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Abstract 

This study utilized a pro-inflammatory exercise mode to explore potential linkages between 

increases in 9- and 13-hydroxy-octadecadienoic acid (9+13 HODE) and biomarkers for 

inflammation, oxidative stress, and muscle damage.  Male (N=10) and female (N=10) runners 

ran at ~70% VO2max for 1.5 h followed by 30 min of downhill running (-10%).  Blood samples 

were taken pre-run and immediately-, 1-h-, and 24-h post-run, and analyzed for 9+13 HODE, F2-

isoprostanes, six cytokines, C-reactive protein (CRP), creatine kinase (CK), and myoglobin 

(MYO).  Gender groups performed at comparable relative heart rate and oxygen consumption 

levels during the 2-h run.  All outcome measures increased post-run (time effects, P≤0.001), with 

levels near pre-run levels by 24 h except for CRP, CK, MYO, and delayed onset of muscle 

soreness (DOMS).  Plasma 9+13 HODE increased 314±38.4% post-run (P<0.001), 77.3±15.8% 

1-h post-run (P<0.001), and 40.6±16.4% 24-h post-exercise (P=0.024), and F2-isoprostanes 

increased 50.8±8.9% post-run (P<0.001) and 19.0±5.3% 1-h post-run (P=0.006). Post-run 

increases were comparable between genders for all outcomes except for 9+13 HODE (interaction 

effect, P=0.024, post-run tending higher in females), IL-10 (P=0.006, females lower), and 

DOMS (P=0.029, females lower).  The pre-to-post-run increase in 9+13 HODEs was not related 

to other outcomes except for plasma granulocyte colony stimulating factor (GCSF) (r = -0.710, 

P<0.001) and IL-6 (r = -0.457, P=0.043).  Within the context of this study, exercise-induced 

increases in 9+13 HODEs tended higher in females, and were not related to increases in F2-

isoprostanes, muscle damage, or soreness. The negative relationships to GCSF and IL-6 suggest 

a linkage between 9+13 HODES and exercise-induced neutrophil chemotaxis, degranulation, and 

inflammation. 

KEYWORDS:  running, cytokines, inflammation, oxidative stress, muscle damage, soreness 
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INTRODUCTION 

 Linoleic acid, an essential polyunsaturated fatty acid (PUFA), is the direct precursor to 

oxidized linoleic acid metabolites (OXLAMs) including 9- and 13-hydroxy-octadecadienoic acid 

(9+13 HODE) (Halliwell et al., 1996; Kokatnur et al., 1979; Ramsden et al., 2012; Spiteller, 

1998). 9+13 HODE elicit pleiotropic effects that are either beneficial or detrimental depending 

on the context (Wittwer and Hersberger, 2007), and are generated by a variety of cell types 

through several pathways involving 15-lipoxygenase-1 (15-LOX), cyclooxygenases 1 and 2 

(COX-1, COX-2), cytochrome P450 microsomal enzymes, and free radical and singlet oxygen 

oxidations (ROS) (Lehmann et al., 1992; Pasman et al., 2013; Spiteller, 1998).  9+13 HODE are 

stable and abundant oxidation products that can be measured in human plasma, and have been 

linked to a wide variety of pathological conditions (Jira et al., 1998; O’Flaherty et al., 2013; 

Ramsden et al., 2012; Vangaveti et al., 2010, 2015).   Elevated levels of plasma 9+13 HODE can 

be reduced through the adoption of healthy diets or weight loss, and have emerged as important 

indicators of oxidative stress (Collino et al., 2013; Dandona et al., 2001; Gaskins et al., 2010; 

Pasman et al., 2013).   

In three previous papers utilizing a metabolomics approach, our research group reported 

that plasma 9+13 HODE increased significantly following prolonged and intensive exercise 

(Nieman et al., 2013, 2014c, 2015).  In one of these studies, increases in plasma 9+13 HODE 

(median scaled intensity or MSI units) and F2-isoprostanes (pg/ml) following 75-km cycling 

were related (r=0.75, P<0.001), but without significant correlations to increases in six cytokines 

(Nieman et al., 2014c).  This was an unexpected finding due to the ascribed roles of 9+13 HODE 

in the regulation of inflammation linked to atherogenesis, cancer, the metabolic syndrome, and 

other pathological processes (Bojic et al., 2016; O’Flaherty et al., 2013; Vangaveti et al., 2010, 
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2015).  9+13 HODE play a role in signaling and the regulation of inflammatory processes 

involving cell adhesion molecules, neutrophil chemotaxis and degranulation, macrophage 

superoxide production, peroxisome proliferator activated receptor gamma (PPAR-γ) activation, 

and inhibition of protein kinase C (Futosi et al., 2013; Itoh et al., 2008; Smith et al., 2014; 

Vangaveti et al., 2010; Wittwer and Hersberger, 2007).   

With intensive, prolonged exercise, granulocyte blood concentrations increase 3 to 6-

fold, and then move into involved muscle tissues where phagocytosis, production of ROS and 

degranulation occur (Nieman et al., 2014a,b; Peake et al., 2015).  Granulocyte degranulation is 

characterized by the release of hydrolytic and proteolytic enzymes, and the expression of 

receptors and proteins on the plasma membrane that come from granule membranes and 

intracellular vesicles.  Control of degranulation is important to assure that the granulocyte is 

activated only at the right place and time and to the proper extent to avoid excessive muscle cell 

damage (Futosi et al., 2013; Vangaveti et al., 2015).  Inflammatory cells such as granulocytes 

and macrophages convert linoleic acid into HODES, and studies indicate that HODES help 

regulate degranulation, ROS production, and chemotactic activity (Vangaveti et al., 2010, 2015). 

