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oxHDLlipids was decreased towards the pre-exercise level, 
but that of oxLDLlipids remained decreased below pre-exer-
cise values (p < 0.001). The change in oxLDLlipids after the 
run correlated positively with VO2max (r = 0.67, p < 0.001) 
and negatively with the change in paraoxonase activity 
(r = −0.47, p < 0.05).
Conclusions  We conclude that acute exhaustive physical 
exercise increased the concentration of oxHDLlipids and 
decreased that of oxLDLlipids and the ratio of oxLDLlipids 
to oxHDLlipids, which suggests that during physical exer-
cise HDL has an active role in the removal of lipid peroxides.

Keywords  Physical exercise · HDL · LDL · Oxidized 
lipids · Lipid peroxides · Oxidative stress

Abbreviations
ABAB	� 2,2′Azobis(2-amidinopropane)HCl
ANOVA	� Analysis of variance
BMI	� Body mass index
HCL	� Hydrochloride
HDL	� High-density lipoproteins
HLPC	� High-performance liquid chromatography
LDL	� Low-density lipoproteins
MDA	� Malondialdehyde
oxHDLlipids	� Oxidized HDL lipids
oxLDLlipids	� Oxidized LDL lipids
TRAP	� Total peroxyl radical trapping antioxidant 

potential
VO2max	� Maximal oxygen uptake

Introduction

The function of serum lipoproteins is to transport lipids 
and lipid soluble material in the blood stream to and from 

Abstract 
Purpose  Physical exercise has cardioprotective functions, 
which have been partly linked to high-density lipoprotein 
(HDL), and its functions. We studied the effects of endoge-
nous oxidative stress, induced by acute exhaustive physical 
exercise, on concentration of oxidized HDL lipids.
Methods  Twenty-four male national top-level endurance run-
ners, 12 middle-distance runners and 12 marathon runners 
performed a maximal run on a treadmill until exhaustion. 
We analyzed concentrations of oxidized HDL (oxHDLlipids) 
and LDL lipids (oxLDLlipids), serum antioxidant potential 
(TRAP), paraoxonase activity and malondialdehyde. Venous 
blood samples were taken before, immediately, 15 and 
90 min after exercise.
Results  Immediately after the treadmill run the concentra-
tion of oxHDLlipids was increased by 24  % (p  <  0.01). 
Simultaneously, the ratio of oxHDLlipids to oxLDLlipids 
increased by 55  % and the oxLDLlipids levels decreased 
by 19  % (p  <  0.001), while serum malondialdehyde and 
TRAP increased by 54 % (p < 0.001) and 29 % (p < 0.01), 
respectively. After the 90 min recovery the concentration of 
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the liver. Low-density lipoprotein (LDL) is the main trans-
porter of cholesterol to the peripheral tissues and into arte-
rial wall, while excess tissue cholesterol is returned to the 
liver by reverse cholesterol transport mediated by high-den-
sity lipoprotein (HDL) (Barter et al. 2007).

Oxidized lipids can have widespread effects on normal 
physiological conditions. In particular, oxidized LDL is 
considered to be the primary event leading to the initia-
tion and progression of atherosclerosis (Parthasarathy et al. 
1998; Steinberg and Witztum 2002), while HDL appears to 
be protective (Mackness et  al. 2000). Reverse cholesterol 
transport is considered as the primary protective effect of 
HDL, but there is also evidence of anti-inflammatory, anti-
oxidative and antithrombotic properties (Navab et al. 2011).

Exercise is a well-recognized model of physiological 
oxidative stress, but it can also positively influence risk 
factors associated with cardiovascular disease (Jenkins 
1988; Mora et  al. 2007; Swift et  al. 2013). An important 
mechanism by which physical activity reduces the risk of 
cardiovascular disease is through regulating the concentra-
tion of plasma lipids (Monda et al. 2009; Wagganer et al. 
2015). Exercise is known to decrease plasma triglyceride 
levels, and to increase concentrations of HDL cholesterol 
and apolipoprotein A-I (Leon and Sanchez 2001). Serum 
lipoproteins are known to contain variable amounts of lipid 
peroxides, and there is some evidence indicating that HDL 
may transport lipid oxidation products during physiologi-
cal conditions (Ahotupa et  al. 2010). Furthermore, it has 
been suggested that HDL does not only remove the excess 
cholesterol but also has a role in removal of lipid oxidation 
products (Shao and Heinecke 2009; Ahotupa et al. 2010).

