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ABSTRACT: The present study aimed to determine the effect of n-3 polyunsaturated fatty acid (PUFA)-enriched hen eggs
on microvascular vasodilation, microvascular responsiveness to a stress challenge and markers of oxidative stress in com-
petitive athletes. Competitive athletes (n=23) were divided to a control group (n=9), who consumed three regular hens’
eggs daily (249 mg n-3 PUFAs/d), and n-3 PUFAs group (n=14), who consumed three n-3 PUFA-enriched hen eggs daily
(1,053 g n-3 PUFAs/d) for 3 weeks. Endothelium-dependent responses [post-occlusive reactive hyperemia (PORH) and
acetylcholine-induced dilation (AChID)] and endothelium-independent responses [sodium nitroprusside-induced dila-
tion (SNPID)] of skin microvascular blood flow were assessed by laser Doppler flowmetry in pre- and post-acute exhaust-
ing exercise (AEE) sessions. Blood pressure, serum lipid, free fatty acids profiles, and biomarkers of oxidative stress were
measured before and after each dietary protocol. Consumption of serum n-3 PUFAs significantly decreased the n-6/n-3
ratio and enhanced PORH and AChID, but did not affect SNPID at rest. Furthermore, serum glutathione peroxidase and
superoxide dismutase activities were significantly decreased in the n-3 PUFAs group but remained unchanged in the con-
trol group. In both groups, PORH, AChID, and SNP were significantly reduced post-AEE compared with pre-AEE, both
before and after consumption of each diet. Only AChID responsiveness to AEE (AAChID) significantly increased follow-
ing consumption of n-3 PUFAs. Overall, n-3 PUFAs supplementation as n-3 PUFA-enriched hen eggs enhanced micro-
vascular endothelial function at rest and may contribute to adaptation to AEE in competitive athletes.
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INTRODUCTION

Proper nutrition is necessary for competitive athletes to
adjust to high physical and metabolic activity due to in-
creased energy and nutritional needs (Thielecke and
Blannin, 2020). The interest in n-3 polyunsaturated fatty
acids (PUFASs) in sport nutrition is rising, due to their
potential to preserve cardiovascular (CV) health and pre-
vent progression of CV diseases (Thies et al., 2003; Zehr
and Walker, 2018; Stupin et al., 2019). n-3 PUFAs may
exert these effect through decreasing blood pressure (BP)
(Appel et al., 1993), enhancing anti-inflammatory poten-

tial (Calder, 2006), reducing formation of atherosclerotic
lesions (Renier et al., 1993), increasing antioxidant ca-
pacity (Thorlaksdottir et al., 2006), and altering the bal-
ance between endothelium-derived vasodilators and vas-
oconstrictors that result in improved endothelium-de-
pendent vasodilation (Drenjancevi¢ et al., 2017). Inter-
estingly, analyses of dietary habits in athletes found that
a substantial proportion do not reach dietary goals for
macro- and micronutrients, including of n-3 PUFAs such
as eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) (von Schacky et al., 2014; Wilson and Madrigal,
2016; Ritz et al., 2020). Since hen eggs are a cheap source
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of essential nutrients and energy, consumption of eggs
is very accepted by athletes. Therefore, eggs enriched
with n-3 PUFAs could present a nutritionally rich and
natural way of supplementing n-3 PUFAs in athletes, es-
pecially since previous research has not shown a detri-
mental effect of daily egg consumption on lipid profiles,
liver function, or general health in healthy sedentary
populations (Stupin et al., 2018a).

It is generally recommended to consume n-3 PUFAs
via seafood (rich in EPA/DHA), since humans EPA can
be synthesized from alpha-linolenic acid (ALA) but EPA
is only converted to DHA at a low rate (Arterburn et al.,
2006). Since pharmacological supplements containing n-3
PUFAs may be banned by sport associations and feder-
ations (Oliver, 2019), development of functional foods
rich in n-3 PUFAs is both of scientific and commercial
interest for athletes (Drenjancevi¢ et al., 2017). Most
commonly produced n-3 PUFA-enriched functional foods
include poultry products (e.g., hen eggs and chicken
meat), fortified pasta, soy milk, oatmeal, cereal, and mar-
garine (Drenjancevi¢ et al., 2017). Consumption of n-3
PUFA is beneficial for vascular reactivity and biochem-
ical blood markers in young individuals. For example,
consumption of five n-3 PUFAs enriched hen eggs (241
mg n-3 PUFA/egg) per week for three weeks significant-
ly decreased serum triglycerides levels (16%~18% de-
crease) in 25 healthy individuals (Bovet et al., 2007).
Similar, we previously showed that consumption of three
n-3 PUFA-enriched hen eggs per day (777 mg or 1,053
mg n-3 PUFA/d) for three weeks enhanced skin micro-
vascular post-occlusive hyperemic responses and de-
creased arterial BP, blood triglycerides, and high-sensi-
tivity C-reactive proteins (hsCRPs) in young healthy sub-
jects (Stupin et al., 2018a; Stupin et al., 2020), and de-
creased serum pro-inflammatory [e.g., interferon-y and
increased serum anti-inflammatory cytokines (interlue-
kin-10) in young healthy sedentary individuals]. There-
fore, n-3 PUFAs may have anti-inflammatory properties
that are beneficial for vascular and endothelial function
(Stupin et al., 2020).

