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both the pro-inflammatory and pro-resolving lipid mediator response after 
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A B S T R A C T

The PUFA-derived lipid mediator response shifts from pro-inflammatory to inflammation resolution over time 
and may be modified by regular moderate exercise. This pre-post-test study aimed to compare the expression of 
PTGES2 (COX2) and ALOX15 in leucocytes and the plasma 5- and 15-HETE, 18-HEPE and 17-HDHA responses 
after unaccustomed resistance exercise between 18–35-year-old male recreational runners (n = 18) and less- 
active controls (n = 15). One repetition maximum (1RM) was determined for squats, 45◦ leg presses and leg 
extensions. Subsequently three sets of 8–10 repetitions were performed at 80 % 1RM and blood collected over 72 
hours. PTGES2 and ALOX15 expression changed over time in runners (P = 0.016, P = 0.007) but not controls (P 
= 0.631, P = 0.539). 5- and 15-HETE changed over time in runners (P < 0.001, P = 0.022), but not controls (P =
0.457, P = 0.985). 18-HEPE changed in runners and controls (P < 0.001, P = 0.024), 17-HDHA changed 
borderline in runners (P = 0.076). In conclusion, pro-inflammatory and inflammation-resolving lipid mediators 
may respond sooner and more robust in recreational runners than less-active controls after strenuous resistance 
exercise.

1. Introduction

Inflammation is a vital and normal part of the response to infection 
and injury [1]. Although the inflammatory response aims to protect 
against pathogens and restore tissue functioning it can also cause tissue 
damage and non-resolving chronic inflammation [1]. As such, many 
non-communicable diseases (NCDs), such as insulin resistance, athero
sclerosis, cardiovascular diseases, neurodegeneration, and cancerous 
tumour growth are associated with oxidative stress and non-resolving 
inflammation [1–4]. Physical activity (PA) also activates the inflam
matory response, due to the generation of reactive oxygen species (ROS) 
and may cause tissue damage, similar to physical injury [5,6]. Excessive 
non-resolving inflammation due to either continuous or once-off unac
customed/strenuous high-intensity physical activity can negatively 
impact recovery through muscle soreness, reduced muscle strength, 
swelling, and injuries [6]. Inflammation resolution is, therefore, 
important in the disease and physical activity context to aid in the 
protection against inflammation-induced tissue damage [1]. There is 

increasing evidence that the capacity to resolve inflammation improves 
immune competence as well as the response to infection and injury [7,
8].

The inflammatory response cascade involves the release of various 
intermediate metabolites, including lipid mediators released from 
muscle and immune cells [1]. Lipid mediators are bioactive intermediate 
metabolites derived from long-chain unsaturated fatty acids (LCPUFA), 
mostly from arachidonic acid (AA; 20:4n6), eicosapentaenoic acid (EPA; 
20:5n3) and docosahexaenoic acid (DHA; 22:6n3) that are embedded in 
the phospholipid membrane of all cells [1,8]. Lipid mediators regulate 
inflammation by eliciting either a pro-inflammatory response via 
enzymatic activity of 2-cyclooxygenase (COX-2) or an 
inflammation-resolving response via 5- and 15-lipoxygenase (5, 
15-LOX). The function of lipid mediators derived from n-6 LCPUFA 
(mainly AA) are mostly pro-inflammatory whilst those derived from n-3 
LCPUFA (EPA and DHA) are inflammation-resolving [1,8] (Fig. 1). 
Among the first signalling events after infection or tissue injury is the 
release of pro-inflammatory lipid mediators that stimulate a series of 
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signalling cascades with the main aim to destroy the invading pathogens 
and repair the damaged tissue [1,8,9]. Consequently, in a 
time-dependent manner, lipid mediators derived from n-3 LCPUFA that 
signal the termination or resolution of inflammation are released [8,9]. 
Therefore, the pro-inflammatory lipid mediators, such as prostaglandins 
and leukotrienes and their intermediates, such as 5- and 15- hydrox
ytetraenoic acid (HETE) produced from AA can be measured in the pe
riphery to assess inflammatory status. Likewise, specialised 
pro-resolving lipid mediators (SPMs), including resolvins (Rv), pro
tectins, maresins and/or their intermediates such as 17-hydroxydocosa
hexaenoic acid (17-HDHA) and 18-hydroxyeicosapentaenoic acid 
(18-HEPE) can be measured to establish one’s inflammation resolving 
capacity [8,9] (Fig. 1). Furthermore, associated inflammatory signalling 
gene expression responses, (e.g. nuclear factor kappa β [Nfκβ] and 
tumour necrosis factor α [TNFα]), lipid-mediator signalling and 
biosynthesis (e.g. COX and LOX), as well as oxidative stress–related 
enzymes (e.g. superoxide dismutase and glutathione peroxidase), can be 
detected in blood peripheral mononuclear cells (PBMC) [10].

Various strategies have been employed to improve inflammation 
resolution [1,8,9,11–13]. Firstly, the fatty acid composition of the cell 
membrane phospholipid bilayer serves as a reservoir for lipid mediator 
precursors and directly affects cell signalling. In turn, the membrane 
LCPUFA composition of the cells is dependent on endogenous biosyn
thesis of LCPUFA as well as dietary fatty acid intake of both alpha 
linolenic acid (ALA; 18:3n3) and linoleic acid (LA; 18:2n6) along with 
functional LCPUFA such as AA, DHA, and EPA. Therefore, dietary fatty 
acid intake and supplementation have been investigated as strategies to 
manipulate the lipid mediator response in both disease and physical 
activity contexts [1,8,10,14–18].