Earlier studies have shown that acute prolonged physi-
cal exercise decreases oxidized LDL lipids (oxLDLlip-
ids) levels (Vuorimaa et  al. 2005; Välimäki et  al. 2012). 
Furthermore, it has been suggested that acute strenuous 

physical activity might raise lipid oxidation products in 
HDL (Ahotupa et al. 2010). However, very limited amount 
of information exists on the transport of lipid peroxides by 
serum lipoproteins immediately following exercise and the 
concomitant recovery period. The aim of this study was to 
find out the effects of acute maximal treadmill run followed 
by 90 min recovery on the transport of lipid peroxides by 
serum HDL and LDL. Therefore, a group of trained mid-
dle-distance and marathon runners were recruited to study 
the effect of different training background on the responses 
to acute exercise.

Materials and methods

Subjects

Twenty-four male national top-level endurance runners, 12 
middle-distance runners and 12 marathon runners volun-
teered for the study. All had been training and competing in 
middle and long distance running regularly for more than 
5 years. The basic characteristics of the subjects are shown 
in Table 1. The study protocol was approved by local ethi-
cal committee (Hospital District of Southwest Finland: 
91/1801/2015) and was performed in accordance with the 
Declaration of Helsinki on the use of human subjects. After 
provision of written and oral information regarding the pos-
sible risks and discomforts of the study, written informed 
consent was obtained from all participants included in the 
study.

Study design

The subjects performed a velocity-incremented continu-
ous treadmill run (Telineyhtymä, Kotka, Finland) at 1 
slope until exhaustion. The duration of each stage of the 
test was 2 min; the initial 2-min stage was run at a veloc-
ity of 10 km h−1 and thereafter the velocity was increased 
by 1  km  h−1 for each consecutive stage until exhaustion. 
The whole duration of the treadmill run was 20–22 min, of 
which the last 6–8 min was performed in anaerobic level. 
Venous blood samples were taken before exercise, immedi-
ately, 15 and 90 min after exercise. On the test day, the sub-
jects consumed a standardized, light breakfast 3  h before 
the exercise. The breakfast consisted of a cucumber sand-
wich, glass of juice, and a cup of coffee or tea (Table 2). 
The subjects were not allowed to take any supplements 
(like antioxidants) during the days preceding the study.

The maximal oxygen uptake was determined during the 
incremental VO2max test by an automated Oxygon Sigma 
gas analyzer (Mijnhard, The Netherlands), which was 
calibrated before each test according to the manufacture’s 
instructions. The calibration was regularly checked after 

Table 1   Mean (SD) values of basic characteristic, total running 
amount during the year before the study (training), and season’s best 
(s.b.) competitive

BMI body mass index, VO2max maximal oxygen uptake, Vmax the 
treadmill velocity at which the subject first attained VO2max

Middle-distance runners Marathon runners

Age (years) 21.3 (2.3) 27.3 (4.4)

BMI 21.2 (1.8) 20.5 (1.5)

Training (km/year) 4189 (1097) 6333 (854)

VO2max (mL/kg/min) 72.3 (6.9) 76.6 (4.7)

Vmax (km/h) 19.0 (1.4) 20.2 (0.8)

Time to exhaustion 
(min)

20 (2.8) 22.3 (1.7)

s.b. 800 m (min:s) 01:53 (00:03)

s.b. 42.2 km (h:min:s) 2:21:17 (0:04:58)
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the tests. Breath-by-breath metabolic data were averaged to 
30-s intervals. VO2max was defined as the highest 60-s VO2 
during the test. Vmax was the treadmill velocity at which the 
subject first attained VO2max (Billat et al. 1995). This was 
either the velocity of the last 2-min stage or the previous 
2-min velocity, if VO2 was higher at this stage. If the value 
of VO2 at the two last stages was the same, the mean of 
these two velocities was accepted as Vmax (Lindsay et  al. 
1996). The reliability of this protocol has been confirmed 
by Billat et al. (1994, 1996).