Regular exercise preserves CV health and improves
endothelium-dependent macro- and microvascular vaso-
dilation in healthy individuals, helping to alleviate endo-
thelial dysfunction and inflammation in the vascular wall
of CV patients. These effects result from preventive ef-
fects on traditional CV risk factors (e.g., BP, blood lip-
ids) and improved vascular reactivity (Joyner and Green,
2009; Dawson et al., 2013). However, acute strenuous
exercise presents great mechanical and CV stress, which
may have a transient but significant impact on the body
(Jurva et al., 2006; Stupin et al., 2018b). Although many
sports (e.g., short-distance running, weight lifting, etc.)
involve short-term vigorous efforts resulting in acute ex-
ertion, the effects of acute exertions on vascular function

and the long-term adjustments of the vascular system to
regular exercise have not been elucidated. It has been
suggested that acutely increased oxidative stress level
following intense bouts of acute exercise results in the
long-term up-regulation of the body’s antioxidant defense
mechanisms observed in the athletes who exercise regu-
larly (Powers and Jackson, 2008). Previously, we demon-
strated that a single acute exercise session impairs mi-
crovascular reactivity and endothelial function in profes-
sional rowers. At baseline the athletes had enhanced mi-
crovascular endothelial function compared with seden-
tary controls. However, the athletes had higher increases
in arterial pressure and more unfavorable oxidative mi-
lieu following acute exercise than sedentary individuals
(Stupin et al., 2018b). These findings support the ‘hor-
mesis’ hypothesis, which suggests that long-term im-
provement of physiological function to a repeated stim-
ulus (e.g., exercise training) can be induced even when
this stimulus temporarily impairs the physiological sys-
tem involved (Dawson et al., 2013).

The evidence suggests that both n-3 PUFAs and regu-
lar exercise have potential to improve macro- and micro-
vascular endothelial function via similar mechanisms in
healthy individuals (and athletes), and individuals with
increased CV risk or patients with CV disease (Morgan
et al., 2006; Joyner and Green, 2009; Egert et al., 2014).
However, there is a paucity of data on the interactive ef-
fect of these two factors on endothelial function. Thus,
the present study was designed to: a) determine the ef-
fect of consumption of n-3 PUFA-enriched hen eggs on
endothelium-dependent and -independent vasodilation
of forearm skin microcirculation; b) test if n-3 PUFAs
functional food consumption modifies microvascular ad-
aptation, i.e., reactivity responses to stress challenges in
acute exhausting exercise (AEE) sessions; and c) exam-
ine the effect of n-3 PUFA consumption on measurable
markers of oxidative stress and antioxidant defense in
competitive athletes.

MATERIALS AND METHODS

Study population

Twenty-three young healthy competitive athletes (3 fe-
males and 20 males) participated in this study. Athletes
were recruited from local rowing, football, and athletics
sports clubs. All athletes had been training 5 to 12 times
a week for at least 5 years. Further eligibility criteria in-
cluded age of 18 to 30 years, and normal body mass in-
dex (BMI), arterial BP, and serum lipid ranges. Exclusion
criteria included a history of smoking, hypertension, cor-
onary artery disease, diabetes, hyperlipidemia, renal im-
pairment, cerebrovascular and peripheral artery disease,
and taking any drugs or substances that could affect the
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endothelium (e.g., oral contraceptives in female). Also,
participants must not have been taking n-3 PUFA-en-
riched functional food or n-3 PUFA supplementation in
the form of capsules prior to enrollment in the present
study. Written informed consent was obtained from each
subject. The study protocol and procedures conformed
with the standards set by the latest revision of the De-
claration of Helsinki and were approved by the Ethical
Committee of the Faculty of Medicine, University of
Osijek, Osijek, Croatia (Class: 602-04/19-09/7; No: 383-
60-0119-13).

Production of n-3 PUFA-enriched hen eggs and assessment
of fatty acid profiles of chicken feed mixtures and edible
part of eggs

n-3 PUFA-enriched hen eggs were produced according
to the protocol of research group from Faculty of Agro-
biotechnical Sciences, University of Osijek (Stupin et al.,
2018a; Stupin et al., 2020; Mihalj et al., 2020). In brief,
soybean oil (5%) fed to laying hens in feed was replaced
with a mixture of fish (1.5%) and linseed (3.5%) oil. Pre-
paration and analysis of samples (feeding mixtures for
laying hens and edible parts of eggs) to determine fatty
acid content was performed in accordance with our well-
established protocols, which are described in detail in
previous publications (Stupin et al., 2018a; Stupin et al.,
2020; Mihalj et al., 2020). Portions of saturated fatty acid,
monounsaturated fatty acid, n-6 PUFAs, and n-3 PUFAs
were determined in g/100 g of total fatty acids in feed,
and in mg/100 g in eggs (edible part), as previously de-
scribed (Stupin et al., 2020). The n-6/n-3 PUFA ratio in
feed for hens that produced regular eggs was 10.30, and
for those that produced n-3 PUFAs eggs was 0.69. Each
n-3 PUFAs egg (average weight 60 g) contained an aver-
age of 351 mg of n-3 PUFAs (ALA 230.5 mg/egg, EPA
15.1 mg/egg, and DHA 105.5 mg/egg). Each control egg
(average weight 60 g) contained an average of 83 mg of
n-3 PUFAs (ALA 36 mg/egg, EPA 0 mg/egg, and DHA
47 mg/egg). The n-6/n-3 PUFAs ratio in n-3 PUFA hen
eggs (ratio 2.02) was significantly more favorable than
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in regular hen eggs (ratio 10.26).