In addition, the magnitude of the inflammatory response to exercise 
is dependent on the intensity and duration of the exercise stimulus as 
well as the physical training status of the individual [19–22]. Exercise 
activates the inflammatory response via muscle tissue damage and/or 
oxidative stress, as a result of the increased production of reactive ox
ygen species (ROS) [5,12,13,22]. Regular moderate exercise training 
has been shown to produce an optimal amount of ROS to stimulate an 
adaptive response and increasing endogenous anti-oxidative capacity by 
up-regulation of antioxidant enzymes and molecules in skeletal muscle 
[5,21,23]. Endogenous enzymatic antioxidants include catalase (CAT), 
superoxide dismutase (SOD), and glutathione peroxidase (GPX), 
whereas non-enzymatic antioxidants include glutathione (GHS) [5,24,
25]. Therefore, trained individuals have a lower level of oxidative 
damage (lipid peroxidation) than their less-active counterparts when 
subjected to the same relative workload [5]. Furthermore, exogenous 
antioxidants may also play an important role in the inflammatory 
response and intermediate metabolic pathways. Exogenous antioxidants 
are primarily dietary micronutrients which include vitamin C, vitamin E, 

zinc, vitamin D, selenium and carotenoids [24,25] often acting as 
important co-factors in the inflammatory response cascade [26]. 
Therefore, these exogenous (dietary antioxidant intake) and endogenous 
antioxidants may influence an individual’s inflammation-resolving 
capacity.

Some evidence suggests that the protective effect of exercise against 
NCDs, may to some extent be ascribed to improving the capacity to 
resolve chronic inflammation [19,27]. Training status may thus be an 
important determinant of one’s inflammation-resolving capacity. 
Limited data are available on the lipid mediator profiles in response to 
unaccustomed resistance exercise. Furthermore, it is not clear if mod
erate aerobic exercise training induces adaptation in terms of 
inflammation-resolving capacity, and whether exogenous antioxidants 
and fatty acid status are important contributors in the lipid mediator 
response. This study aimed to compare the PTGES2 (COX2) and ALOX15 
expression and plasma 5- and 15-HETE, 18-HEPE and 17-HDHA re
sponses after an unaccustomed resistance exercise challenge, of recre
ational male runners with less-active counterparts (controls).

2. Participants and methods

2.1. Participant recruitment and ethics statement

The study was conducted between September 2016 and March 2017. 
Male recreational runners (n= 18) and less active controls (n = 15) 
between the ages of 18 and 35 years volunteered and provided written 
informed consent to participate in the study (Table 1). The protocol was 
approved by the Health Research Ethics Committee of the North-West 
University (NWU-00061-16-A1). The study was carried out according 
to The Code of Ethics of the World Medical Association (Declaration of 
Helsinki) for studies involving humans. The privacy and rights of the 
participants were ensured during the study. Participants were charac
terized as recreational runners if they had habitually performed three to 
five sessions of structured running or aerobic exercise per week (~30–60 
min/session) during the last six months. Runners were excluded if they 
competed nationally or higher or performed more than five hours of 
structured exercise per week. Participants were included as less-active 
controls if they were not engaging in any regular (< 3 × 30–60 min 
sessions per week), structured exercise activity and/or physically 
demanding jobs that included manual labour during the last 6 months. 
Potential participants (runners and less active controls) were excluded if 
they had performed regular lower-body resistance training during the 
last six months, had an operation or medical procedure during the 
previous six months, reported to smoke, abusing drugs or alcohol, or 
were severely anaemic (Hb < 8 g/dL); had back pain or knee pain; had 
self-reported or previously diagnosed chronic conditions requiring the 
use of nonsteroidal anti-inflammatory drugs (NSAIDs) or cortisone 

Fig. 1. Pro-inflammatory lipid mediator metabolism involving 5- and 15HETE intermediates and pro-resolving lipid mediator metabolism of resolvin D1 and E1.
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(systemic or inhalers); had an acute or chronic inflammatory disease, 
metabolic disease including type 1 and 2 Diabetes Mellitus, cardiovas
cular or clotting disease, previous hypertension or hypertension 
measured at the study medical screening.

2.2. Participant characteristics and strength testing

At screening/enrolment, candidates completed medical history 
forms, were assigned a participant number and underwent medical 
screening by assessing heart rate and blood pressure (Sphygomoma
meter (Tycos), finger prick fasting blood glucose (OneTouch Select, 
Johnson & Johnson) and haemoglobin (HemoCue® Hb 201+ System, 
Angelholm, Sweden); body temperature (ThermoScan IRT 3020/ 
IRT3520, Braun), height, weight (Seca 264, Hamburg, Germany) and 
body fat percentage (BF%) by air-displacement plethysmography with 
the BodPod® body compositions system (model 2000A, Life Measure
ment Instruments, Concord, CA, USA), shown in Fig. 2 and Table 1. 
Habitual physical activity during the past 6 months (aerobic and resis
tance exercise) was assessed with an administered questionnaire 
exploring how often they run, perform resistance exercise and/or other 
structured aerobic exercise sessions (e.g. walking, cycling, spinning and 
team sports) on a weekly and monthly basis. A score ranging from 1 to 5 
was allocated based on a frequency from “never” to “more than 4 times 
per week”. To calculate a total activity score from habitual aerobic 

physical activity, the sum of scores from running, other structured ex
ercise and daily activity level [inactive (1), moderately active (2) or 
active (3)] was applied. Additionally, they completed a physical activity 
readiness questionnaire. Participants were familiarized with the exer
cises followed by multiple repetition maximum strength tests to deter
mine the experimental exercise load [80 % of 1 repetition maximum (1 
RM)] at least one week before the exercise study trial (exercise chal
lenge) day. The maximal weight that subjects could lift for 3 to 6 rep
etitions with a Smith machine squat, 45◦ leg press and seated knee 
extension was determined. Subsequently, 1 RM was estimated using the 
Brzycki equation [1 RM= 100 X load rep/ (102.78 – 2.78 X_ reps 
completed)]. Participants were instructed to abstain from any unusual 
physical activity in the week before the experimental trial day.