Determination of oxidized lipoprotein lipids

Analysis of lipoprotein oxidized lipids was based on the 
determination of the baseline level of conjugated dienes in 
lipoprotein lipids (Ahotupa et al. 1998). The appearance of 
conjugated dienes has been commonly used as the index 
of oxidation in in vitro and ex vivo studies on LDL oxida-
tion. Serum LDL was isolated by precipitation with buff-
ered heparin (Ahotupa et  al. 1998). Isolation of the HDL 
fraction from serum samples was based on phosphotung-
stic acid precipitation (Väisänen et  al. 1992). Before the 
isolation of serum lipoproteins, serum samples (to which 
1 mg/mL of EDTA were added) and precipitation reagents 
were allowed to equilibrate to room temperature. The iso-
lation procedures were validated for the purpose, and did 
not affect the level of oxidized lipids (Ahotupa et al. 1998). 
Lipids were extracted from isolated lipoprotein samples 
(100 μL) by chloroform–methanol (2:1), dried under nitro-
gen, then redissolved in cyclohexane (1 mL), and analyzed 
spectrophotometrically at 234  nm. Absorbance units (dif-
ference A234–A300) were converted to molar units using 
the molar extinction coefficient 2.95  ×  104  M−1  cm−1. 
Validation studies for the assay have ruled out interference 
by nonspecific substances, and shown that diene conjuga-
tion is a measure of oxidative LDL modification found in 
all LDL lipid classes. In addition to the specific absorption 
spectra at 234 nm, the presence of conjugated dienes has 
been verified by NMR studies (Vasankari et al. 2001). The 
coefficient of variation (CV) for within-assay precision for 
the determination of oxidized lipoprotein lipids was 4.4 %, 
and the CV for the between-assay precision was 4.5 %.

Determination of lipoprotein oxidation resistance 
in vitro

The oxidation resistance of lipoproteins was investigated 
in a model based on Cu2+-induced oxidation of HDL and 
LDL in  vitro. Lipoproteins were isolated as described 
above. Lipoprotein concentrations in the incubations cor-
responded to 0.1  mL of serum/mL of the incubation vol-
ume. Oxidation of lipoprotein lipids was monitored by the 
formation of conjugated dienes, as described by Esterbauer 
et al. (1992).

Chemicals

Chloroform (p.a.), methanol (p.a.) and cyclohexane 
(Uvasol) were from E. Merck (Darmstadt, Germany), 
heparin from Lövens Kemiska Fabrik (Ballerup, Den-
mark). 5-Amino-2,3-dihydro-1,4-phthalazinedione (Lumi-
nol) was purchased from Bio-Orbit Ltd. (Turku, Finland), 
2,2′azobis(2-amidinopropane) HCl (ABAP) from Poly-
sciences Inc. (Warrington, PA, USA), 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox) from 
Aldrich Chemicals Co. (Milwaukee, WI, USA). Alkaline 
phosphatase was from Finnzymes (Espoo, Finland). All 
other reagents were from Sigma Chemicals Co. (St. Louis, 
MO, USA).

Other analytical procedures

Serum total peroxyl radical trapping antioxidant potential 
(TRAP) was estimated ex  vivo by the potency of serum 
samples to resist ABAP-induced peroxidation (Ahotupa 
et al. 1996). Peroxyl radical trapping potential was assayed 
briefly as follows: 0.45  mL of 0.1  M sodium phosphate 
buffer, pH 7.4, containing 0.9 % NaCl, 0.02 mL of 120 mM 
linoleic acid, 0.05 mL of luminol (0.5 mg/mL), and serum 
samples were mixed in the cuvette. The assay was initiated 
by 0.05 mL of ABAP (83 mg/mL). Chemiluminescence in 
triplicate cuvettes at 37° was measured until a peak value 
for each sample was detected. Peroxyl radical trapping 
capacity was defined by the half-peak time point. Trolox 
served as a standard radical scavenger. Paraoxonase activity 
was determined using paraoxon (O,O-diethyl-O-p nitrophe-
nylphosphate) as the substrate and measuring the increase 
in absorbance, due to the formation of 4-nitrophenol, at 
412 nm (Harangi et al. 2004). Serum total cholesterol, LDL 
cholesterol and HDL cholesterol measurements were based 
on standard enzymatic methods and performed with com-
mercial analytical kits (Roche Diagnostics, Mannhein, Ger-
many). HDL cholesterol concentration was measured after 
phosphotungstic acid precipitation. Malondialdehyde con-
centration was measured as serum total (free and protein-
bound) malondialdehyde as the 2,4-dinitrophenylhydrazine 