  

Given the expected role of 9+13 HODE in the regulation of inflammation during 

exercise, this study employed high intensity running for 1.5 h followed by 30 min of downhill 

running, an exercise protocol known to induce more muscle damage and inflammation than 

cycling (Nieman et al., 2014a).  Blood samples and delayed onset of muscle soreness (DOMS) 

ratings were taken pre-run and immediately-, 1-h-, and 24-h post-run. Blood samples were 

analyzed for 9+13 HODE using high performance liquid chromatography coupled with 

electrospray ionization tandem mass spectrometry (LC-MS/MS), and exercise-induced changes 
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were tested for associations with F2-isoprostanes (oxidative stress), six cytokines and C-reactive 

protein (CRP) (inflammation), and muscle damage biomarkers (creatine kinase and myoglobin).     

MATERIALS AND METHODS 

Participants.  Recruitment was conducted through direct messages to runners in the 

Charlotte, NC, metropolitan area.  Participants included 20 male and female runners (ages 22-45 

years) who regularly competed in long-distance road races and were capable of running for two 

hours on treadmills at ~70% VO2max.  Participants consented to train normally, maintain weight, 

and avoid the use of large-dose vitamin and mineral supplements (above 100% Daily Value),  

herbal supplements, and medications (in particular, non-steroidal anti-inflammatory drugs) for 

the 6-week period separating the two lab sessions.  Participants signed informed consent forms 

and study procedures were approved by the Institutional Review Board at Appalachian State 

University (ASU). 

Baseline Testing.  Prior to the study, participants were tested for VO2max during a graded, 

treadmill test with the Cosmed Fitmate metabolic system (Cosmed, Rome, Italy) (Nieman et al., 

2013, 2014a).  Body composition was measured with the Bod Pod body composition analyzer 

(Life Measurement, Concord, CA).  Demographic and training histories were acquired with 

questionnaires.   

Running Trials.  During the 3-day period prior to each running session (separated by six 

weeks), participants tapered exercise training and followed a moderate-carbohydrate dietary 

regimen (~55% kcal as carbohydrates) by choosing foods from a list provided by the 

investigative team (Nieman et al., 2014b, 2015).  Participants reported to the lab at 6:45 am in an 

overnight fasted state, and provided blood samples and a rating of muscle soreness (DOMS) 

(Smith et al.,1993).  At 7:00 am, participants ran on laboratory treadmills with the speed set at 
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~70% of VO2max for 1.5 hours followed by 30 minutes of downhill running on a -10% grade at 

close to the same intensity.  Participants ingested 2 to 3 ml/kg water every 15 minutes, without 

ingestion of any other beverages or food. Metabolic measures from the Cosmed Fitmate 

metabolic system and the rating of perceived exertion (RPE) were taken every 30 minutes during 

the running bout to verify that the appropriate intensity was maintained. Additional blood and 

DOMS ratings were taken immediately following the 2-h run, and then 1-h post-run, and 24-h 

post-run.  The blood samples were collected into sterile vacuum blood collection tubes and 

centrifuged as recommended by the manufacturer.  All of these procedures were repeated six 

weeks later, with runners following the exact same schedule (including time of day and day of 

the week). The total distances run during the two treadmill sessions were highly correlated 

(r=0.984, P<0.001), and data were combined for this analysis to strengthen data quality, reduce 

random measurement error, and provide better estimates of the “true” value for individual 

participants (Hecksteden et al., 2015).   

9+13-HODE.   9-HODE, 13-HODE, and 9-HODE-d4 standards were purchased from 

Cayman Chemical (Ann Arbor, MI), methanol, acetonitrile and 2-propanol from Avantor 

Performance Materials Inc. (Center Valley, PA), ethanol and butylhydroxytoluene (BHT) from 

Sigma-Aldrich (St. Louis, MO), and acetic acid and hexane from Fisher Scientific (Pittsburgh, 

PA). All solvents and chemicals used were of HPLC grade or higher. Water was produced by 

Milli-Q water purification system (Millipore, Billerica, MA). The 9-HODE and 13-HODE stock 

solutions were 200 ng/mL, and were further diluted with ethanol (containing 50 ng/mL 9-HODE-

d4) at eight different calibration levels and stored at −20°C. 9-HODE and 13-HODE from 

plasma samples were extracted using liquid-liquid extraction. The deuterated compound 9-

HODE-d4 was used as an internal standard and added prior to extraction.  
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Plasma was collected from heparinized blood, flash-frozen in liquid nitrogen, and stored 

at -80°C before analysis. The entire sample preparation process was then performed on each 

sample.  10 µL of 500 ng/mL 9-HODE-d4 and 10 µL of 50 mM BHT were added to 200 µL of 

plasma sample. Then 1.0 mL (10% v/v acetic acid in water)/2-propanol/hexane (2/20/30, v/v/v) 

and 2.0 mL hexane were used for extraction. After centrifugation, the upper layer was removed, 

dried and reconstituted with 100 µL of 85% methanol in water (v/v, containing 0.1% acetic acid) 

for LC-MS analysis (Levison et al., 2013; Rago and Fu, 2013).  Chromatographic separation of 

9-HODE and 13-HODE was achieved using an UPLC system (Acquity UPLC, Waters, Milford, 

MA) equipped with Waters BEH C18 1.7 µm analytical column (2.1 × 100 mm). The mobile 

phases consisted of (A) 0.2% acetic acid in water and (B) 0.2% acetic acid in acetonitrile. The 

gradient used was: 0-0.5 min (80% B), 0.5-3 min (80-100% B), 3-6 min (100% B), 6-6.1 min 

(100-80% B), 6.1-7 min (80% B). For detection of 9-HODE and 13-HODE, the UPLC system 

was coupled with Quattro Premier XE MS (Waters, Milford, MA) and the system was operated 

in electrospray ionization (ESI) negative mode. The multiple reaction monitoring (MRM) was 

performed with optimized transitions (295>171 for 9-HODE; 295>195 for 13-HODE; and 

299>172 for 9-HODE-d4). All peaks were integrated using TargetLynx Application Manager 

(Waters, Milford, MA), and the peaks were quantified using calibration curves of peak areas of 

native compounds divided by the internal standard peak area. 