2.3. Experimental exercise challenge protocol

Participants were asked to refrain from the consumption of any 
supplements, alcohol and NSAIDs from 1 week before the exercise 
challenge until the end of the study. They were also required to refrain 
from exercising for 2 days before the exercise challenge until the end of 
the study. Paracetamol was permissible. Participants received a stan
dardized meal (57 % of the total energy from carbohydrates, 22 % from 
fat, and 21 % from protein) and a snack to consume the evening before 
the exercise challenge day. Participants again underwent medical tests 
and a physical activity readiness questionnaire before the exercise 
challenge started after an 8 to 10 h overnight fast. Still, in the fasted 
state, participants were then required to perform a 10 min warm-up, 
consisting of walking, and light cycling before the exercise challenge 
commenced. The exercise challenge consisted of three sets of 8 to 10 
repetitions each on the Smith machine squat, 45◦ leg press and seated 
knee extension, at 80 % of the predetermined 1 RM. Exercises were 
performed sequentially in a circuit manner with participants resting for 
3 min between each type of exercise and 1 minute between each set. 
Fig. 2 also illustrates the different time points of blood sampling before 
and following the exercise challenge. Immediately before and on 
completion of the exercise challenge, a blood sample was drawn (time 
point pre and 0 h in Fig. 2) and participants received a post-exercise 
snack and were instructed not to be active during a 2 h recovery 
period. Additional post-exercise blood samples were obtained 1 and 2 h 
after the cessation of exercise (time points 1 h and 2 h in Fig. 2). Par
ticipants consumed standardised meals and snacks for the rest of the 
day. Twenty-four hours after the exercise challenge another blood 
sample was drawn (time point 24 h in Fig. 2) after an overnight fast. No 
further dietary restrictions were required, but participants did not 
perform any exercise or consumed any supplements or NSAIDS until the 
last time point of blood sampling, collected 72 h after the exercise 
challenge in a non-fasted state (time point 72 h in Fig. 2).

2.4. Dietary intake control and analysis

A three-day dietary record, consisting of 2 weekdays and 1 weekend 
day, was completed by each participant prior to the exercise challenge to 
determine self-reported energy and nutrient intake. The 3-day dietary 
record data were analysed by the South African Medical Research 
Council (SAMRC). Portion sizes were converted to grams by registered 
dietitians/nutritionists using the SAMRC Food Quantities Manual [28]. 
All foods and drinks were coded according to the South African Food 
Composition Database [29]. Daily energy, macro-, and micronutrient 
intakes (antioxidant micronutrients and fatty acids) were calculated by 
the SAMRC by linking the coded and quantified dietary intake data to 
the most recent food composition database.

2.5. Sample collection

Venous blood samples were drawn into Heparin-coated, EDTA- 
coated, and trace element-free serum evacuated tubes (Becton 

Table 1 
Participant characteristics of the recreational runners and less-active control 
men.

Runners (n=
18)

Less-active controls 
(n= 15)

P- 
valuea

Age (y) 24 (22, 29)b 21 (20, 26) 0.253
Activity
Total activity scorec 11 (9, 11) 7 (3, 8) <0.001
Running 4 (3, 4) 1 (1, 1) <0.001
Other structured exercise 4 (3, 4) 5 (1, 5) 0.740
Unstructured activities 3 (3, 3) 1 (1, 2) <0.001
Anthropometry
Height (m) 1.81 ± 0.06d 1.75 ± 0.07 0.013
Weight (kg) 80.3 ± 8.8 69.8 ± 11.6 0.006
BMI (kg/m2) 24.6 ± 3.4 22.6 ± 3.0 0.131
Body fat percentage (%) 17.9 ± 9.3 14.7 ± 11.1 0.347
Biochemical and physiological parameters
Haemoglobin (g/dL) 16.2 ± 1.4 15.9 ± 1.9 0.527
Glucose (mm/dL) 4.9 ± 0.4 4.8 ± 0.2 0.319
Systolic blood pressure 

(mmHg)
130 (120, 
131)

130 (120, 135) 0.635

Diastolic blood pressure 
(mmHg)

80 (80, 80) 80 (70, 85) 0.532

Resting heart rate (bpm) 64 ± 9 65 ± 7 0.796
Oxidative stress
Glutathione (μM) 1046 ± 117 1053 ± 117 0.869
Ferric reducing antioxidant 

power (μM)
473 ± 118 433 ± 86 0.286

Reactive oxygen species 
(arbitrary units)

60.2 ± 10.7 61.2 ± 11.5 0.811

One repetition maximum 
(1RM)

Smith machine squat (kg) 113 ± 27 96 ± 14 0.032
45◦ Leg press (kg) 247 ± 64 218 ± 46 0.162
Knee extension (kg) 59 ± 8 50 ± 6 0.002

a Differences between runners and controls were examined with independent 
t-tests for normal data and Mann-Witney U tests for non-normally distributed 
data. P < 0.05 was considered significant.