Study design

This was a randomized placebo-controlled interventional
study. To reduce the risk of bias, assessors of anthropom-
etric, CV, biochemical and functional vascular outcomes
were blinded. The study protocol lasted for three weeks
(21 day), during which subjects were instructed to eat
three hard boiled hen eggs per day (total of 63 eggs).
Subjects were divided into the experimental n-3 PUFA
group (n=14, 3 females and 11 males) who consumed
n-3 PUFA-enriched hen eggs (3 per day; approximately
1,053 mg of n-3 PUFA per day), and the control group
(n=9, 0 female and 9 males) who consumed regular hen
eggs produced on the same farm (3 per day; approximate-
ly 249 mg of n-3 PUFA per day). n-3 PUFA-enriched
eggs and regular hen eggs were the same size (commer-
cial size: medium), and neither the researcher or the
subjects knew which group each subject was in. Further-
more, all subjects were instructed to consume only the
eggs given to them for the purposes of the study and not
to consume other foods rich in n-3 PUFAs, n-3 PUFA-
enriched functional food or any other form of n-3 PUFAs
supplementation during the study. The study was per-
formed in the Laboratory for Clinical and Sport Physiol-
ogy, Department of Physiology and Immunology at the
Faculty of Medicine, University of Osijek, Croatia. Two
study visits and all measurements were conducted on
the first day and the day immediately after the end of the
protocol. All testing occurred in the morning after over-
night fasting. Participants were instructed not to under-
take any strenuous activity during the 24-h preceding
the visits. The study protocol is depicted in the Fig. 1.

Basic anthropometric, CV, and biochemical measurements
BMI was calculated by measuring subjects’ heights (m)
and weights (kg), and waist and hip circumferences were
measured to calculate waist-to-hip ratios (WHRs). BP
and heart rate (HR) were measured at the beginning of
each visit after a 15 min rest in a seated position using an

Control Regular hen eggs (3 eggs/d; 249 mg n-3 PUFA/d)

N-3 PUFAs n-3 PUFAs enriched hen eggs (3 eggs/d; 1,053 mg n-3 PUFA/d)

2nd study visit

(after)

BP, HR
BMI, WHR, body
composition
venous blood sampling:
biochemical AEE LDF
parameteres, fatty acids
profile, markers of
oxidative stress
LDF

Fig. 1. Study timeline and protocol. PUFA, polyunsaturated fatty acid: BP, blood pressure; HR, heart rate; BMI, body mass index;
WHR, waist-to-hip ratio; LDF, laser Doppler flowmetry: AEE, acute exhausting exercise session.
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automated oscillometric sphygmomanometer (OMRON
M3, OMRON Healthcare Inc., Osaka, Japan). The final BP
and HR values were determined as the mean of three re-
peated measurements. Venous blood samples were taken
after a 15 min rest in a seated position at each study vis-
it. Standard biochemical measurements involved blood
sample analyses for full blood count, plasma electrolytes
(sodium and potassium), urea, creatinine, fasting lipid
profile [total cholesterol, high-density lipoprotein (HDL)
cholesterol, low-density lipoprotein (LDL) cholesterol,
and triglycerides], fasting blood glucose, hsCRP (a mark-
er of inflammation), and von Willebrand factor (vWIf; a
marker of endothelial damage) were determined using
standard laboratory methods, performed at the Depart-
ment of Clinical Laboratory Diagnostics, University Hos-
pital Osijek, Osijek, Croatia.

Analysis of serum fatty acids profile

Gas chromatography-tandem mass spectrometry (GC-
MS/MS) was used to analyze 37 fatty acids in serum,
conducted in accordance with well-established protocols,
which have been previously described in detail (Stupin
et al., 2020). In brief, fatty acids were identified using
the GC-MS/MS system by Thermo Fisher GC Trace 1300
coupled with a TSQ 9000 Triple Quadrupole (Thermo
Fisher Scientific, Waltham, MA, USA), and the fatty acids
profile was analyzed at the BIOCentre’s Bioanalytical
Laboratory, BIOCentre —Incubation Center for Bioscien-
ces, Zagreb, Croatia.

Response of microvascular function to challenge —

AEE session protocol

To examine if the dietary protocol of this study (con-
sumption of n-3 PUFA-enriched eggs vs. regular hen
eggs) affects microvascular function to a given challenge
(load), subjects underwent AEE in the form of rowing at
each study visit. The AEE comprised of a progressively
more intense rowing protocol that was modified to com-
prise 5x4-min submaximal grades and a single maximal
grade (Stupin et al., 2018b). The rowing protocol was
performed on the Dynamic Indoor Rower Concept 2 row-
ing ergometer (Concept2 Inc., Morrisville, VT, USA). All
subjects were instructed on how to use the rowing ergo-
meter by a former professional rower, and each practiced
once before the AEE. Submaximal grades were deter-
mined by the given load and lasted for 4 min each. The
exercise session started with an initial workload of 150
W, with stage progression of 40 W. The submaximal
grades were separated by 1-min recovery periods, with a
5-min rest before the maximal stage. Subjects were in-
structed to row with maximum power until complete ex-
haustion with no time limitation. Rating of perceived ex-
ertion was used for subjective quantification of individ-
uals’ perceptions of the physical demands of the activity.

In this study, a category-ratio scale (CR10), introduced
by Borg (1982) was used. CR10 uses rating ranging from
0 (nothing) to 10 (very hard activity), and shows good
reliability and validity in healthy, clinical, and athletic
adult populations (Chen et al., 2002).

Assessment of skin microcirculatory blood flow

Laser Doppler flowmetry (LDF) (MoorVMS-LDF, Moor
Instruments Ltd., Axminster, UK) was used to assess
overall microvascular reactivity by induction of post-oc-
clusive reactive hyperemia (PORH), and to evaluate en-
dothelium-dependent and -independent vasodilation by
iontophoresis (noninvasive transdermal application of
charged substances) of acetylcholine (ACh) and sodium
nitroprusside (SNP), respectively. The procedures for
LDF measurements have been previously described in
detail (Cavka et al., 2015; Bari¢ et al., 2019). The PORH
test included forearm microvascular blood flow measure-
ments before, during, and after release of 1-min vascular
occlusion. Microcirculatory blood flow was determined
by software calculating the area under the curve (AUC)
during baseline flow, occlusion, and reperfusion, and re-
sults were expressed as differences between the percent-
age of flow change during reperfusion and occlusion in
relation with baseline (R-O% increase). After baseline
microvascular blood flow recording, either the positively
charged ACh (1%) or negatively charged SNP (1%) vas-
odilator was subjected to iontophoresis with an anodal
current, applied by following an established protocol,
adapted to obtain a stable plateau of the maximal LDF
response (Stupin et al., 2018b; Barié et al., 2019). Micro-
circulatory blood flow was determined using software to
calculate the AUC during baseline flow and during ACh
or SNP administration. Results were expressed as in-
creases in blood flow following ACh or SNP administra-
tion in relation to baseline flow (ACh or SNP blood flow
increase).

