on oxidative balance in neutrophils,” Applied
Physiology, Nutrition and Metabolism, vol. 39, no. 4, pp. 446—
457, 2014.

X. Capo, M. Martorell, A. Sureda, I. Llompart, J. A. Tur, and A.
Pons, “Diet supplementation with DHA-enriched food in foot-
ball players during training season enhances the mitochondrial
antioxidant capabilities in blood mononuclear cells,” European
Journal of Nutrition, 2014.

L. Leger and R. Boucher, “An indirect continuous running
multistage field test: the Universite de Montreal track test;
Canadian Journal of Applied Sport Sciences, vol. 5, no. 2, pp. 77-
84, 1980.

J. Folch, M. Lees, and G. H. Sloane Stanley, “A simple method
for the isolation and purification of total lipides from animal
tissues,” The Journal of Biological Chemistry, vol. 226, no. 1, pp.
497-509, 1957.

A. Boyum, “Separation of white blood cells,” Nature, vol. 204,
10. 4960, pp. 793-794, 1964.

C. Capeillere-Blandin, “Oxidation of guaiacol by myeloperox-
idase: a two-electron-oxidized guaiacol transient species as a
mediator of NADPH oxidation,” Biochemical Journal, vol. 336,
no. 2, pp. 395-404, 1998.

H. Aebi, “Catalase in vitro,” Methods in Enzymology, vol. 105, pp.
121-126, 1984.

M. Castegnaro, R. C. Massey, and C. L. Walters, “The collab-
orative evaluation of a procedure for the determination of N-

nitroso compounds as a group,” Food Additives & Contaminants,
vol. 4, no. 1, pp. 37-43,1987.

R. S. Braman and S. A. Hendrix, “Nanogram nitrite and nitrate
determination in environmental and biological materials by
vanadium(III) reduction with chemiluminescence detection,”
Analytical Chemistry, vol. 61, no. 24, pp. 2715-2718, 1989.

R. W. Welch, Y. Wang, A. Crossman Jr., J. B. Park, K. L. Kirk,
and M. Levine, “Accumulation of vitamin C (ascorbate) and its
oxidized metabolite dehydroascorbic acid occurs by separate
mechanisms,” Journal of Biological Chemistry, vol. 270, no. 21,
pp. 12584-12592, 1995.



12

(45]

(48]

(50]

(54]

[55]

(56]

S. Schmidt, E Stahl, K.-O. Mutz, T. Scheper, A. Hahn, and J. P.
Schuchardt, “Different gene expression profiles in normo- and
dyslipidemic men after fish oil supplementation: results from a
randomized controlled trial,” Lipids in Health and Disease, vol.
11, article 105, 2012.

G. Barcelo-Coblijn, E. J. Murphy, R. Othman, M. H.
Moghadasian, T. Kashour, and J. K. Friel, “Flaxseed oil
and fish-oil capsule consumption alters human red blood cell
n-3 fatty acid composition: a multiple-dosing trial comparing
2 sources of n-3 fatty acid,” The American Journal of Clinical
Nutrition, vol. 88, no. 3, pp. 801-809, 2008.

M. L. Gianni, P. Roggero, C. Baudry et al., “The influence of a
formula supplemented with dairy lipids and plant oils on the
erythrocyte membrane omega-3 fatty acid profile in healthy
full-term infants: a double-blind randomized controlled trial,”
BMC Pediatrics, vol. 12, article 164, 2012.

N. M. Shilina, O. N. Komarova, E A. Medvedev, M. 1.
Dubrovskaya, and M. I. Kon, “Accumulation of eicosapen-
taenoic acid in membranes of erythrocytes and leukocytes
during alterative-exudative and allergic inflammation,” Bulletin
of Experimental Biology and Medicine, vol. 149, no. 5, pp. 583-
586, 2010.

A. D. Toft, M. Thorn, K. Ostrowski et al., “N-3 polyunsaturated
fatty acids do not affect cytokine response to strenuous exer-
cise;” Journal of Applied Physiology, vol. 89, no. 6, pp. 2401-2406,
2000.

S. Endres, R. Ghorbani, V. E. Kelley et al., “The effect of
dietary supplementation with n-3 polyunsaturated fatty acids
on the synthesis of interleukin-1 and tumor necrosis factor by
mononuclear cells,” The New England Journal of Medicine, vol.
320, no. 5, pp. 265-271, 1989.