b Non-normal data were reported as median (25th, 75th percentile).
c To calculate a total activity score from habitual aerobic physical activity, the 

sum of scores from running, other structured exercise (1. Never 2. Once a month 
3. Once every one to two weeks 4. Two to three times a week 5. More than 4 
times a week) and daily activity level [inactive (1), moderately active (2) or 
active (3)] was applied.

d Normal data were reported as mean ± SD. BMI, body mass index; bpm, beats 
per minute; mmHg, millimetre/mercury.
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Dickinson) via antecubital venipuncture. Blood was processed within 1 
hour after blood sampling and plasma/serum was separated. Red blood 
cells were washed twice with normal saline and aliquots stored at -80 ◦C.

2.6. Lipid mediator analysis

Lipid mediators were extracted and analysed with liquid 
chromatography-tandem mass spectrometry (LCMSMS) [10]. The 
method was calibrated with external standards for 8-iso-prostaglandin 
(PG) F2-alpha, PGE2, PGB2, leukotriene B4, B5 and E4; 5-, 8-, 9-, 11-, 
12- and 15-HETE; 5-, 8-, 9-, 11-, 12-, 15- and 18-HEPE, 17-HDHA, 
protectin D1, RvD1 and RvE1 (supplementary file). Lipid mediators 
were extracted from 1 ml plasma with solid-phase extraction (SPE) using 
Strata-X (Phenomenex, Torrance, United States of America) and nor
malised with 500 pg each of deuterated internal standard 12-HETE-d8. 
Extracted samples were analysed with an Agilent Technologies 6410 
MSMS, coupled to an Infinity 1260 HPLC pump (Santa Clara, United 
States of America). The mass spectrometer has a mass range of 15–1650 
m/z, minimum multiple reaction monitoring (MRM) dwell time of 5 ms 
with 10 MRMs and a maximum of 99 MRM transitions per time segment 
and was operated in negative electrospray ionisation mode. At least two 
transitions were monitored for each compound (one target and one 
qualifier), using a dynamic MRM method. The collision and fragment or 
voltages were optimised with flow injection analysis. The gas tempera
ture and flow were set at 350 ◦C and 12 l/min respectively, and the 
capillary voltage at 4000 V. Chromatographic analysis was performed 
on a C18 column (Poroshell, 2.7 µ, 100 × 2.1 mm, Agilent Technologies) 
with a flow rate of 0.4 ml/min and a column temperature of 50 ◦C. 
Sample injections were performed with an Agilent G1367B autosampler. 
The sample chamber temperature was set at 5 ◦C and the injection 
volume at 15 µl, subsequent to mixing 5 µl of the sample (in acetonitrile) 
with 10 µl water in the autosampler, just before injection. The analysis 
was performed using an acetonitrile-based system with a flow program, 
by mixing two solvents (A and B) with programmed ratio changes for 
optimal separation of compounds. Solvent A was water / glacial acetic 
acid, 99:1(v/v) and solvent B was 100 % acetonitrile. Data were quan
tified with Masshunter B05 02, using external calibration for each 
compound and 12-HETE-d8 as internal standard to correct for losses and 
matrix effects during sample preparation and analysis. The qualifier 
limits were set between 80 % and 120 % of the original transition ratio. 

Data were provided as estimated means ± SE of internal standard- 
normalized arbitrary units.

2.7. Analysis of oxidative stress biomarkers

Oxidised glutathione (GSH) was measured with a spectrophoto
metric reduced/oxidized glutathione (GSH/GSSG) kit (GSH/GSSG- 
412™) from OXIS Research [30]. Reactive oxygen species (ROS) and 
ferric reducing antioxidant power (FRAP) were analysed with spectro
photometric methods [31,32].

2.8. Red blood cell total phospholipid fatty acids analysis

Total phospholipid fatty acids were analysed in red blood cells [33]. 
Phospholipids were extracted with chloroform: methanol (2:1 vol: vol, 
containing 0.01 % butylated hydroxytoluene). The phospholipids were 
separated from the neutral lipids by using thin-layer chromatography 
(silica gel 60 plates, 10 × 20 cm, Merck) and eluted with diethyl ether: 
petroleum, ether: acetic acid (30:90:1 vol: vol: vol) and 
trans-methylated with methanol: sulphuric acid (95:5 vol: vol) at 70 ◦C 
for 2 h to yield fatty acid methyl esters (FAMEs). The resulting FAMEs 
were analysed by using gas chromatography-tandem mass spectrometry 
on an Agilent Technologies 7890A Gas Chromatograph system, equip
ped with an Agilent Technologies 7000GC/MS triple quadrupole mass 
selective detector, with a HP88 capillary column (100 m x 0.25 mm x 
0.20 μm, Agilent) by using helium as the carrier gas at a flow rate of 2.2 
mL/min. The gas chromatography injector was held at a temperature of 
270 ◦C, and the mass spectrometry source at 250 ◦C. The injection 
volume of the sample solution was 1 μL by using a split ratio of 1:20. The 
oven temperature was programmed from 50 ◦C to 170 ◦C at 30 ◦C/min, 
then from 170 ◦C to 215 ◦C at 2 ◦C/min, and it rose to 4 ◦C/min to 230 
◦C. After that, the temperature was held isothermally at 230 ◦C for 7 
min. The total analysis time was 38.25 min. Mass spectrometry with 70 
eV electron ionization was carried out in multiple reaction monitoring 
mode, with at least two transitions per compound. Quantification of 
FAME was done with Masshunter (B.06.00). FAME peaks were identified 
and calibrated against a standard reference mixture of 33 FAMEs 
(Nu-Check-Prep) and two single FAME standards (Larodan Fine Chem
icals AB). Relative percentages of fatty acids were calculated by taking 
the concentration of a given fatty acid derivative as a percentage of the 