Table 2   Nutritional characteristics of breakfast (mean ± SD)

Energy (kcal) 203

Fat (g) 7

Saturated fat (g) 1

Protein (g) 3

Carbohydrate (g) 30

Fiber (g) 1

Lipid peroxides (μmol/L) 98 ± 5
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derivative by HPLC with 1,1,3,3-tetraethoxypropane as the 
standard (Pilz et al. 2000). The HPLC analyses were per-
formed with a Shimadzu 10ADVP. Luna 3  µm reversed-
phase column, 150 × 4.6 mm, was used, and the detection 
was based on UV detector operating at 307 nm. The eluent 
consisted of acetonitrile (55 %), H2O (44.8 %) and acetic 
acid (0.2 %), and the flow rate was 1.2 mL/min.

Statistical analyses

Statistical analyses were performed with SPSS for win-
dows Statistical Software, version 18.0. The normality of 
the distribution was confirmed before statistical testing, and 
if needed individual variables was ln-transformed at every 
time point (oxLDLlipids, malondialdehyde, paraoxonase, 
the ratio of oxLDLlipids to LDL cholesterol, oxLDLlipids 
to HDL cholesterol and oxHDLlipids to oxLDLlipids). For 
all measured variables, there were no significant interac-
tions for time x group (marathon vs. middle-distance run-
ners). Therefore, all results are presented by combining the 
two groups of runners. Changes over time from the begin-
ning of the trail were analyzed using general linear model 
analysis of variance (ANOVA) with repeated measure-
ments. In case of significant time effect, the paired t test 
was used as a post hoc test using Bonferroni’s correction. 
The Pearson correlation coefficient was used to define the 
relationships between variables. A priori p value for statis-
tical significance of 0.05 was used. The concentrations are 
expressed as mean ± SD.

Results

During the trial, both groups behaved similarly and there 
were no significant time x group response interactions in 
any measured variables (ANOVA). Time effect in ANOVA 

was statistically significant in oxidized HDL lipids (oxH-
DLlipids), oxidized LDL lipids (oxLDLlipids), malondi-
aldehyde (MDA), paraoxonase, TRAP, the ratio of oxLD-
Llipids to LDL cholesterol, the ratio of oxLDLlipids to 
HDL cholesterol, ratio of oxHDLlipids to oxLDLlipids 
(p < 0.001, in all), LDL cholesterol, HDL cholesterol and 
the ratio of oxHDLlipids to HDL cholesterol (p  <  0.05, 
each).

The concentration of both LDL and HDL cholesterol 
increased immediately after the treadmill run by 5 and 
17 % (p < 0.02 and p < 0.01, respectively). Furthermore, 
after the treadmill run LDL cholesterol levels decreased by 
7 % during the 90 min recovery period (p  < 0.02), while 
the HDL cholesterol levels remained elevated by 10 % after 
the 15 min recovery period compared to the baseline levels 
(p < 0.001).

The concentration of the oxHDLlipids increased by 
24  % (p  <  0.01) immediately after the treadmill run, and 
remained elevated (29 %, p < 0.01) during 15 min recov-
ery (Fig.  1). Most interestingly, the ratio of oxHDLlipids 
to oxLDLlipids increased by 55  % immediately after the 
treadmill run and after 15 min recovery by 71 % compared 
to before exercise levels (p < 0.001, both) (Table 3). 