T. H. Lee, R. L. Hoover, J. D. Williams et al., “Effect of dietary
enrichment with eicosapentaenoic and docosahexaenoic acids
on in vitro neutrophil and monocyte leukotriene generation
and neutrophil function,” The New England Journal of Medicine,
vol. 312, no. 19, pp. 1217-1224, 1985.

E. A. Herbst, S. Paglialunga, C. Gerling et al, “Omega-3
supplementation alters mitochondrial membrane composition
and respiration kinetics in human skeletal muscle,” The Journal
of Physiology, vol. 592, no. 6, pp. 1341-1352, 2014.

N. Borregaard and J. B. Cowland, “Granules of the human
neutrophilic polymorphonuclear leukocyte,” Blood, vol. 89, no.
10, pp. 3503-3521, 1997.

A. Poulos, B. S. Robinson, A. Ferrante, D. P. Harvey, S. J. Hardy,
and A. W. Murray, “Effect of 22-32 carbon n-3 polyunsaturated
fatty acids on superoxide production in human neutrophils:
synergism of docosahexaenoic acid with f-met-leu-phe and
phorbol ester;” Immunology, vol. 73, no. 1, pp. 102-108, 1991.

D. Reihmane, A. Jurka, and P. Tretjakovs, “The relationship
between maximal exercise-induced increases in serum IL-6,
MPO and MMP-9 concentrations,” Scandinavian Journal of
Immunology, vol. 76, no. 2, pp. 188-192, 2012.

]. Vina, C. Borras, M.-C. Gomez-Cabrera, and W. C. Orr, “Part
of the series: from dietary antioxidants to regulators in cellular
signalling and gene expression. Role of reactive oxygen species
and (phyto)oestrogens in the modulation of adaptive response
to stress,” Free Radical Research, vol. 40, no. 2, pp. 111-119, 2006.
S. Moncada, R. M. J. Palmer, and E. A. Higgs, “Nitric oxide:
physiology, pathophysiology, and pharmacology,” Pharmaco-
logical Reviews, vol. 43, no. 2, pp. 109-142, 1991.

H. L. Pahl, “Activators and target genes of Rel/NF-«B transcrip-
tion factors,” Oncogene, vol. 18, no. 49, pp. 6853-6866, 1999.

(59]

[60]

(61]

[62]

(63]

Oxidative Medicine and Cellular Longevity

M. D. Ferrer, A. Sureda, P. Tauler, C. Palacin, J. A. Tur,
and A. Pons, “Impaired lymphocyte mitochondrial antioxidant
defences in variegate porphyria are accompanied by more
inducible reactive oxygen species production and DNA dam-
age,” British Journal of Haematology, vol. 149, no. 5, pp. 759-767,
2010.

P. C. Calder, “n-3 polyunsaturated fatty acids, inflammation,
and inflammatory diseases,” American Journal of Clinical Nutri-
tion, vol. 83, no. 6, pp- 1505s-1519s, 2006.

X. Cap6, M. Martorell, I. Llompart, A. Sureda, J. A. Tur, and
A. Pons, “Docosahexanoic acid diet supplementation attenuates
the peripheral mononuclear cell inflammatory response to
exercise following LPS activation,” Cytokine, vol. 69, no. 2, pp.
155-164, 2014.

Y. Adkins and D. S. Kelley, “Mechanisms underlying the
cardioprotective effects of omega-3 polyunsaturated fatty acids,”
Journal of Nutritional Biochemistry, vol. 21, no. 9, pp. 781-792,
2010.

C.-C. Chen, Y.-T. Sun, J.-]J. Chen, and Y.-J. Chang, “Tumor
necrosis factor-ainduced cyclooxygenase-2 expression via
sequential activation of ceramide-dependent mitogen-activated
protein kinases, and lxb kinase 1/2 in human alveolar epithelial
cells;” Molecular Pharmacology, vol. 59, no. 3, pp. 493-500, 2001.
J. Yao, N. Mackman, T. S. Edgington, and S.-T. Fan,
“Lipopolysaccharide induction of the tumor necrosis factor-«
promoter in human monocytic cells: regulation by Egr-1, c-Jun,
and NF-«xB transcription factors,” The Journal of Biological
Chemistry, vol. 272, no. 28, pp. 17795-17801, 1997.