Assessment of microvascular responsiveness range to AEE
Microvascular responsiveness range to AEE was calcu-
lated according to a previously established protocol
(Stupin et al., 2018b). Microvascular responsiveness
ranges are measures of difference in microvascular reac-
tivity responses to vascular occlusion (PORH), ACh (ace-
tylcholine-induced dilation, AChID), and SNP (sodium
nitroprusside-induced dilation, SNPID) administration,
assessed pre- and post-AEE sessions, and is expressed as
APORH, AAChHID, and ASNPID. Delta (A) values were
obtained at each study visit (before and after completing
each diet protocol) by subtracting the result of each
measurement (PORH, AChID, or SNP) after AEE from
the measurement before AEE (APORH=PORHost-arE —
PORHpre.AEE; AAChID =AChIDpost.AEE _AChIDpre.AEE;
ASNPID =SNPIDyos.ae — SNPIDpre.AEE) -
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Measurement of oxidative stress, antioxidant capacity,
and antioxidant enzymes activity

The thiobarbituric acid reactive substances (TBARS)
method measures products of lipid peroxidation and is a
measure of oxidative stress. Absorbance of samples are
measured by NanoPhotometer P300 (Implen GmbH,
Miinchen, Germany) at 572 and 532 nm, with malondi-
aldehyde (MDA) used as a standard (uM MDA). The fer-
ric-reducing ability of plasma (FRAP) method was used
to measure antioxidant capacity of blood samples. Fe’*-
2,4,6-tris(2-pyridyl)-s-triazine (TPTZ) is reduced to Fe**-
TPTZ in the presence of antioxidants to produce blue
discoloration. The absorbance of the samples was meas-
ured using a NanoPhotometer P300 (Implen) at 593 nm
(mM/L Trolox). TBARS and FRAP measurements were
conducted according to previously described protocols
(Bari¢ et al., 2020). Enzyme activity of catalase (CAT),
glutathione peroxidase (GPx), and superoxide dismutase
(SOD) in serum was performed using a Lambda 25UV-
Vis spectrophotometer equipped with the UV WinLab 6.0
software package (PerkinElmer For the Better, Waltham,
MA, USA), according to the protocol established in the
Biochemistry Laboratory at the Department of Biology,
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University of Osijek (Cosic et al., 2016; Mihaljevi¢ et al.,
2018). The activities of CAT, GPx, and SOD were ex-
pressed as units of the enzymes per milligram of protein
(U/mg protein). Concentrations of proteins in serum
(mg/mL) were determined using Bradford reagent (Brad-
ford Reagent B6916, Sigma Aldrich Co., St. Louis, MO,
USA) following the manufacturer’s protocol, measured
at 595 nm using bovine serum albumin as a standard.

Statistical analysis

All results are reported as the arithmetic mean=+stand-
ard deviation. The sample size required to show a poten-
tially significant effect was calculated based on prelimi-
nary data collected from 8 subjects. To detect differences
in primary outcomes reported in this study (e.g., LDF
measurement) with a level of significance of 0.05 and a
statistical power of 80% for paired t-tests, a minimum
sample size of 10 subjects per group was required. The
normality of data distribution was assessed by Kolmogo-
rov-Smirnov normality tests. Differences between meas-
urements before and after each diet protocol were as-
sessed using paired t-tests, or Wilcoxon rank-sum tests
when variables were not normally distributed. To assess

Table 1. The effect of regular (control group) and n-3 PUFA-enriched (n-3 PUFAs group) hen egg consumption on anthropometric,

hemodynamic, and biochemical parameters

Control n-3 PUFA
Parameter

Before After Before After
N (F/M) 9 (0/9) 14 (3/11)
Age (yr) 2212 22+3
BMI (kg/m?) 247+1.6 247+1.7 23.5+2.1 234421
WHR 0.86%0.05 0.85+0.07 0.81+0.05 0.81+0.05
SBP (mmHg) 120+8 114+13 123+13 121£12
DBP (mmHg) 7248 66£12 737 7017
MAP (mmHg) 88+t7 82+11 89+8 8718
HR (beat/min) 80+12 7418 66%11 70+14
Erythrocytes (x10°'4/L) 49403 49+03 49+0.4 49+03
Hemoglobin (g/L) 146+6 147+6 14749 14517
Hematocrit (%) 419+£18 42.3+1.6 425420 40.8+2.8
Leukocytes (X10°/L) 6.6+1.1 7.0+18 64%22 63127
Thrombocytes (x10%/L) 204+28 217x42 209+48 207+44
Urea (mmol/L) 69+14 7.1£1.2 65+13 68+14
Creatinine (umol/L) 90+7 89+8 88t16 85+15
Sodium (mmol/L) 137.91£2.2 139.81£2.8 137.5+£2.1 137.9+£2.2
Potassium (mmol/L) 43104 42103 3.9+£0.6 3.9+£05
Glucose (mmol/L) 49408 51+1.4 48%05 48+05
hsCRP (ma/L) 0.67£1.09 0.90+1.25 0.72£1.11 1.15+1.39
von Willebrand factor 1.26£0.14 1.45+0.30 1.371£0.59 1.33+0.46
Total cholesterol (mmol/L) 44104 44107 44104 47£05
Triglycerides (mmol/L) 1.0£0.5 1.4x0.7 1.0£0.5 1.1£05
HDL cholesterol (mmol/L) 1.4+0.2 1.44+0.3 1.4+0.2 154+0.2
LDL cholesterol (mmol/L) 2502 25104 25%0.2 27104

Values are presented as meanzSD.