The treadmill run increased the concentration of serum 
MDA by 54 % (p < 0.001), but decreased that of ox-LDL 
by 19  % (p  <  0.001). The treadmill run also decreased 
the ratio of oxLDLlipids to LDL cholesterol by 26  % 
(p < 0.01). After 90 min recovery period, MDA levels were 
decreased back to the pre-exercise level, but the concentra-
tion of oxLDLlipids remained decreased below pre-exer-
cise levels (p < 0.001) (Fig. 2; Table 3).

Acute exercise did not statistically affect serum par-
aoxonase activity, but after 15  min recovery the activity 
was increased by 12 % compared to the pre-exercise levels 
(p  <  0.05). However, from 15 to 90  min recovery period 
the activity was decreased back to the baseline levels 

Fig. 1   Serum concentration 
of oxidized HDL lipids before, 
immediately, 15 and 90 min 
after the treadmill run. The 
asterisks (*) show significant 
difference (p < 0.01) compared 
with before exercise levels when 
groups are combined. Between 
group effects p value is 0.055. 
The results are mean ± SD
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Table 3   Laboratory values from middle-distance runners and marathon runners separately and combined in every time points (mean ± SD)

Mar marathon runners, Mid middle-distance runners, TRAP total peroxyl radical trapping antioxidant potential, LDL low-density lipoprotein, 
HDL high-density lipoprotein, OxHDLlipids oxidized HDL lipids, OxLDLlipids oxidized LDL lipids

Significantly different from before run: * p < 0.001; ** 0.001 < p < 0.01; *** 0.01 < p < 0.05

Significantly different from immediately after run: b 0.001 < p < 0.01; bb 0.01 < p < 0.05

Significantly different from 15 min after run: a p < 0.001; aa 0.01 < p < 0 < 0.05

Before Immediately after 15 min after 90 min after Time × group Time effect Group effect

LDL cholesterol (mmol/L) 2.28 (0.6) 2.41 (0.6)*** 2.40 (0.7) 2.24 (0.6)bb 0.065 0.005 0.274

Mar 2.20 (0.6) 2.26 (0.6) 2.19 (0.6) 2.15 (0.6)

Mid 2.42 (0.6) 2.59 (0.6) 2.69 (0.7) 2.34 (0.7)

HDL cholesterol (mmol/L) 1.31 (0.3) 1.48 (0.3)** 1.44 (0.3)* 1.42 (0.3)bb 0.218 0.008 0.189

Mar 1.38 (0.3) 1.48 (0.3) 1.50 (0.3) 1.45 (0.3)

Mid 1.24 (0.3) 1.45 (0.3) 1.33 (0.2) 1.44 (0.3)

Malondialdehyde (μmol/L) 1.80 (0.9) 2.82 (1.7)** 2.75 (1.8)** 1.90 (0.9)b,aa 0.143 0.0001 0.275

Mar 1.96 (1.1) 3.17 (2.0) 3.18 (2.1) 1.90 (0.8)

Mid 1.54 (0.5) 2.23 (1.1) 2.25 (1.2) 1.76 (1.0)

Paraoxonase (U/L) 122 (59) 126 (65) 137 (64)** 121 (60)a 0.104 0.0001 0.924

Mar 127 (59) 125 (59) 135 (63) 123 (57)

Mid 124 (61) 135 (70) 140 (64) 130 (75)

TRAP (μmol/L) 956 (160) 1235 (230)* 1251 (220)* 1335 (250)*,b,aa 0.107 0.0001 0.0001

Mar 877 (104) 1116 (184) 1128 (156) 1205 (183)

Mid 1092 (137) 1440 (137) 1461 (138) 1558 (191)

OxLDLlipids/LDL cholesterol 14.1 (6.0) 10.4 (2.9)** 10.1 (3.4)* 10.2 (2.6)** 0.145 0.0001 0.082

Mar 12.1 (2.5) 9.5 (1.9) 9.0 (2.1) 9.5 (1.3)

Mid 16.0 (7.4) 11.2 (3.4) 11.4 (4.1) 10.8 (3.1)