F2-isoprostanes.  Plasma was collected from heparinized blood, flash-frozen in liquid 

nitrogen, and stored at -80°C before analysis. 8-iso prostaglandin F2, 8-iso prostaglandin F2-d4, 

and prostaglandin F2 methyl ester were purchased from Cayman Chemical (Ann Arbor, MI). 

Plasma tubes were labeled and 2 mL water and 20 µL internal standard 8-iso prostaglandin F2α-

d4 work solution were added to each tube. 500 µL of plasma sample was added to the tubes and 
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vortexed, with the pH of the samples adjusted to 3 using 1N HCl. The C-18 Sep-Pak cartridge 

and Silica Sep-Pak cartridge were purchased from Waters (Milford, MA). One C-18 Sep-Pak 

cartridge was connected to a 10 mL disposable syringe for each sample and the cartridge was 

preconditioned with 5 mL methanol and 7 mL water (adjusted to pH 3 with 1N HCl). The sample 

was applied to the preconditioned Sep-Pak cartridge slowly, and the cartridge was washed twice, 

first with 10 mL pH 3 water and then with 10 mL heptane.  F2-isoprostanes were eluted from the 

cartridge with 10 mL ethyl acetate/heptane (50:50, v/v) into a vial, and 5 g of anhydrous sodium 

sulfate was added. The used C-18 Sep-Pak cartridges were then removed from the syringes and 

replaced with one silica Sep-Pak cartridge for each sample and preconditioned with 5 mL of 

ethyl acetate. The eluent from C-18 Sep-Pak cartridge was applied to the silica Sep-Pak 

cartridge.  The cartridge was washed with 5 mL of ethyl acetate.  F2-isoprostanes were eluted 

from the silica Sep-Pak cartridge with 5 mL ethyl acetate/methanol (1:1, v/v) into a vial.  The 

eluent was evaporated under nitrogen at 37°C.  40 µL of 10% (v/v) PFBB in acetonitrile and 20 

µL 10% (v/v) DIPE in acetonitrile were added to each vial, vortexed briefly and incubated for 20 

minutes at 37°C.  The samples were dried thoroughly under nitrogen flow for about 5 minutes. 

Each sample was reconstituted in 50 µL methanol/chloroform 3/2 (v/v) and vortexed. 

 The TLC tank was prepared by adding 93 mL chloroform and 7 mL ethanol. Each 

sample was applied to a silica TLC plate, with 5 µL of the prostaglandin F2α methyl ester applied 

to one lane for use as a standard using a separate TLC plate. TLC plates were placed into the 

TLC tank and removed from the tank when the solvent front reached 13 cm on the TLC plate. 

The TLC standard was visualized by spraying the standard plate with the phosphomolybdic acid 

solution and then heating on a hot plate for 2 minutes.  The silica from the sample TLC plates in 

the region of the TLC standard was scraped from 1 cm above the middle of the visualized 
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standard to 1 cm below the standard into separate centrifuge tube and 1 mL ethyl acetate was 

added to each tube, vortexed, then centrifuged at 10,000g for 5 minutes. The ethyl acetate was 

carefully removed and transferred into a GC glass vial and dried under nitrogen for 20 minutes or 

until evaporated. 20 µL BSTFA and 8 µL dry DMF were added, and the sample was vortexed 

and incubated at 37ºC for 5 minutes.  The sample was reconstituted in 30 µL dry undecane and 

vortexed briefly for gas chromatography mass spectrometry (GC-MS) analysis (Milne et al., 

2007; Roberts and Milne, 2009). 

Samples were analyzed by a negative ion chemical ionization GC-MS using an Agilent 

7890A gas chromatography interfaced to an Agilent 5975C inert MSD mass spectrometer 

(Agilent Technologies, Santa Clara, CA). The GC column used was an Agilent DB1701 column: 

15 m (length) × 250 µm I.D., 0.25-µm film thickness. The column temperature was programmed 

from 190 °C  to 300 °C  at 20 °C  per min. Helium was used as the carrier gas and methane was 

used as the reagent gas. The ion source temperature was 200 °C and MS quad temperature was 

150 °C. The ion monitored for F2-isoprostanes was m/z 569 and for deuterated internal standard 

was m/z 573. The raw data files generated by GC-MS were processed using the MSD 

ChemStation software package (Agilent Technologies., Santa Clara, CA). For quantification 

purposes, the area of the peak containing derivatized 8-iso prostaglandin F2 (m/z 569) was 

compared with the area of 8-iso prostaglandin F2-d4 peak (m/z 573). Levels of F2-isoprostanes in 

plasma are reported in picograms per milliliter. Calculation: (area of m/z 569) / (area of m/z 573) 

= concentration of 8-iso prostaglandin F2 / 8-iso prostaglandin F2-d4. 

Cytokines. Plasma was collected from EDTA-treated blood, flash-frozen in liquid 

nitrogen, and stored at -80°C before analysis. Total plasma concentrations of six inflammatory 

cytokines [monocyte chemoattractant protein-1 (MCP-1), interleukin 1 receptor antagonist (IL-
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1ra), granulocyte colony-stimulating factor (GCSF), IL-6, IL-8, and IL-10] were determined 

using an electrochemiluminescence based solid-phase sandwich immunoassay (Meso Scale 

Discovery, Gaithersburg,MD, USA). All samples and provided standards were analyzed in 

duplicate, and the intra-assay CV ranged from 1.7% to 7.5% and the inter-assay CV 2.4 to 9.6% 

for all cytokines measured. Pre-and post-exercise samples for the cytokines were analyzed on the 

same assay plate to decrease inter-kit assay variability.   

C-reactive protein (CRP), creatine kinase, myoglobin, delayed onset of muscle soreness. 

CRP and creatine kinase (CK) were measured in fresh serum samples using an AU5800 Clinical 

Chemistry System (Beckman Coulter Electronics, Brea, CA).  Myoglobin (MYO) was measured 

in fresh serum samples using an electrochemiluminescence immunoassay.  Delayed onset of 

muscle soreness (DOMS) was assessed using the 1–10 scale produced by Smith et al. (1993).   