Fig. 2. Schedule of study activities.
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total concentration of all fatty acids identified in the sample [33], 
namely palmitic acid (16:0), palmitoleic acid (16:1n7), stearic acid 
(18:0), elaidic acid (18:1n9T), vaccenic acid (18:1n7T), oleic acid 
(18:1n9), vaccenic acid (18:1n7cis), linoleic acid (18:2n6), eicosanoic 
acid (20:0), gamma linolenic acid (18:3n6), alpha linolenic acid 
(18:3n3), eicosenoic acid (20:1n9), stearidonic acid (18:4n3), eicosa
dienoic acid (20:2n6), behenic acid (22:0), 20:3n3, 
dihomo-gamma-linolenic acid (20:3n6), mead acid (20:3n9), AA, erucic 
acid (22:1n9), EPA, lignoceric acid (24:0), docosatrienoic aicid 
(22:3n3), nervonic acid (24:1n9), adrenic acid (22:4n6), osbond acid 
(22:5n6), docosapentanoic acid (22:5n3), and DHA. Total saturated 
fatty acids was calculated as the sum of percentage of palmitic, stearic, 
eicosanoic, behenic and lignoceric acids; total monounsaturated fatty 
acids as the sum of palmitoleic, oleic, vaccenic, eicosenoic, erucic and 
nervonic acid; total n-3 PUFA as the sum of alpha linolenic, stearidonic, 
20:3n3, EPA, docosatrienoic, docosapentanoic and DHA, total n-3 
LCPUFA as the sum of stearidonic, 20:3n3, EPA, docosatrienoic, doco
sapentanoic and DHA; the total n-6 PUFA as the sum of linoleic, gamma 
linolenic acid, eicosadienoic, dihomo-gamma-linolenic, AA, adrenic and 
osbond acid; and total n-6 LCPUFA as the sum of gamma linolenic acid, 
eicosadienoic, dihomo-gamma-linolenic, AA, adrenic and osbond acid.

2.9. Gene expression

Total ribonucleic acid (RNA) was isolated from buffy coat stored in 
RNAlater® (Ambion) with NucleoSpin® RNA Blood kit (Machery- 
Nagel). The yield, quality and integrity of the extracted total RNA 
samples were assessed using NanoDrop 1000 Spectrophotometer. Good 
quality total RNA with 260:280 ratio between 1.8-2 were used for first 
strand synthesis. Complementary DNA (cDNA) was prepared using 
LunaScript™ RT SuperMix Kit (New England Biolabs). Independent 
quantitative real-time PCR (qPCR) analysis was performed using Taq
Man® hydrolysis probe chemistry-based gene expression assays for 
target genes Arachidonate 15-Lipoxygenase (ALOX15, Hs00609608_m1) 
and Prostaglandin E Synthase 2 (PTGES2, Hs00228159_m1). Endogenous 
control genes 18S rRNA (Hs99999901_s1), and Beta Actin (ACTB; 
Hs99999903_m1), were used with the Biorad CFX 96 instrument. Rela
tive gene expression was assessed by means of 2-ΔΔCt method described 
by Livak [34]. Target gene expression were normalized with the average 
of the two endogenous controls 18S rRNA and actin beta (ACTB). 
Relative mRNA expression is given as ΔCT and used for further statis
tical analysis.

2.10. Statistical analysis

Based on repeated-measures ANOVA with 6 time points, a sample 
size of 32 participants would provide 80 % power to detect an effect size 
of 0.40 with α= 0.05 and a correlation of 0.5 among repeated measures. 

Statistical analyses were performed with SPSS, version 27 (SPSS, Chi
cago, IL, USA). Data were assessed for normality with Q-Q plots and 
visual inspection of histograms. Normally distributed data are described 
as means and standard deviations and non-normally distributed data as 
medians and 25th, 75th percentiles. Non-normal data were transformed 
to attempt normality before analysis. Differences in participant char
acteristics, fatty acid composition and dietary intake between the run
ners and controls were examined with independent t-tests. Plasma lipid 
mediator responses and gene expression pre-exercise, directly post- 
exercise, and 1 h, 2 h and 24 h post-exercise, as well as at 72 h post- 
exercise for lipid mediator responses, were assessed with linear mixed 
models and Sidak corrections. Linear mixed models were used as all data 
available at each time point are utilised and thus missing data imputa
tion is not necessary. Participants were treated as random effects and 
group and time were assessed separately as fixed effects. There was no 
effect for groups or group x time interaction. Significant covariate var
iables (any of weight, n-6 and/or n-3 LCPUFA status; dietary intake of n- 
3 PUFA, vitamin C, D, total carotenoid, selenium and/or zinc, as well as 
ROS and/or FRAP) were also treated as fixed effects. Participant length, 
dietary total n-6 PUFA and vitamin A intake and GSH tested not to be 
significant factors and were not included in the models. The effect size is 
the standardised difference between the means of two populations, 
where the square root of the sum of all covariance estimates was used as 
a measure of the standard deviation. Differences over time within the 
runner and control groups were assessed with paired t-tests. Type I error 
rate was set at 5 %.