OxHDLlipids/HDL cholesterol 14.4 (5.4) 15.5 (4.7) 17.4 (5.9) 16.4 (5.3) 0.731 0.038 0.007

Mar 12.2 (4.0) 13.6 (4.0) 14.5 (5.2) 14.0 (4.4)

Mid 18.1 (5.8) 18.1 (4.3) 19.8 (5.2) 18.2 (4.9)

OxHDLlipids/OxLDLlipids 0.63 (0.3) 1.00 (0.4)* 1.08 (0.5)* 1.00 (0.3)* 0.657 0.0001 0.559

Mar 0.66 (0.3) 1.00 (0.4) 1.20 (0.5) 1.00 (0.4)

Mid 0.59 (0.2) 1.00 (0.4) 1.00 (0.4) 1.00 (0.3)

Fig. 2   Serum concentration 
of oxidized LDL lipids before, 
immediately, 15 and 90 min 
after the treadmill run. The 
asterisks (*) show significant 
difference (p < 0.001) compared 
with before exercise levels when 
groups are combined. Between 
group effects p value is 0.04. 
The results are mean ± SD
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(p  <  0.01). Serum TRAP increased immediately after the 
exercise by 29 % (p < 0.01), and remained elevated during 
the 90 min recovery period (p < 0.01).

The resistance of lipoprotein particles to oxidation was 
estimated in an in vitro-model with Cu2+ as the oxidizing 
agent. We found that after a lag period of about 1.5 h LDL 
was readily oxidized, while HDL clearly showed higher 
oxidation resistance under the same pro-oxidant circum-
stances (Fig. 3).

It is interesting to note that although both middle-dis-
tance and marathon runners demonstrated the same time 
and magnitude of effect describing the serum lipid oxida-
tive response to exhaustive exercise, there was a significant 
between group difference or trend for a difference in serum 
concentrations of oxHDLlipids and the oxHDLlipids/
HDL ratio, oxLDLlipids and the oxLDLlipids/LDL ratio, 
and TRAP mainly as a consequence of a higher baseline 
value for these variables in middle-distance runners than 
marathon runners (Figs.  1, 2; Table  3). Furthermore, at 
baseline, the concentration of oxLDLlipids correlated neg-
atively with VO2max (r = −0.50, p < 0.05) and HDL cho-
lesterol (r = −0.44, p < 0.05). The change in oxLDLlipids 
(from before value to immediately after value) correlated 
positively with VO2max (r  =  0.67, p  <  0.001) and nega-
tively with the change in paraoxonase activity (r = −0.47, 
p  <  0.05). Furthermore, before exercise concentration of 
serum TRAP correlated positively with BMI (r  =  0.56, 
p < 0.05).

Discussion

Exercise training improves plasma lipid profile and dimin-
ishes the risk of coronary heart disease, and the benefi-
cial effects have been attributed to effects on cholesterol 
transport functions of HDL and LDL (Powell et al. 1987; 

Durstine and Haskell 1994; Swift et  al. 2013; Vasankari 
et al. 1998). In this study, we investigated the lipid perox-
ide transport function of serum lipoproteins during physi-
ological oxidative stress, which was induced by an acute 
exhaustive run. We found that acute physical exercise sub-
stantially increased the concentration of oxidized HDL 
lipids (oxHDLlipids), while an opposite effect was seen in 
the concentration of oxidized LDL lipids (oxLDLlipids). 
This lipoprotein distribution differs markedly from that 
of exogenous lipid peroxides entering the body via food, 
when concentrations of lipid oxidation products in triglyc-
eride-rich lipoproteins and LDL are rapidly increased and 
remain elevated for several hours, while only a moderate 
late increase in oxHDLlipids is seen (Ahotupa et al. 2010).