Statistical Analysis.  Data analysis was performed using IBM SPSS Statistics for 

Windows, Version 22.0 (IBM Corp., Armonk, NY).  Data from the two running trials were 

averaged and expressed as mean ± SE. Demographic, metabolic, and performance measures 

were compared between male (N=10) and female (N=10) runners using independent t-tests, with 

the alpha level set at P≤0.05.  DOMS and all blood measures were compared between genders 

using a general linear model (GLM) repeated measures approach [2 (male, female) x 4 (time 

points)].  Change from pre-run values were contrasted between gender groups for immediate 

post-run, 1-h post-run, and 24-h post-run time points using independent t-tests at the P≤0.017 

Bonferroni threshold adjustment for multiple comparisons. Post-hoc contrasts from pre-run 

values were also performed for all subjects combined (N=20) using paired t-tests at the P≤0.017 

Bonferroni threshold adjustment for multiple comparisons.  Correlations between 9+13-HODE 
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and other variables of interest were made using Pearson’s product-moment correlation 

coefficients. 

Results 

 Subject characteristics for the 10 male and 10 female participants are summarized in 

Table 1.  Gender groups had similar age and training volumes, and male compared to female 

runners had lower body fat percentage and higher VO2max fitness levels.  

 Table 2 summarizes average metabolic and performance data from the two treadmill run 

sessions for the first 90 minutes of level grade treadmill running and the final 30 minutes of 

downhill running on a -10% grade. Male compared to female runners ran further during the 

entire 2-hour treadmill run, but gender groups performed at comparable relative heart rate and 

oxygen consumption levels.   

 Exercise time and interaction (time x gender) effects for outcome measures in the male 

and female runners are summarized in Table 3, Figure 1 (plasma 9+13 HODE), and Figure 2 

(plasma F2-isoprostanes).  The 2-hour run was associated with significant increases in all 

outcome measures except the ratio of IL-6/IL-10 (all time effects, P≤0.001), with levels back to 

near pre-run levels by 24 hours post-exercise except for CRP, muscle soreness, and muscle 

damage markers (DOMS, creatine kinase, myoglobin).  Plasma 9+13 HODE increased 

314±38.4% post-run (P<0.001), 77.3±15.8% 1-h post-run (P<0.001), and 40.6±16.4% 24-h post-

exercise (P=0.024) (all subjects combined compared to pre-run levels) (Figure 1).  Plasma F2-

isoprostanes increased 50.8±8.9% post-run (P<0.001) and 19.0±5.3% 1-h post-run (P=0.006) (all 

subjects combined compared to pre-run levels) (Figure 2).    

The pattern of increase over time was comparable between gender groups for all outcome 

measures except for 9-HODE and 13-HODE (both HODEs separately and combined), IL-10, and 



  

12 

 

DOMS.  Pre-to-post-run increases in levels of plasma 9-HODE, 13-HODE, and 9+13-HODE 

tended to be higher in female compared to male runners, but these were not significant (P=0.069, 

0.056, 0.049, respectively) at the P≤0.017 Bonferroni threshold adjustment for multiple 

comparisons.      

 The pre-to-post-run increase in 9+13 HODEs for all subjects combined was tested for 

associations with increases in all other outcome measures listed in Table 3 and Figure 1 and 2.  

Only two correlations were significant, and these are depicted in Figures 3 and 4.  Figure 3 

shows the scatterplot relationship between the pre-to-post-run change in plasma 9+13 HODE and 

plasma granulocyte colony stimulating factor (GCSF) for male and female runners combined (r = 

-0.710, P<0.001), with Figure 4 showing the relationship for plasma IL-6 (r = -0.457, P=0.043).  

The post-run increase in DOMS was positively related to the total treadmill running distance 

(r=0.708, P<0.001), the 2-h run final rating of perceived exertion (RPE) (r=0.866, P<0.001), and 

the increase in serum myoglobin (r=0.494, P=0.027).          

Discussion 

This study showed that an intensive 1.5-h run followed by 30 minutes of downhill 

running induced a 3.1-fold increase in LC-MS/MS quantified plasma 9+13 HODE, with levels 

still elevated above pre-run levels one day later (41%).  In three previous exercise studies 

utilizing global metabolomics and median-scaled intensity units, post-exercise plasma 9+13 

HODE increases ranged from 3.1- to 5.5-fold immediately after 75-km cycling and 7.5 h running 

over a 3-day period (Nieman et al., 2013, 2014c, 2015). Utilizing a targeted, lipidomics 

approach, Markworth et al. (2013) reported much smaller increases (~35%) in 9+13 HODE 

during the first three hours of recovery from one bout of leg resistance exercise (3 sets, 8-10 

repetitions, leg squats, leg press, leg extensions) in 16 untrained males.   
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Immediate post-run increases in plasma 9+13 HODE trended higher in female (4.0-fold) 

compared to male (2.3-fold) runners (P=0.032), with no gender differences at other recovery 

times points.  No clear consensus has emerged regarding potential gender differences in exercise-

induced oxidative stress.  In a study of 54 male and female runners competing in the 160-km 

Western States Endurance Run, no gender differences were measured for post-race increases in 

plasma and urine F2-isoprostanes (McAnulty et al., 2007).  In the current study, the pattern of 

increase over time for plasma F2-isoprostanes was also comparable between gender groups 

(Figure 2).     