PUFA, polyunsaturated fatty acid; N, number of participants; F, female; M, male; BMI, body mass index; WHR, waist-to-hip ratio;
SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; HR, heart rate; hsCRP, high-sensitivity
C reactive protein; HDL, high-density lipoprotein: LDL, low-density lipoprotein.
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differences between control and n-3 PUFA groups, Stu-
dent’s t-tests were used for parametric distributions and
Mann-Whitney tests were used for nonparametric dis-
tributions. Correlations between primary outcomes (mi-
crovascular reactivity; e.g., PORH, AChID, and SNPID)
and corresponding parameters (BP, HR, BMI, WHR,
hsCRP, serum lipids, TBARS, FRAP, and antioxidant en-
zymes activity) in both study groups were determined by
Pearson’s or Spearman’s correlation tests, as appropriate.
P<0.05 was considered statistically significant. SigmaPlot
version 11.2 (Systat Software Inc., Chicago, IL, USA) was
used for statistical analysis.

RESULTS

Subjects’ baseline anthropometric, hemodynamic, and
biochemical characteristics are presented in Table 1. All
subjects were lean and normotensive, had normal full
blood counts, renal function, serum electrolytes, fasting
blood glucose, hsCRP, and fasting lipid levels. At base-
line, there was no significant difference in all measured
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parameters (e.g., age, BMI, BP, HR, and biochemical pa-
rameters) between athletes in the control and n-3 PUFA
groups. All participants completed the 3-weeks dietary
protocol: the n-3 PUFAs group consumed n-3 PUFA-en-
riched hen eggs (3 eggs with a total of 1,053 n-PUFAs/d)
and the control group consumed regular hen eggs (3 eggs
with a total of 249 n-PUFAs/d).

Anthropometric, CV, and biochemical parameters

The effects of consuming regular or n-3 PUFA-enriched
hen eggs on anthropometric, hemodynamic and biochem-
ical parameters are presented in Table 1. There were no
significant differences in anthropometric (BMI, WHR),
hemodynamic (systolic BP, diastolic BP, mean arterial
pressure, and HR), or biochemical (full blood count,
plasma electrolytes, urea, creatinine, fasting blood glu-
cose, hsCRP, and vWf) parameters, or in serum lipid
profiles (total cholesterol, triglycerides, LDL cholesterol,
and HDL cholesterol) following consumption of n-3
PUFA or regular hen eggs compared with baseline meas-
urements. Furthermore, these measurements did not dif-
fer between groups.

Table 2. The effect of regular (control group) and n-3 PUFA-enriched (n-3 PUFAs group) hen egg consumption on serum fatty

acids profiles

Control n-3 PUFAs
Parameter
Before After Before After
SFA (umol/L)
C14:0 Mpyristic acid 30.5£0.8 36.9£19.1 28.314.1 24.0%7.6
C16:0 Palmitic acid 376x79 591+287 341197 337162
C18:0 Stearic acid 11518 172169 101£25 105%20
PUFA (umol/L)

n-7

C16:1(cis-9) Palmitoleic acid 269151 43.9+23.3 28.9+7.1 275%15
n-9

18:1(cis-9) Oleic acid 298+142 4961257 214+71 212+40
n-6

C18:2(cis=9,12) Linoleic acid 597+132 903+337 460+144 468+129

C18:3(cis=6,9,12) Gamma-Linolenic acid 12.7£4.2 13.4£20 12.1£0.3 11.5£0.1

C20:3(cis=8,11,14) Dihomo-gamma-linolenic acid 23.6t4.2 28.9£9.3 23.91£6.0 23.3+84

C20:4(cis-5,8,11,14) Arachidonic acid 161£51 224+58' 128425 126%21
n-3

C18:3(cis=9,12,15) Alpha-Linolenic acid <LOQ 15.4£8.6 11.5£11 16.6+4.4*

C20:4(cis-5,8,11,14) Eicosa- <LOQ 9,9 10.9+25 13, 6

5,8,11,14,17-pentaenoic acid
C22:6(cis-4,7,10,13,16,19) cis- 25475 38.21£8.2 21.717.6 30.4+6.8*
4,7,10,13,16,19-Docosahexaenoic acid

n-6/n-3 PUFA 8.30 11.20 10.70 7.90

Values are presented as meanzSD.

*P<0.05 before vs. after within each group (control or n-3 PUFA); 'P<0.05 difference between the groups.

PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid.

<LOQ, below the limit of quantification: C10:0 capric acid, C12:0 lauric acid, C13:0 tridecylic acid, C15:0 pentadecylic acid, C17:0
margaric acid, C20:0 arachidic acid, C22:0 behenic acid, C23:0 tricosanoic acid, C24:0 lignoceric acid, C14:1(cis-9) myristoleic acid,
C20:1(cis=11) 11-eicosenoic acid, C22:1(cis-13) erucic acid, C24:1(cis-15) nervonic acid, C21:2(cis-11,14) eicosadienoic acid.
Not found: C4:0 butyric acid, C6:0 caproic acid, C8:0 caprylic acid, C11:0 undecylic acid, C21:0 heneicosanoic acid, C15:1(cis-10)
cis-10-pentadecenoic acid, C17:1(cis-10) cis-10-heptadecenoic acid, C18:1(trans-9) elaidic acid, C18:2(trans-9,12) linoelaidic acid,
C22:2(cis=13,16) 13,16-docosadienoic acid, C20:3(cis-11,14,17) 11,14,17-eicosatrienoic acid.
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Serum fatty acid profiles