3. Results

3.1. Participant characteristics

A total of 33 participants, with 18 in the runner group and 15 in the 
less-active control group were included in the study (Table 1). The 
runners had a higher total activity score, and more running sessions and 
other unstructured exercise sessions per week than the less-active con
trols (all P < 0.001). Runners were taller and heavier than the controls 
(P= 0.013 and P= 0.006, respectively). Runners had a higher 1 RM for 
squats on the Smith Machine (P= 0.032) and knee extension exercises 
(P= 0.002).

3.2. Red blood cell total phospholipid fatty acid composition

Table 2 shows that the red blood cell phospholipid EPA composition 
was higher in the runners than in the less-active controls (P = 0.019).

3.3. Daily dietary intake over three days during the study

The total n-3 LCPUFA, n-6 PUFA, n-6 LCPUFA, vitamin C, vitamin D, 

Table 2 
Red blood cell total phospholipid fatty acid composition.

Fatty acids (% of total fatty acids) Runners (n= 18) Less-active controls (n= 15) P-valuea

Docosahexaenoic acid (DHA) 4.0 ± 0.7b 3.7 ± 0.6 0.308
Eicosapentaenoic acid (EPA) 0.36 (0.32, 0.47)c 0.27 (0.21, 0.35) 0.019
Arachidonic acid (AA) 13.6 ± 1.7 14.0 ± 1.0 0.427
Saturated fatty acids (SFA) 43.5 (43.1, 44.0) 43.7 (43.5, 44.6) 0.364
Monounsaturated fatty acids (MUFA) 16.7 ± 1.3 15.9 ± 1.2 0.107
Total n-3 PUFA 6.7 ± 1.1 6.0 ± 0.9 0.073
Total n-3 LCPUFA 6.6 ± 1.1 6.0 ± 0.9 0.076
Total n-6 PUFA 32.1 ± 2.3 33.0 ± 2.0 0.239
Total n-6 LCPUFA 20.1 ± 2.1 21.6 ± 1.5 0.444
Total n-6: n-3 PUFA ratio 5.0 ± 1.0 5.6 ± 0.8 0.063
Total n-6: n-3 LCPUFA ratio 3.2 ± 0.7 3.5 ± 0.5 0.076

a Differences between runners and controls were examined with independent t-tests. P < 0.05 was considered significant. Non-normal data were log transformed 
before analysis.

b Normal data were reported as mean ± SD.
c Non-normal data were reported as median (25th, 75th percentile). LCPUFA, long-chain polyunsaturated fatty acids; PUFA, polyunsaturated fatty acids.
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vitamin E and selenium dietary intake were higher in the runners 
compared to controls (P= 0.035, P= 0.026, P= 0.048, P= 0.028, P=
0.023, P=0.009 and P= 0.009, respectively) as presented in Table 3.

3.4. Expression of COX2 and ALOX15 over 24 h after exercise challenge

The expression responses of both PTGES2 gene encoding for COX2 
and ALOX15 encoding for 15-LOX were assessed over 24h after the ex
ercise challenge. Fig. 3A and B show that PTGES2 and ALOX15 expres
sion changed over time in runners (P= 0.016 and P= 0.007, 
respectively) but remained unchanged in the controls (P = 0.631 and P=
0.539, respectively). PTGES2 (COX2) expression in runners increased 
from pre-exercise to directly post-exercise (d= 0.5, P= 0.998) and then 
continue decreasing until 24 h post-exercise (d= 2.5, P = 0.023). In the 
controls, PTGES2 decreased from pre- to post-exercise (d= 0.4, P =
0.999), then increased until 2 h post- (d= 0.4, P = 1.000), and decreased 
until 24 h post-exercise (d= 0.9, P= 0.983). ALOX15 expression 
(Fig. 3B.) increased in runners from pre-exercise to post-exercise (d=
0.7, P = 0.839) and then decreased again until 24 h post-exercise (d=
1.6, P= 0.430). In the controls, ALOX15 expression decreased from pre- 
to post-exercise (d= 0.4, P = 1.000) and then increased until 1 h post- 
exercise (d= 0.3, P= 1.000), and continued decreasing until 24 h (d=
1.0, P= 0.897).

3.5. Response of pro-inflammatory 5- and 15-HETE over 72 h after 
exercise challenge

Lipid mediators PGE2, PGE2, 5-, 8-, 9-, 11-, 12- and 15-HETE; 5-, 8-, 
9-, 11-, 12-, 15- and 18-HEPE and 17-HDHA, were detected. Here we 
report on the COX and LOX metabolism, including 5- and 15-HETE and 
18-HEPE, 17-HDHA (Fig. 1). Fig. 4 illustrates that the 5- and 15-HETE 

Table 3 
Average daily dietary intake over three days during the study.