The post-run increase in the oxidized linoleic acid metabolites plasma 9+13 HODE was 

much greater and prolonged than was measured for plasma F2-isoprostanes.  The level of F2-

isoprostanes in plasma or urine is widely regarded as an excellent indicator of exercise-induced 

oxidative stress and is formed via free radical-initiated peroxidation of arachidonic acid (Milne et 

al., 2007; Roberts and Milne, 2009). We recently reported that post-75-km cycling plasma levels 

of 9+13 HODE were positively correlated with postexercise F2-isoprostanes (r = 0.75, P < 0.001) 

and other fatty acids in the linoleate conversion pathway (Nieman et al., 2014c).  No significant 

correlation between plasma 9+13 HODE and F2-isoprostanes was measured after 2 h running in 

the current study, which could be explained by several factors including differences in exercise 

mode, and issues related to the use of global, untargeted metabolomics versus 9+13 HODE 

quantification by LC-MS/MS.  Another issue to consider is the difficulty of measuring the small 

quantity of F2-isoprostanes in plasma with GC-MS compared to the relative ease of measuring 

much higher concentrations of plasma 9+13 HODE using LC-MS/MS (Levison et al., 2013; 

Nikolaidis et al., 2011).  Lipoxygenase products such as 9+13 HODE and 

hydroxyeicosatetraenoic acids (HETEs), and COX-derived oxidized species like prostaglandin 



  

14 

 

F2α predominate in plasma, in comparison to free radical-derived oxidized F2-isoprostanes that 

predominate in urine (Levison et al., 2013).  Future exercise-related studies should consider 

measuring oxidative stress with 9+13 HODE from plasma, and F2-isoprostanes from spot urine 

samples, as recommended by Levison et al. (Levison et al., 2013). 

HODES are considered both a stable indicator of oxidative stress (lipid peroxidation) and 

a strong regulator of inflammation (Markworth et al., 2013; Niki, 2013; O’Flaherty et al., 2013; 

Rolin et al., 2014; Spiteller, 1998; Tyurin et al., 2012; Vangaveti et al., 2010, 2015; Viswanathan 

et al., 2003; Wittwer and Hersberger, 2007).  This study utilized a pro-inflammatory exercise 

mode to explore potential linkages between increases in 9+13 HODE, CRP, muscle damage and 

soreness, and six cytokines that were selected based on their responsiveness to heavy exertion 

(Nieman et al., 2014a, 2014b, 2014c, 2015; Peake et al., 2015). These data support a negative 

relationship between post-exercise 9+13 HODE and two cytokines, GCSF and IL-6, and 

supports a potential, novel regulatory function for 9+13 HODE within this exercise context.  

GCSF is produced by endothelium, macrophages, and a number of other immune cells, and 

stimulates the survival, proliferation, differentiation, and function of neutrophil precursors and 

mature neutrophils, with regulation in part through protein kinases (Cornish et al., 2009; Eyles et 

al., 2006; Futosi et al., 2013; Hamilton and Achuthan, 2013).  9+13 HODE help control 

inflammation through regulation of cell adhesion molecules, neutrophil chemotaxis and 

degranulation, macrophage superoxide production, PPAR-γ activation, and inhibition of protein 

kinase C (Futosi et al., 2013; Itoh et al., 2008; Rolin et al., 2014; Vangaveti et al., 2010; Wittwer 

and Hersberger, 2007).  Thus 9+13 HODE may regulate and decrease immune cell release of 

GCSF to assist in the proper control of neutrophil function, perhaps mitigating excessive 

neutrophil ROS, degranulation, and muscle cell damage.   
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 Exercise-induced changes in 9+13 HODE were inversely related to increases in 

plasma IL-6, indicating another potential influence on inflammation regulation.  Cell culture 

studies indicate that HODEs inhibit the release of IL-6 from human monocytes (Rolin et al., 

2014).  HODEs are natural ligands for PPAR-γ, and may attenuate the release of IL-6 from 

recruited monocytes by activating PPAR-γ in these cells and others, thereby regulating 

inflammation at sites of injury and damage, as suggested by Rolin et al. (2014). The IL-6/IL-10 

ratio was not significantly changed following the 2-h running bout, suggesting that anti- and pro-

inflammatory influences were sufficiently balanced.   

 In summary, a 1.5-h run followed by 30 minutes of downhill running was associated with 

significant increases in 9+13 HODE, F2-isoprostanes, muscle damage and soreness, and six 

cytokines.  A novel, inverse relationship was found between 9+13 HODE and two cytokines, 

GCSF and IL-6, supporting a linkage between these oxidized derivatives of linoleic acid and 

post-exercise inflammation.  Limitations in this study included the measurement of just one 

oxidative stress indicator (F2-isoprostanes), and the lack of muscle and fat biopsy samples to 

explore these relationships at the tissue level.  Additional research is needed to explore the 

relationship between 9+13 HODE, GCSF, and IL-6 within the context of chronic, exercise 

training.  Useful information would also be gleaned from measuring plasma cytokine and blood 

granulocyte responses during 9+13 HODE infusion in endurance athletes. 

 

DISCLOSURES 

No conflicts of interest, financial or otherwise, are declared by the authors. 

 

 



  

17 

 

REFERENCES 

Bojic LA, McLaren DG, Harms AC, Hankemeier T, Dane A, Wang SP, Rosa R, Previs 

SF, Johns DG, Castro-Perez JM.  Quantitative profiling of oxylipins in plasma and 

atherosclerotic plaques of hypercholesterolemic rabbits.  Anal Bioanal Chem 408:97-105, 2016. 

Collino S, Montoliu I, Martin FP, Scherer M, Mari D, Salvioli S, Bucci L, Ostan R, 

Monti D, Biagi E, Brigidi P, Franceschi C, Rezzi S.  Metabolic signatures of extreme longevity 

in northern Italian centenarians reveal a complex remodeling of lipids, amino acids, and gut 

microbiota metabolism. PLoS One 8:e56564, 2013. 

Cornish AL, Campbell IK, McKenzie BS, Chatfield S, Wicks IP.  G-CSF and GM-CSF 

as therapeutic targets in rheumatoid arthritis.  Nat Rev Rheumatol 5:554-559, 2009. 

Dandona P, Mohanty P, Ghanim H, Aljada A, Browne R, Hamouda W, Prabhala A, 

Afzal A, Garg R.  The suppressive effect of dietary restriction and weight loss in the obese on the 

generation of reactive oxygen species by leukocytes, lipid peroxidation, and protein 

carbonylation.  J Clin Endocrinol Metab 86:355-362, 2001. 