The exercise-induced increase in oxHDLlipids seen in 
this study is not likely due to peroxidation of the lipids in 
HDL particles, as no such increase was seen in oxLDLlip-
ids despite the lower oxidation resistance of LDL (Fig. 3). 
Also, the significant increase in the ratio of oxHDLlipids 
to oxLDLlipids strengthens this assumption (Table  3). In 
conformity with this, Shao and Heinecke (2009) have con-
cluded that it is unlikely that either HDL or LDL would be 
oxidized in plasma. It is also unlikely that oxidation prod-
ucts would be transferred directly from LDL to HDL in 
plasma, since the transfer of oxidation products between 
LDL and HDL appears to be too slow to affect their dis-
tribution in lipoproteins (Bowry et  al. 1992). Instead, the 
elevation of oxHDLlipids in response to physiological oxi-
dative stress could be indicative of the proposed lipid per-
oxide clearing function of HDL, where products of lipid 
oxidation are acquired by HDL at sites of their formation, 
and transported to liver for elimination (Shao and Heinecke 
2009; Ahotupa et al. 2010).

In this study, treadmill running resulted in a decrease in 
oxLDLlipids concentration, which could not be explained 
by a decrease in LDL cholesterol, as indicated by the fact 

Fig. 3   Oxidation resistance of 
HDL and LDL in vitro. Serum 
lipoproteins were isolated as 
described in “Materials and 
methods”. Oxidation of the 
lipoproteins was induced by 
incubation (in a concentration 
corresponding to 0.1 mL of 
serum/mL incubation volume) 
with Cu2+ at +37 °C. Estima-
tion of the oxidation resistance 
was based on appearance of 
conjugated dienes (abs 234 nm) 
during the 4 h incubation period
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that at the same time the ratio of oxLDLlipids to LDL cho-
lesterol decreased. This is in accordance with earlier stud-
ies where oxLDLlipids levels were reduced due to pro-
longed acute exercise, but no significant change was seen 
in LDL cholesterol (Vuorimaa et al. 2005; Välimäki et al. 
2012). In line with the acute effects of exercise, a 10-month 
training program was found to reduce the level of oxLD-
Llipids and the ratio of oxLDLlipids to LDL cholesterol 
(Vasankari et al. 1998; Välimäki et al. 2012). The mecha-
nism by which physical exercise decreases lipid oxidation 
products in LDL and protects it from oxidative changes is 
unsolved. One possible explanation could be the ability of 
HDL and the associated enzymes to protect LDL from oxi-
dative changes (Mackness et al. 2000; Kontush et al. 2003). 
Paraoxonase is closely associated with circulating HDL, 
and suggested to be an anti-atherogenic and antioxidant 
element by decreasing the accumulation of lipid peroxi-
dation products in LDL (Mackness et  al. 1991; Kresanov 
et al. 2015). In this study, the acute exercise had only minor 
effects on paraoxonase activity, which was slightly elevated 
after 15 min recovery. However, the change of oxLDLlip-
ids during the run associated with the change of paraoxo-
nase. It has been reported that paraoxonase activity is high 
in well-trained athletes (Cakmak et al. 2010). It is therefore 
possible that even the small (3–12 %) increase in paraoxo-
nase activity may explain lowering of the oxLDLlipids. In 
all, the present data is well in accordance with our earlier 
finding of the negative association between paraoxonase 
activity and oxLDLlipids (Kresanov et al. 2015).

A most striking finding of this study was that exhaus-
tive exercise dramatically affected the oxHDLlipids/oxLD-
Llipids ratio (Table 3). This is indicative of a clear shift in 
direction of the transportation of lipid oxidation products 
in blood stream, and supports the idea of the lipid peroxide 
clearing and protective transport function of HDL (Shao 
and Heinecke 2009; Ahotupa et al. 2010).

Endurance runners are continuously exposed to various 
kinds of stress during sports training. Adaptations to stress 
occur on different levels: from adaptations on subcellular, 
cellular and tissue level, to adaptations of organs and the 
whole organism of an athlete (Mahoney and Tarnopolsky 
2005; Coffey and Hawley 2007). Acute exhaustive exercise 
increases the cellular pro-oxidant states and can induce an 
increase of oxidative stress (Sies 1997; Bloomer 2008), 
which could lead to cell damage and inflammation. In this 
study, acute intense exercise promoted increase of serum 
malondialdehyde concentration, which could result from 
the production of reactive oxygen species/reactive nitrogen 
species. Physical training is known to upregulate adapta-
tion mechanisms including also antioxidant protection 
(Fisher-Wellman and Bloomer 2009; Radak et  al. 2013), 
and it is significant to understand that the production of 
pro-oxidants as a result of exercise serves as the stimulus 