Runners (n= 18) Less-active controls (n=
15)

P- 
valuea

Total energy (kJ) 10 567 ± 3073b 9 288 ± 3194 0.267
Total n-3 PUFA (g) 0.84 ± 0.31 0.58 ± 041 0.060
Total n-3 LCPUFA 

(g)
0.12 (0.07, 
0.17)c

0.06 (0.02, 0.11) 0.035

Total n-6 PUFA (g) 19.2 (15.9, 36.5) 15.4 (5.5, 25.1) 0.026
Total n-6 LCPUFA 

(g)
0.25 (0.12, 0.35) 0.15 (0.08, 0.18) 0.048

Vitamin C (mcg) 46.0 (32.4, 68.7) 25.1 (14.2, 49.2) 0.028
Vitamin D (mg) 6.1 ± 3.0 3.5 ± 2.8 0.023
Vitamin E (mcg) 13.7 (11.0, 22.5) 10.1 (6.0, 12.9) 0.009
Carotenoids (mcg) 1487 (354, 

2681)
576 (338, 1514) 0.519

Iron (mg) 15.0 ± 4.4 17.1 ± 8.4 0.391
Selenium (mcg) 78.3 ± 34.4 45.9 ± 29.1 0.009
Zinc (mg) 13.6 ± 4.9 14.4 ± 5.9 0.680

a Differences between runners and controls were examined with independent 
t-tests. P < 0.05 was considered significant. Non-normal data were log trans
formed before analysis.

b Normal data were reported as mean ± SD.
c Non-normal data were reported as median (25th, 75th percentile).

Fig. 3. Gene expression response to resistance exercise: A) PTGES2 (COX2), B) ALOX15 (LOX15). Runners n = 10, controls n = 8. Values are ΔCT normalized units. 
Difference between runners and controls and change over time in each group analysed with linear mixed models. Participants were treated as random effects and 
group and time as fixed effects. A) and B) adjusted for the daily average vitamin C intake of three days during the trial.

Fig. 4. Response of pro-inflammatory lipoxygenase intermediates to resistance exercise: A) 5-HETE, B) 15-HETE. Runners n = 15–17, controls n = 12–15). Values are 
estimated means ± SE of internal standard-normalized arbitrary units. Difference between runners and controls and change over time analysed with linear mixed 
models. Participants were treated as random effects and group and time as fixed effects. 5-HETE response (A) was adjusted for dietary total n-3 LCPUFA intake and 
15-HETE response (B) for dietary total n-3 LCPUFA, total carotenoid and zinc intake of three days during the trial.
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changed over time in runners (P < 0.001 and P= 0.022, respectively), 
but not in the controls (P= 0.457 and P= 0.985, respectively). In the 
runners, 5-HETE decreased from immediately (time 0 h) until 1 h post- 
exercise (d= 0.8, P= 0.019) and then increased again until 72 h post- 
exercise (d= 1.0, P < 0.001). Whereas, in the controls, 5-HETE 
increased from the start of exercise (d= 0.4, P= 0.998), then 
decreased from immediately (time 0 h) until 2 h post-exercise (d= 0.6, 
P= 0.830) followed with an increase again until 72 h post-exercise (d=
0.7, P= 0.688). In runners, 15-HETE decreased from directly post to 1 h 
post-exercise (d= 0.2, P= 0.050) and then increased until 24 h post- 
exercise (d= 0.2, P= 0.442). In controls 15-HETE decreased from 
directly post to 1 h post-exercise (d= 0.1, P= 1.000) and then increased 
until 2 h post-exercise (d= 0.1, P= 1.000).

3.6. Response of pro-resolving 18-HEPE and 17-HDHA over 72 h after 
exercise challenge

In Fig. 5, it is shown that 18-HEPE changed over time in both runners 
and controls (P < 0.001 and P= 0.024). 17-HDHA tended to change 
significantly over time in runners, but not in controls (P= 0.076 and P=
0.703). In runners, both 18-HEPE and 17-HDHA decreased from the start 
of exercise (Pre) until 1 h post-exercise (d= 7.4, P =< 0.001 and d= 0.7, 
P= 0.419, respectively), and increased again until 24 h post-exercise (d=
5.7, P= 0.004 and d= 0.6, P= 0.789). In controls, 18-HEPE decreased 
from the start of exercise (Pre) until 1 h after (d= 2.6, P= 0.003), and 
increased again until 72 h post-exercise (d= 3.2, P= 0.037), whereas 17- 
HDHA increased after 24 h until 72 h post-exercise (d= 0.3, P= 0.194).

4. Discussion and conclusion

This study showed that young men engaging in regular moderate 
aerobic exercise, in particular recreational running, potentially have a 
faster and more robust lipid mediator response, including inflammation 
resolution capacity, compared to their less-active controls. The faster 
response in runners, when adjusted for covariates, was evident from the 
early onset of PTGES2 (COX2) and ALOX15 gene expression from the 
start of exercise compared with the delayed onset of response only 
starting after termination of exercise in the less active control group. In 
addition, the more robust response in runners was also apparent from 
both the faster increase of pro-inflammatory intermediates (5-and 15- 
HETE) and decrease in pro-resolving intermediate (18-HEPE and 17- 
HDHA) concentrations, compared with the controls.

Cyclooxygenase-2 (COX-2) is an inducible enzyme, expressed at sites 
of inflammation, typical of a disease state. However, COX-2 is also 
expressed constitutively in areas not only associated with inflammation, 

but increasingly recognized for its homeostatic function in health [35]. 
Prostanoids (thromboxane A2 and prostaglandins) are produced via the 
enzymatic activity of COX-2. Several studies have found higher pe
ripheral prostanoid concentrations for one to three days following 
resistance exercise [15,36–38]. These lipid mediators act together to 
collectively produce the cardinal signs of inflammation such as heat, 
swelling and pain [39]. Due to their inflammatory and immunoregula
tory properties, they play a role in protein synthesis post-exercise, 
therefore, aiding recovery [40]. Evidence suggests that early prosta
glandin synthesis post-exercise is essential for anabolic muscle recovery 
by commanding satellite cell proliferation and myogenesis and coordi
nating scavenger activity together with phagocytosis to remove debris 
and enhance tissue regeneration [41]. Corresponding with this, 
providing non-steroidal anti-inflammatory drugs during physical activ
ity effectively inhibits COX-2 and blocks prostaglandin synthesis. Which 
in turn have been found to reduce muscle protein synthesis [41–44]. In 
this study, we found a faster peak in COX-2 expression in the individuals 
engaging in regular moderate aerobic exercise compared to controls. 
Comparable to our results, other studies have also reported COX-2 
expression in peripheral blood mononuclear cells and muscle biopsies 
during recovery from exercise [39,45,46].