Eyles JL, Roberts AW, Metcalf D, Wicks IP.  Granulocyte colony-stimulating factor and 

neutrophils--forgotten mediators of inflammatory disease.  Nat Clin Pract Rheumatol 2:500-510, 

2006. 

Futosi K, Fodor S, Mócsai A.  Neutrophil cell surface receptors and their intracellular 

signal transduction pathways.  Int Immunopharmacol 17:638-650, 2013. 

Gaskins AJ, Rovner AJ, Mumford SL, Yeung E, Browne RW, Trevisan M, Perkins NJ, 

Wactawski-Wende J, Schisterman EF; BioCycle Study Group.  Adherence to a Mediterranean 

diet and plasma concentrations of lipid peroxidation in premenopausal women.  Am J Clin Nutr 

92:1461-1467, 2010. 



  

18 

 

Halliwell KJ, Fielding BA, Samra JS, Humphreys SM, Frayn KN.  Release of individual 

fatty acids from human adipose tissue in vivo after an overnight fast.  J Lipid Res 37:1842-1848, 

1996. 

Hamilton JA, Achuthan A. Colony stimulating factors and myeloid cell biology in health 

and disease.  Trends Immunol 34:81-89, 2013.  

Hecksteden A,Kraushaar J,Scharhag-Rosenberger F,Theisen D,Senn S,Meyer T.  

Individual response to exercise training–a statistical perspective. J Appl Physiol 118:1450-1459, 

2015. 

Itoh T, Fairall L, Amin K, Inaba Y, Szanto A, Balint BL, Nagy L, Yamamoto K, 

Schwabe JW. Structural basis for the activation of PPARgamma by oxidized fatty acids. Nat 

Struct Mol Biol 15:924-931, 2008. 

Jira W, Spiteller G, Carson W, Schramm A.  Strong increase in hydroxy fatty acids 

derived from linoleic acid in human low density lipoproteins of atherosclerotic patients.  Chem 

Phys Lipids 91:1-11, 1998. 

Kokatnur MG, Oalmann MC, Johnson WD, Malcom GT, Strong JP.  Fatty acid 

composition of human adipose tissue from two anatomical sites in a biracial community.  Am J 

Clin Nutr 32:2198-2205, 1979. 

Lehmann WD, Stephan M, Fürstenberger G.  Profiling assay for lipoxygenase products 

of linoleic and arachidonic acid by gas chromatography-mass spectrometry.  Anal Biochem 

204:158-170, 1992. 

Levison BS, Zhang R, Wang Z, Fu X, DiDonato JA, Hazen SL. Quantification of fatty 

acid oxidation products using on-line high performance liquid chromatography tandem mass 

spectrometry. Free Radic Biol Med 59: 2-13, 2013 



  

19 

 

Markworth JF, Vella L, Lingard BS, Tull DL, Rupasinghe TW, Sinclair AJ, Maddipati 

KR, Cameron-Smith D.  Human inflammatory and resolving lipid mediator responses to 

resistance exercise and ibuprofen treatment.  Am J Physiol Regul Integr Comp Physiol 

305:R1281-1296, 2013.  

McAnulty SR, Owens JT, McAnulty LS, Nieman DC, Morrow JD, Dumke CL, Milne 

GL.  Ibuprofen use during extreme exercise: effects on oxidative stress and PGE2. Med Sci 

Sports Exerc 39:1075-1079, 2007. 

Milne GL, Sanchez SC, Musiek ES, Morrow JD. Quantification of F2-isoprostanes as a 

biomarker of oxidative stress. Nat Protoc 2: 221-226, 2007. 

Nieman DC, Gillitt ND, Sha W, Meaney MP, John C, Pappan KL, Kinchen JM.  

Metabolomics-based analysis of banana and pear ingestion on exercise performance and 

recovery.  J Proteome Res 14:5367-5377, 2015. 

Nieman DC, Luo B, Dréau D, Henson DA, Shanely RA, Dew D, Meaney MP.  Immune 

and inflammation responses to a 3-day period of intensified running versus cycling.  Brain Behav 

Immun 39:180-185, 2014. 

Nieman DC, Scherr J, Luo B, Meaney MP, Dréau D, Sha W, Dew DA, Henson DA, 

Pappan KL.  Influence of pistachios on performance and exercise-induced inflammation, 

oxidative stress, immune dysfunction, and metabolite shifts in cyclists: a randomized, crossover 

trial.  PLoS One 9(11):e113725, 2014.  

Nieman DC, Shanely RA, Gillitt ND, Pappan KL, Lila MA.  Serum metabolic signatures 

induced by a three-day intensified exercise period persist after 14 h of recovery in runners.  J 

Proteome Res 12:4577-4584, 2013. 



  

20 

 

Nieman DC, Shanely RA, Luo B, Meaney MP, Dew DA, Pappan KL.  Metabolomics 

approach to assessing plasma 13- and 9-hydroxy-octadecadienoic acid and linoleic acid 

metabolite responses to 75-km cycling.  Am J Physiol Regul Integr Comp Physiol 307:R68-74, 

2014.  

Niki E.  Biomarkers of lipid peroxidation in clinical material.  Biochim Biophys Acta pii: 

S0304-S4165(13)00098-6, 2013. 

Nikolaidis MG, Kyparos A, Vrabas IS.  F₂-isoprostane formation, measurement and 

interpretation: the role of exercise. Prog Lipid Res 50:89-103, 2011.   

O'Flaherty JT, Wooten RE, Samuel MP, Thomas MJ, Levine EA, Case LD, Akman SA, 

Edwards IJ.  Fatty acid metabolites in rapidly proliferating breast cancer.  PLoS One 8:e63076, 

2013. 

Pasman WJ, van Erk MJ, Klöpping WA, Pellis L, Wopereis S, Bijlsma S, Hendriks HF, 

Kardinaal AF. Nutrigenomics approach elucidates health-promoting effects of high vegetable 

intake in lean and obese men.  Genes Nutr 8:507-521, 2013. 