to upregulate endogenous antioxidant mechanisms (Radak 
et  al. 2008). The subjects in our study were well-trained, 
national level elite endurance runners, who are adjusted 
to regular training and have a long training history. This 
could have led to a well-functioning antioxidant protection 
and constitute a mechanism of defense for LDL oxidation 
(Brites et al. 2006). It is important to notice that the train-
ing history of subjects and intensity of the physical exercise 
may have affected results of this study.

Since antioxidant protection of the mammalian body 
consists of numerous antioxidative mechanisms, the func-
tionality of the antioxidative defense as a whole cannot 
be assessed by measuring the concentration or activity of 
some few individual antioxidants only. We used the TRAP 
method to estimate the acute effect of maximal treadmill 
run and recovery on total antioxidant capacity. Serum con-
centrations of certain antioxidant compounds may signifi-
cantly influence the serum TRAP value. In particular, the 
increased concentration of vitamin E (α-tocopherol) in 
serum raises the serum TRAP value markedly (Vasankari 
et  al. 1997). In addition to vitamin E, vitamin C and uric 
acid are known to be significant contributors of serum 
TRAP (Kaur and Halliwell 1990; Kanter et  al. 1993). In 
this study, the serum TRAP value increased during the 
treadmill run and the concomitant follow up period. This is 
in line with our earlier studies, where acute prolonged exer-
cise increased serum TRAP value (Vasankari et  al. 1997; 
Välimäki et al. 2012). Acute physical exercise is known to 
increase vitamin E (Pincemail et al. 1988) and uric acid in 
plasma (Svensson et al. 2002).

There are number of limitations that should be taken 
into consideration when interpreting these results. First, the 
study population consists of only top national athletes, and 
therefore, it is uncertain whether a similar response will 
occur in sedentary or less trained individuals. Second, it 
would be interesting to know if a woman would have simi-
lar response following an acute bout of exhaustive exercise 
(Enns and Tiidus 2010). Third, these results will only tell 
us how athletes react to acute exhaustive exercise, the lon-
gitudinal intervention data is lacking.

As we have mentioned earlier, in this study both mar-
athon runners and middle-distance runners had simi-
lar responses immediately after exhaustive treadmill run 
despite of typical differences in training intensity, duration 
and form. Furthermore, if we compare pre-exercise levels 
between these groups, we notice that middle-distance run-
ners have somewhat higher oxHDLlipids and oxLDLlipids 
levels and TRAP as a measure of antioxidant capacity. Due 
to the differences in resting values we did find significant 
between group effects and a trend for between group dif-
ferences in these variables (Figs. 1, 2; Table 3). The higher 
level of TRAP in the middle-distance runners may indi-
cate defense against oxidative stress is upregulated to a 
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greater extent in the middle-distance runners possible due 
to greater oxidative stress imposed by that training form. 
Overall the group differences between the middle-distance 
and marathon runners may suggest evidence of how differ-
ent types of training or training histories can affect endoge-
nous antioxidant and lipid transportation mechanisms more 
chronically, even if the acute response to exercise is similar 
as we observed in this study (Magness 2014).

Conclusions

Despite the known positive effects of physical exercise 
in cardiovascular risk factors, the mechanisms by which 
exercise reduces atherogenic risk are not fully understood. 
In this study, we show that immediately after exhaustive 
treadmill run the concentration of oxHDLlipids increased 
and that of oxLDLlipids decreased. Most interestingly, the 
ratio of oxHDLlipids to oxLDLlipids increased dramati-
cally. These findings may indicate that physiological oxida-
tive stress, induced by exhaustive physical exercise, accel-
erated the transport of lipid oxidation products by HDL. 
The results further strengthen the view of the role of HDL 
in the clearance of noxious lipid peroxides, and the adap-
tive nature of this protective HDL function.
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