Previous research has shown higher lipid mediator concentrations 
following resistance exercise peaking from 1 -24 hours post-exercise and 
remaining high in the 2 to 3 days post-exercise depending on the specific 
lipid mediator [12,15,37,47]. Similarly, our findings supported these 
findings on pro-inflammatory lipid mediator intermediates. In this cur
rent study, the pro-inflammatory lipid mediator intermediates, 5- and 
15-HETE, which are precursors for lipoxins and leukotrienes also peaked 
earlier in the runners compared with the non-runners [8]. Our results, 
therefore, suggest that regular exercise (such as running) induces ad
aptations including gene expression to promote an earlier COX-2 
expression and pro-inflammatory lipid mediator response in order to 
provoke inflammation resolution more quickly and effectively. Litera
ture suggests a correlation between peak muscle soreness and peak 
pro-inflammatory lipid mediator concentrations post-exercise [37]. 
Therefore, a faster peak gene expression and lipid mediator response in 
individuals engaging in regular moderate aerobic exercise as found here, 
may lead to faster symptoms of inflammation, such as muscle soreness 
post-exercise, and subsequent faster recovery. Contrasting to the 
delayed onset and slower response in individuals not engaging in regular 
exercise [37]. Furthermore, as the pro-inflammatory lipid mediators are 
important in protein synthesis, it can also be hypothesised that muscle 
protein synthesis and recovery are initiated faster in the adapted muscle.

Inflammation resolution is initiated by the stimulus of the pro- 
inflammatory signal, an occurrence known as lipid mediator class 

Fig. 5. Pro-resolving lipid intermediate 18-hydroxyeicosapentaenoic acid (18-HEPE) and 17-hydroxy-docosahexaenoic acid (17-HDHA) response before and after 
exercise challenge over time, runners n = 14–17 and controls n = 13–15. Values are means ± SE of internal standard-normalized arbitrary units. Difference between 
runners and controls and change over time analysed with linear mixed models. Participants were treated as random effects and group and time as fixed effects. There 
was no group x time interaction. 18-HEPE response (A) was adjusted for dietary vitamin D intake and 17-HDHA response (B) for weight, RBC total n-3 LCPUFA status 
and dietary total n-3 LCPUFA, total carotenoid and zinc intake over three days during the trial.
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switching. This may explain the more robust response of pro-resolving 
intermediates in runners, who presents with a faster pro-inflammatory 
lipid mediator intermediate response [8]. As a result, in the runners, 
the pro-resolving lipid mediator intermediates, 18-HEPE and 17-HDHA 
started to decrease immediately post-exercise, but not in the less-active 
controls. In addition, the pro-resolving lipid intermediate 17-HDHA only 
started to increase in controls from 24 h, also indicating a later response 
in the less-active controls. Higher EPA and DHA intake promote n-3 
PUFA derived lipid mediator production which in turn contribute to the 
regulation of inflammation, enhancement of muscle protein synthesis 
and regeneration, and lowering of signs of muscle damage induced by 
eccentric exercise e.g., muscle soreness [48–52]. This implies that the 
bioactive lipid signalling and lipid mediator response in the runners may 
contribute to faster recovery. Even though no data was collected in the 
current study reporting on the clinical signs of muscle damage this 
observation agrees with the notion that less-active or sedentary in
dividuals usually take longer to recover from muscle soreness after ex
ercise than individuals engaging in regular exercise [6,40].

When considering the oxidative stress response, the results of the 
current study may seem counterintuitive. Since the inflammatory 
response is partially dependent on oxidative stress, which is higher in 
sedentary individuals after an acute unaccustomed exercise bout, one 
may also expect a more pronounced inflammatory response in less- 
active controls [23]. However, there was no difference in oxidative 
stress markers between the runners and the less-active controls in the 
present study. Therefore, the difference in lipid mediator response may 
be independent of oxidative stress in this population of young men. In 
addition, although not the focus of this study, it is noteworthy to 
acknowledge that, as expected, total red blood cell n-3 LCPUFA and total 
n-3 LCPUFA dietary intake in the 3 days before the exercise stimulus, 
were significant predictors of the lipid mediator response post exercise. 
Additionally, vitamin C and D, total carotenoid, zinc and selenium 
intake over the three days prior to the exercise were also significant 
predictors, agreeing with other studies investigating the role of these 
nutrients and an antioxidant rich diet on the inflammatory response 
post-exercise [53–55].

It should be acknowledged that the small samples size is not ideal 
and that these results need to be confirmed by studies with a larger 
sample size to be generalisable to the population of young men. Also, 
data on the clinical symptoms of muscle damage could have been of 
value in unravelling some of the speculated mechanisms of action.

In conclusion, this study added to the current body of evidence that 
that regular moderate exercise like recreational running may lead to 
adaptations that promote a faster and more robust pro-inflammatory 
and pro-resolving lipid mediator response to unaccustomed strenuous 
exercise comparing to the delayed response of less-active controls. This 
has a practical implication for faster recovery following intense training.
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