Peake JM, Della Gatta P, Suzuki K, Nieman DC.  Cytokine expression and secretion by 

skeletal muscle cells: regulatory mechanisms and exercise effects.  Exerc Immunol Rev 21:8-25, 

2015. 

Rago B, Fu C.  Development of a high-throughput ultra performance liquid 

chromatography-mass spectrometry assay to profile 18 eicosanoids as exploratory biomarkers for 

atherosclerotic diseases.  J Chromatogr B Analyt Technol Biomed Life Sci 936:25-32, 2013. 

Ramsden CE, Ringel A, Feldstein AE, Taha AY, MacIntosh BA, Hibbeln JR, Majchrzak-

Hong SF, Faurot KR, Rapoport SI, Cheon Y, Chung YM, Berk M, Mann JD. Lowering dietary 



  

21 

 

linoleic acid reduces bioactive oxidized linoleic acid metabolites in humans.  Prostaglandins 

Leukot Essent Fatty Acids 87:135-141, 2012. 

Roberts LJ, Milne GL.  Isoprostanes.  J Lipid Res 50 Suppl:S219-223, 2009. 

Rolin J, Vego H, Maghazachi AA.  Oxidized lipids and lysophosphatidylcholine induce the 

chemotaxis, up-regulate the expression of CCR9 and CXCR4 and abrogate the release of IL-6 in 

human monocytes. Toxins (Basel) 6:2840-2856, 2014. 

Smith LL, Brunetz MH, Chenier TC, McCammon MR, Houmard JA, Franklin ME, Israel 

RG. The effects of static and ballistic stretching on delayed onset muscle soreness and creatine 

kinase. Res Q Exerc Sport 64:103-107, 1993. 

Spiteller G. Linoleic acid peroxidation--the dominant lipid peroxidation process in low 

density lipoprotein--and its relationship to chronic diseases. Chem Phys Lipids 95:105-162, 

1998. 

Tyurin VA, Yanamala N, Tyurina YY, Klein-Seetharaman J, Macphee CH, Kagan VE.  

Specificity of lipoprotein-associated phospholipase A(2) toward oxidized phosphatidylserines: 

liquid chromatography-electrospray ionization mass spectrometry characterization of products 

and computer modeling of interactions. Biochemistry 51:9736-9750, 2012. 

Vangaveti V, Baune BT, Kennedy RL.  Hydroxyoctadecadienoic acids: novel regulators 

of macrophage differentiation and atherogenesis. Ther Adv Endocrinol Metab 1:51-60, 2010.  

Vangaveti VN, Jansen H, Kennedy RL, Malabu UH.  Hydroxyoctadecadienoic acids: 

Oxidized derivatives of linoleic acid and their role in inflammation associated with metabolic 

syndrome and cancer.  Eur J Pharmacol pii: S0014-2999(15)00460-4, 2015.  



  

22 

 

Viswanathan S, Hammock BD, Newman J W, Meerarani P, Toborek M, Hennig B. 

Involvement of CYP 2C9 in mediating the proinflammatory effects of linoleic acid in vascular 

endothelial cells. J Am Coll Nutr 22: 502–510, 2003. 

Wittwer J, Hersberger M.  The two faces of the 15-lipoxygenase in atherosclerosis.  

Prostaglandins Leukot Essent Fatty Acids 77:67-77, 2007. 

 

 

 

 

  



  

23 

 

Figure Legends 

Figure 1  Change in plasma 9- and 13-hydroxy-octadecadienoic acid (9+13-HODE) across four 

time points for male (N=10) and female (N=10) runners: pre-run, immediately post-2-h run, and 

1-h and 24-h post-run.  Time main effect, P<0.001; time x gender interaction effect, P=0.024.  

†  P≤0.017, contrast for total subjects combined compared to pre-run (time effects) 

 

Figure 2   Change in plasma F2-isoprostanes across four time points for male (N=10) and female 

(N=10) runners: pre-run, immediately post-2-h run, and 1-h and 24-h post-run.  Time main 

effect, P<0.001; time x gender interaction effect, P=0.517.  

†  P≤0.017, contrast for total subjects combined compared to pre-run (time effects) 

 

Figure 3  Scatterplot relationship between the pre-to-post-run change in plasma 9+13 HODE and 

plasma granulocyte colony stimulating factor (GCSF) for male and female runners combined (r = 

-0.710, P<0.001). 

 

Figure 4  Scatterplot relationship between the pre-to-post-run change in plasma 9+13 HODE and 

plasma IL-6 for male and female runners combined (r = -0.457, P=0.043). 
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Table 1  Subject characteristics (mean±SE).   

Variable Males (N=10) Females (N=10) P-value 

Age (years) 36.3±1.8 35.4±2.3 0.765 

Height (m) 1.78±0.02 1.62±0.02 <0.001 

Weight (kg) 74.5±3.7 55.1±1.6 <0.001 

Body fat (%) 12.9±2.2 20.0±2.5 0.046 

VO2max (ml
.
kg

.-1
min

-1
) 57.2±2.7 45.2±2.2 0.003 

HRmax (beats/min) 177±2.6 181±4.1 0.456 

Training (km/wk) 59.2±6.8 53.9±6.8 0.582 
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Table 2  Average metabolic and performance data after 90 minutes of level grade running and 

the final 30 minutes of downhill running (-10% grade).  Measurements were recorded every 30 

minutes during the 2-hour run. 