The validity of the dietary protocol was confirmed by a
significant increase in n-3 PUFA concentration in the se-
rum of competitive athletes. The profiles of 37 fatty acids
in serum before and after the dietary protocol is pre-
sented in Table 2. At baseline, there were no significant
differences in serum fatty acids concentrations between
the groups. At the end of dietary protocol vs. baseline, in
the n-3 PUFAs group only serum concentrations of ALA
and DHA were significantly increased, and the serum
n-6/n-3 ratio was decreased by approximately 27%. For
the control group, the serum fatty acids profile did not
significantly change, although the n-6/n-3 ratio increased
by approximately 35%. Serum C20:4(cis-5,8,11,14) ara-
chidonic acid (AA) was significantly lower in the n-3
PUFA group compared with the control group after com-
pletion of each dietary protocol.

Forearm skin microvascular reactivity —
endothelium-dependent and -independent vasodilation
Consumption of n-3 PUFA-enriched hen eggs significant-
ly enhanced both PORH (an increase of 17%; Fig. 2A)
and AChID (an increase of 14.4%; Fig. 2B) of forearm skin
microcirculation compared with baseline measurements.
However, consumption of regular hen eggs did not induce
any significant changes in PORH or AChID vs. baseline
(Fig. 2A and 2B), and there was no significant difference
in PORH and AChID at baseline or following consump-
tion of eggs between the groups (Fig. 2A and 2B). SNPID
was similar between baseline and following consumption
of regular or n-3 PUFA eggs within each group (Fig. 2C),
and between control and n-3 PUFA groups at baseline
and following each diet protocol (Fig. 2C).

A PORH B

1 Control-before
EA Control-after

[ Control-before HM n-3 PUFAs-before
EA Control-after n-3 PUFAs-after

AChID C
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Microvascular responsiveness range to AEE

Consumption of n-3 PUFA-enriched hen eggs significant-
ly increased the AAChID responsiveness range to AEE
(Fig. 3B), while there was no significant effect on APORH
(Fig. 3A) or ASNPID (Fig. 3C) responsiveness to AEE. In
addition, consumption of regular hen eggs did not induce
any significant changes in APORH (Fig. 3A), AAChID
(Fig. 3B), or ASNPID (Fig. 3C) responsiveness to AEE
session compared with baseline. There was no significant
difference in APORH, AAChID, or ASNP at baseline or
following eggs consumption between groups (Fig. 3).

Markers of oxidative stress and antioxidant defense

Plasma TBARS (marker of oxidative stress and lipid per-
oxidation) and FRAP (marker of antioxidant defense) lev-
els and serum antioxidant enzyme (CAT, GPx, and SOD)
activities in group before and after the dietary protocol
are presented in Table 3. Both TBARS and FRAP were
similar before and after dietary protocol within each
group, and did not differ between control and n-3 PUFAs
groups at baseline or following each respective diet pro-
tocol. Serum activity of GPx and SOD significantly de-
creased, whereas activity of CAT remained unchanged fol-
lowing consumption of n-3 PUFA-enriched hen eggs vs.
baseline. Activity of all measured antioxidant enzymes
(CAT, GPx, and SOD) were similar before and after the
dietary protocol within the control group. Furthermore,
serum CAT, GPx, and SOD activities did not significant-
ly differ between the control and n-3 PUFAs groups at
baseline or following each respective diet protocol.

DISCUSSION

This was the first randomized double-blinded placebo-

SNPID
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Fig. 2. Effect of regular (control group, n=9) and n-3 polyunsaturated fatty acid (PUFA)-enriched (n-3 PUFAs group, n=14) hen
egg consumption on skin microvascular overall reactivity, and endothelium-dependent and -independent vasodilation in competitive
athletes. (A) Post-occlusive reactive hyperemia (PORH), (B) acetylcholine-induced dilation (AChID), and (C) sodium nitroprus-
side-induced dilation (SNPID). PORH measurements are expressed as the difference between percentages of flow change during
reperfusion and occlusion in relation to baseline (R-0%). AChID and SNPID are expressed as flow increases following ACh or
SNP administration compared with baseline flow. Data are presented as arithmetic mean%SD. *~=0.002 (for PORH) and ~=0.050
(for AChID) before vs. after within the n-3 PUFA group (paired #-tests).
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Fig. 3. Effect of regular (control group, n=9) and n-3 polyunsaturated fatty acid (PUFA)-enriched (n-3 PUFA group, n=14) hen egg
consumption on skin microvascular responsiveness range to acute exhausting exercise (AEE) sessions in competitive athletes.
(A) Difference in post occlusive reactive hyperemia (PORH) responsiveness, APORH=PORH,ost-ace —PORHore-aee, (B) difference in ace-
tylcholine-induced dilation (AChID) responsiveness, AAChID=AChIDpost-ace —AChIDpre-ace, and (C) difference in sodium nitroprus-
side-induced dilation (SNPID) responsiveness, ASNPID=SNPIDgost-ace —SNPIDgre-ace. PORH measurements are expressed as the dif-
ference between percentage of flow change during reperfusion and occlusion in relation to baseline (R-0%). AChID and SNPID
are expressed as flow increase following ACh or SNP administration compared to baseline flow. Data are presented as arithmetic
meanzSD. *P=0.008 (for AAChID) before vs. after within the n-3 PUFA group (paired #-test).

controlled interventional study to investigate if supple-
mentation with n-3 PUFA functional foods had benefi-
cial effects additive to exercise on endothelial function
in competitive athletes. In this study, we showed that
consumption of n-3 PUFA-enriched hen eggs significant-
ly improved endothelium-dependent vasodilation of fore-
arm skin microcirculation in response to vascular occlu-
sion and administration of ACh, independently of BP and
serum lipids changes (no correlation was found between
primary outcomes with any of measured variables). More-
over, functional vascular changes were accompanied by
significant decreases in activities of antioxidant enzymes
(GPx and SOD) in serum, potentially due to improved
oxidative stress balances, which diminishes the need for
antioxidant defense. Interestingly, consumption of n-3
PUFA-enriched hen eggs also modified forearm skin mi-
crovascular adaptation to AEE challenge in competitive
athletes. The physiological purpose and mechanisms that
mediate this effect pose an intriguing question for future
functional vascular research in athletes. Furthermore,

consumption of large amounts of regular hen eggs (3 eggs
per day for 3 weeks) did not have a detrimental effect on
vascular function, BP, serum fatty acids, or lipid profiles
in athletes, similar to previous observations (Stupin et
al., 2018a; Stupin et al., 2020).

n-3 PUFA-enriched hen egg consumption and
microvascular endothelium-dependent vasodilation

In recent years, n-3 PUFAs have received increasing at-
tention in sports nutrition. n-3 PUFAs have been consid-
ered as ergogenic supplements, which may have a role in
preparation for exercise, improving exercise efficiency,
enhancing recovery from exercise, and helping to prevent
injury during intense training. This may help reduce ex-
ercise-induced inflammation and improve muscle health
of muscle and energy availability (Simopoulos, 2008; Ochi
and Tsuchiya, 2018). In a previous study, compared with
placebo, 1.3 g of n-3 PUFA significantly increased flow-
mediated dilation of brachial arteries in endurance-
trained athletes, and induced increased levels of nitric

Table 3. The effect of regular (control group) and n-3 PUFA-enriched (n-3 PUFAs group) hen egg consumption on oxidative stress

levels, antioxidant defense, and antioxidant enzymes activity

Control n-3 PUFAs
Parameter
Before After Before After
TBARS (mM/L TE) 0.30+0.07 0.31£0.05 0.35%+0.15 0.35+0.10
FRAP (um/MDA) 0.33£0.04 0.40+0.11 0.33£0.04 0.33+0.04
CAT (U/mg protein) 3.511+£2.417 3.6241+1.082 2.439+1.381 3.059+0.986
GPx (U/mg protein) 0.012+0.010 0.009+0.004 0.012+0.004 0.006+0.003*
SOD (U/mg protein) 8.96410.624 8.634+0.883 9.289+0.581 8.318+0.853*

Data are presented as mean=xSD.

*P<0.05 before vs. after within each group (control or n-3 PUFA).
PUFA, polyunsaturated fatty acid; TBARS, thiobarbituric acid reactive substances:; FRAP, ferric reducing ability of plasma; TE,
Trolox equivalent: MDA, malondialdehyde; CAT, catalase; GPx, glutathione peroxidase: SOD, superoxide dismutase.
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oxide (NO) vs. pre-supplementation (Zebrowska et al.,
2015). However, very few interventional studies have in-
vestigated the effects of n-3 PUFA supplementation on
microvascular function (none in athletes), and those
that exist show conflicting results (Armah et al., 2008;
Fuentes et al., 2008). The present study demonstrated,
for the first time, that peripheral microvascular response
to vascular occlusion (PORH) and iontophoresis of ACh
were enhanced in athletes who consumed n-3 PUFA-en-
riched hen eggs, which is consistent with previous re-
sults in sedentary persons (Kvernmo et al., 1998; Jurva
et al., 2006; Stupin et al., 2018b).

It has been established that EPA and DHA compete
with AA for incorporation into phospholipidic cell mem-
branes, helping to decrease chronic and acute inflamma-
tion via inflammation mediators such as prostaglandins,
leukotrienes, lipoxins, resolvins, and protectins (Ramos-
Campo et al., 2020). Moreover, n-3 PUFAs can undergo
enzymatic reactions that produce lipid mediators, and
interact with oxygen free radicals (Yang et al., 2019).
Therefore, n-3 PUFAs may have an important impact on
vascular function since metabolites of AA [cyclooxygen-
ase (COX) and cytochrome P450 (CYP450) derived vas-
oactive substances] and NO are key mediators of endo-
thelium-dependent vasodilation and vasoconstriction
(Drenjancevi¢ et al., 2016). Oxidative stress, inflamma-
tion and activation of the endothelium are key determi-
nants of endothelial dysfunction. Therefore, the future
research should establish which of these endothelium-de-
rived vasoactive mediators (NO, COX, and/or CYP450-
derived) play a role in positive, endothelium-dependent
vascular responses to n-3 PUFAs consumption in both
healthy sedentary individuals and active athletes.

n-3 PUFA-enriched hen eggs and microvascular
responsiveness range to AEE

Long-term regular exercise has beneficial effects on vas-
cular function, resulting in improved macro- and micro-
vascular endothelium-dependent vasodilation in physical-
ly active vs. sedentary individuals (Kvernmo et al., 1998;
Lenasi and Strucl, 2004). However, the impact of the AEE
on macro- and microvascular function is still under inves-
tigation. Our previous study demonstrated significantly
reduced PORH and ACh-induced skin microcirculation
dilation following AEE in professional rowers who, prior
to AEE sessions, exhibited enhanced baseline ACh-in-
duced dilation vs. sedentary individuals (Stupin et al.,
2018b). Similar results on the effects of AEE on micro-
vascular function were observed in the present study,
i.e,, PORH and AChID were significantly reduced imme-
diately after AEE vs. baseline. It is important to note that
in the n-3 PUFA group, the temporary reduction in