Variable Males (N=10) Females (N=10) P-value 

90 min level running 

Distance (km) 

30 min -10% grade running 

Distance (km) 

Total distance (km) 

 

17.8±0.7 

 

6.84±0.30 

24.7±0.9 

 

14.4±0.5 

 

5.90±0.21 

20.2±0.6 

 

<0.001 

 

0.021 

0.001 

90 min level running 

VO2 (ml
.
kg

.-1
min

-1
) 

%VO2max 

30 min -10% grade running 

VO2 (ml
.
kg

.-1
min

-1
) 

%VO2max 

 

40.5±1.7 

71.2±1.2 

 

37.0±1.9 

64.8±1.7 

 

32.7±1.1 

73.0±1.9 

 

29.8±1.1 

66.4±1.8 

 

0.001 

0.411 

 

0.004 

0.524 

90 min level running 

HR (beats
/
min) 

% HRmax 

30 min -10% grade running 

HR (beats
/
min) 

% HRmax 

 

155±2.9 

87.6±1.0 

 

159±4.6 

89.6±1.7 

 

157±4.4 

87.5±3.2 

 

162±4.1 

89.9±2.6 

 

0.660 

0.985 

 

0.616 

0.923 

90 min level running 

RPE 

30 min -10% grade running 

RPE 

 

13.2±0.4 

 

15.8±0.8 

 

12.1±0.5 

 

14.4±0.8 

 

0.087 

 

0.217 

 

VO2, volume of oxygen consumed;  HR, heart rate;  RPE, rating of perceived exertion. 
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Table 3  Exercise time and interaction (time x gender) effects for outcome measures in male 

(N=10) and female (N=10) athletes before and after running 2 hours.  

Variable  Pre-Run Post-Run 1-h Post-

Run 

24-h Post-

Run 

P-values 

Time; 

Interaction 

IL-6 (pg/ml)             M 

                                  F 

3.17±0.41 

2.88±0.91 

11.8±2.23†  

7.46±0.89  

9.03±1.41†  

7.37±1.56  

2.36±0.31 

2.99±1.19 

<0.001;  

0.105 

IL-8 (pg/ml)             M 

                                  F 

9.99±1.00 

8.88±0.68 

22.4±2.9†  

16.1±1.1  

18.1±1.5†  

16.6±2.1  

8.12±0.50 

9.17±0.68 

<0.001;  

0.064 

IL-10 (pg/ml)           M 

                                  F 

2.50±0.18 

3.31±0.64 

9.33±1.77† 

6.20±0.91 

10.5±1.9†* 

6.03±0.81 

2.51±0.53 

3.51±0.81 

<0.001;  

0.006 

IL-1ra (pg/ml)          M 

                                  F 

111±10.8 

125±18.4 

216±14.8 

215±40.5 

385±83.8  

300±80.4  

111±9.8 

117±9.3 

<0.001;  

0.473 

MCP-1 (pg/ml)        M 

                                  F 

253±12.9 

242±15.7 

451±42.3†  

383±27.5  

487±42.3†  

367±32.7  

271±18.2 

227±12.3 

<0.001;  

0.130 

GCSF (pg/ml)          M 

                                  F 

11.0±1.1 

10.0±1.3 

17.1±2.0†  

13.9±1.8  

18.9±2.0†  

17.6±2.4  

10.5±1.0 

10.1±1.0 

<0.001; 

0.433 

IL-6/IL-10               M 

                                 F 

1.25±0.10 

1.13±0.38 

1.53±0.23 

1.30±0.41 

1.07±0.18 

1.29±0.17 

1.03±0.08 

1.14±0.43 

0.389;  

0.649 

DOMS                     M 

                                  F 

2.08±0.26 

1.98±0.36 

6.42±0.54† 

4.75±0.56 

6.10±0.43† 

4.55±0.48 

5.91±0.53† 

5.53±0.40 

<0.001;  

0.029 

CK (µkat/L)             M 

                                  F 

189±27.3 

147±23.1 

259±33.0†  

222±31.2  

248±27.4†  

227±27.0  

416±59.2† 

343±49.2 

<0.001;  

0.686 

MYO (ng/ml)          M 

                                  F 

39.0±2.4 

31.6±2.8 

196±22.5†  

161±31.8  

274±45.7†  

212±44.6  

70.7±7.3† 

48.4±7.0 

<0.001; 

0.475 

CRP (mg/L)             M 

                                  F 

0.71±0.15 

0.70±0.19 

0.67±0.17 

0.71±0.22 

0.62±0.16 

0.70±0.19 

2.56±0.50†  

2.02±0.73  

0.001;  

0.465 

9-HODE (ng/ml)     M 

                                  F 

4.66±0.66 

4.07±0.63 

13.6±1.6†  

16.8±1.7  

8.38±1.08†  

6.48±0.95  

6.06±1.17 

5.29±0.71 

<0.001;  

0.038 

13-HODE (ng/ml)   M 

                                  F 

8.42±093 

7.75±0.82 

28.3±3.2†  

38.9±4.9  

15.6±2.4†  

14.0±2.1  

10.3±2.4 

11.7±1.5 

<0.001; 

0.034 

 

†  P≤0.017, contrast for total subjects combined compared to pre-run (time effects) 

*  P≤0.017, contrast between genders in change from pre-run (interaction effects); IL = 

interleukin; IL-1ra = interleukin 1 receptor antagonist; MCP-1=monocyte chemoattractant 

protein-1; GCSF=granulocyte colony-stimulating factor; CK = creatine kinase; CRP = C-reactive 

protein; HODE = hydroxy-octadecadienoic acids; MYO = myoglobin. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Nieman, D.C., et al. 

 

HIGHLIGHTS: 

• Linoleic acid, an essential polyunsaturated fatty acid, is the direct precursor to oxidized 

linoleic acid metabolites including 9- and 13-hydroxy-octadecadienoic acid (9+13 

HODE). HODES are considered both a stable indicator of oxidative stress and a strong 

regulator of inflammation. 

• This study utilized a pro-inflammatory exercise mode to explore potential linkages 

between increases in 9+13 HODE, CRP, muscle damage and soreness, and six cytokines. 

• This study showed that an intensive 1.5-h run followed by 30 minutes of downhill 

running induced a 3.1-fold increase in plasma 9+13 HODE, with levels still elevated 

above pre-run levels one day later (41%).  The post-run increase in 9+13 HODE was 

much greater and prolonged than was measured for plasma F2-isoprostanes.   

• Data support a negative relationship between post-exercise 9+13 HODE and two 

cytokines, GCSF and IL-6, and further research is warranted to determine underlying 

mechanisms for this potential, novel regulatory function for 9+13 HODE within this 

exercise context. 

 

 