AChID following AEE was more pronounced at the end
of dietary protocol than at the beginning of the dietary
protocol. This phenomenon was not observed in a group
of athletes consuming regular eggs. From the point of
the ‘hormesis’ hypothesis, if we consider that these tem-
porary reductions in endothelial response led to better
long-term endothelial function, a more pronounced re-
duction in AChID following n-3 PUFA supplementation
could be considered as an increase in microvascular re-
sponsiveness range to AEE (i.e., better utilization of vas-
odilation capacity). This could potentially contribute to
the enhanced baseline microvascular reactivity observed
in athletes who consumed n-3 PUFA-enriched eggs. How-
ever, these results are just observational and we can only
currently speculate of their physiological meaning.

n-3 PUFA-enriched hen eggs, BP, and serum lipids

In contrast to clinical trials on patients with increased CV
risk or with CV diseases demonstrating clinically relevant
reductions in BP with n-3 PUFA supplementation (Bgnaa
et al., 1990; Appel et al., 1993), unambiguous effects of
n-3 PUFAs in lowering BP were not observed in normo-
tensive individuals (Rasmussen et al., 2006; Shah et al.,
2007). For example, reports have shown that consump-
tion of 6 g/d of DHA-rich fish oil for five weeks decreased
resting diastolic BP in elite Australian Rules footballers
(Buckley et al., 2009). However, consumption of 1.3 g of
n-3 PUFA in capsules for 3 weeks did not induce signifi-
cantly increase BP or HR compared with pre-supplemen-
tation levels in endurance-trained athletes (Zebrowska
et al., 2015), which is similar to results of the present
study. Since BP regulation may be influenced by many
factors, it remains to be determined if n-3 PUFA con-
sumption may modify these factors in healthy trained in-
dividuals.

The potential of n-3 PUFAs supplementation to reduce
serum lipids, most notably triglycerides, in hyperlipide-
mic individuals is well accepted (Kris-Etherton et al.,
2002; Jacobson et al., 2014). In addition, n-3 PUFA con-
sumption has the ability to reduce serum triglyceride lev-
els in healthy individuals (Leslie et al., 2015). Moreover,
supplementation with n-3 PUFAs in the form of enriched
hen eggs has potential to decrease serum triglycerides in
healthy individuals (Oh et al., 1991; Bovet et al., 2007;
Stupin et al., 2018a), judoists (Filaire et al., 2010), and
in middle- and long-distance runners (Buonocore et al.,
2020). However, in the present study, consumption of
n-3 PUFA-enriched hen eggs did not induce significant
changes in triglycerides levels in competitive athletes,
potentially due to very favorable low (but normal) base-
line serum triglycerides concentrations in athletes.
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n-3 PUFAs and oxidative stress

Intense bouts of acute exercise increase production of
reactive oxygen species (ROS) and reactive nitrogen spe-
cies (RNS), which leads to elevated oxidative stress and
oxidative damage to cellular constituents (Powers and
Jackson, 2008). ROS/RNS production induced by con-
tracting muscles during exercise deplete cellular antioxi-
dants (such as glutathione) in the blood, and alter the
redox balance (Malhotra and Kaufman, 2007; Gammone
et al., 2018). In general, regular exercise up-regulates the
body’s antioxidant defense mechanisms, to minimizing
oxidative stress (Malhotra and Kaufman, 2007; Gammone
et al., 2018). The effects of n-3 PUFAs in resolving oxi-
dative stress in athletes are conflicting. For example, in
15 male athletes, drinking beverages enriched with DHA
for 8 weeks increased the catalytic activity of SOD (but
not CAT, glutathione reductase, or GPx), but did not al-
ter other markers of oxidative stress (Martorell et al.,
2015). Furthermore, supplementation with n-3 PUFAs
for 8 weeks (4 g/d) significantly reduced the lipid perox-
idation marker (MDA) and increased the activity of GPx
and CAT, but not SOD, in middle- and long-distance
running athletes (Buonocore et al., 2020). The present
study demonstrated that consumption of n-3 PUFA-en-
riched hen eggs did not significantly change basal levels
of lipid peroxidation and antioxidant capacity (FRAP) in
competitive athletes. However, consumption decreased
serum GPx and SOD activity, potentially due to the pre-
existing oxidative balance and adaptation of antioxidant
mechanisms to exercise-induced increases in oxidative
stress, while no changes in serum antioxidant enzyme
activity were observed following consumption of regular
hen eggs. These results may indicate athletes are better
able to compensate for oxidative stress following n-3
PUFA supplementation. However, effect of n-3 PUFAs on
oxidative stress levels immediately after exposure to the
AEE sessions was not examined due to the technically
demanding setup of the exercise; this effect needs to be
clarified in future research.

This study has several limitations. First, there was a
difference in sex distribution (a greater number of males
than females) and only a limited number of included sub-
jects, which underpowered the ability to examine poten-
tial differences between males and females. Furthermore,
the participants’ diets were not monitored throughout
the study. However, to ensure maximum compliance to
the dietary protocol, participants were frequently con-
tacted by telephone and instructed to keep adhering to
their usual diet.

In conclusion, this is the first time to show that con-
sumption of n-3 PUFA-enriched functional foods im-
proves peripheral endothelium-dependent microvascular
reactivity, and decreases serum antioxidant enzyme (GPx
and SOD) activity in competitive athletes. n-3 PUFA

supplementation also beneficially modifies peripheral
microvascular adaptations to the AEE challenge in com-
petitive athletes. Enhanced microvascular function due
to n-3 PUFA intake occurred independently of changes
to BP and blood lipid concentrations, indicative of excit-
ing new areas of research on the potential mechanisms
mediating interaction between n-3 PUFAs, exercise, and
the endothelium in athletes. The results of the current
study could highlight recommendations for adequate n-3
PUFAs intake in athletes, particularly from natural sour-
ces such as functional foods.
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