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and acts as a signaling molecule, reacting with sulfhydryl 

groups of redox sensor proteins in an adaptive response to 

the increased oxidative stress in cells. Diff erent analytical 

methods have been used to determine these compounds, 

mostly based on chromatographic and immunoassay tech-

niques. Some authors have applied ELISA immunoassay 

techniques to identify metabolites, but have encountered 

problems derived from the lack of selectivity of the anti-

body in the urine matrix [6]. The method employed most 

widely to measure urinary 8-OH-dGuo is HPLC-MS/MS, 

due to its high sensitivity, specifi city, and time-saving 

characteristics [7]. 

 In the present study, we have developed a new method 

for the evaluation of seven DNA catabolites, to assess the 

eff ect of physical training on the redox status of the 

organism. Exercise increases oxygen consumption in mus-

cle fi bers during contraction, which, together with the 

induced injury of muscle tissues, leads to excessive pro-

duction of RNOS. In fact, an increase in oxidative stress 

and DNA damage during acute strenuous exercise has been 

described, for example, during 42-km marathon runs [8]. 

On the other hand, mild, intense, and continuous intense 

exercise can induce an adaptive response, increasing the 

effi  ciency of endogenous antioxidant systems [9]. Besides, 

it has been demonstrated that long-term physical exercise 
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  Abstract 
 The oxidized nucleoside 8-hydroxy-2 ′ -deoxyguanosine has been widely studied as a marker of DNA oxidation; however, data on the 

occurrence of other metabolites in plasma that are related to DNA damage are scarce. We have applied an improved, sensitive, robust, 

and reliable method, involving solid phase extraction and ultrahigh-performance liquid chromatography (UHPLC) – tandem mass spec-

trometry (MS/MS), to the precise quantitation of seven metabolites in the plasma of 15 elite triathletes after a 2-week training program. 

All compounds were eluted in the fi rst 1.6 min, with limits of detection and quantifi cation ranging between 0.001 and 0.3 ng.mL  �   1  and 

0.009 and 0.6 ng.mL  �   1 , respectively. Four compounds were detected in plasma: guanosine-3 ′ -5 ′ -cyclic monophosphate, 8-hydroxyguanine, 

8-hydroxy-2 ′ -deoxyguanosine, and 8-nitroguanosine. After two weeks of training, 8-hydroxyguanine exhibited the highest increase (from 

0.031    �    0.008 nM to 0.036    �    0.012 nM) ( p     �    0.05), which could be related to the enhanced activity of DNA-repairing enzymes that excise 

this oxidized base. Increased levels of guanosine-3 ′ -5 ′ -cyclic monophosphate and 8-hydroxy-2 ′ -deoxyguanosine were also observed. 

In contrast, levels of 8-nitroguanosine ( p     �    0.05) were signifi cantly reduced, which might be a protective measure as this compound strongly 

stimulates the generation of superoxide radicals, and its excess is related to pathologies such as microbial (viral) infections and other infl am-

matory and degenerative disorders. The results obtained indicate an induced adaptive response to the increased oxidative stress related to 

elite training, and point to the benefi ts associated with regular exercise.  

  Keywords:   oxidative   stress  ,   DNA oxidation biomarkers  ,   sport  ,   8-hydroxy-deoxyguanosine  ,   8-hydroxyguanine   

  Introduction 

 Oxidative damage to DNA by free radicals includes a large 

variety of mechanisms and fi nal products [1]. Mechanisms 

of DNA and RNA repair involve the excision of damaged 

bases or nucleotides and liberation of deoxy- and 

oxy-nucleotides and nucleosides, which circulate in plasma 

and are further excreted in urine [2]. Among the DNA bases, 

guanine has the lowest reduction potential, and is therefore 

the best electron donor and is preferentially oxidized [3]. The 

catabolites most studied are 8-hydroxy-2 ′ deoxyguanosine 

(8-OH-dGuo) and 8-hydroxyguanosine (8-OH-Guo), and 

they are generally used as markers of oxidative modifi ca-

tions to DNA and RNA respectively [4]. Other breakdown 

products formed under infl ammatory conditions are 

8-nitroguanine (8-NO 
2
 -Gua) and its corresponding nucleo-

side 8-nitroguanosine (8-NO 
2
 -Guo) [1]. 

 In contrast, nucleotides such as guanosine-3 ′ -5 ′ -cyclic 

monophosphate (cGMP) play an important role in the cel-

lular response to stress: nitric oxide (NO) acts as a trans-

duction signal, activating cGMP, which is involved in the 

regulation of some protein-dependent kinases with impor-

tant eff ects in the vascular and neuronal systems [5]. Its 

nitrated derivative, 8-nitroguanosine 3, ′ 5 ′ -cyclic mono-

phosphate (8-NO 
2
 -cGMP), is produced in cells by RNOS 
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974 D. Villa ñ o et al.   

has benefi cial eff ects, such as reducing the incidence of 

cardiovascular diseases, cancer, and diabetes [10]. 

 The objective of our study is to determine the levels of 

these markers of DNA damage in triathletes before and 

after intense elite training for 14 days. We have used a 

new, sensitive, robust, and reliable method to evaluate — for 

the fi rst time — seven biomarkers of DNA damage simul-

taneously, using solid phase extraction (SPE) as the extrac-

tion procedure and UHPLC – MS/MS as the acquisition 

and detection system.   

 Material and methods  

 Chemicals and reagents 

 The 8-NO 
2
 -Guo, 8-OH-Gua, cGMP, 8-NO 

2
 -Gua, and the 

external standards 8-azidoadenosine (8 - N3-Ado) and 8-phe-

nylthioadenosine (8-PT-Ado), were purchased from the 

Biolog Life Science Institute (Bremen, Germany). The 

8-OH-dGuo and 8-OH-Guo were purchased from Cayman 

Chemicals (Ann Arbor, Michigan, USA), while 8-NO 
2
 -

cGMP was obtained from the Biolog Life Science Institute 

(Bremen, Germany). The LC-MS solvents were purchased 

from J.T. Baker (Phillipsburg, New Jersey, USA), and the 

ultra-high quality (UHQ) water was produced using a Mil-

lipore water purifi cation system. Reagents such as acetic 

acid, sodium hydroxide, and ammonium acetate were pur-

chased from Panreac (Castelar del Vall é s, Barcelona, Spain). 

Two types of SPE cartridges were used in this study: the 

ISOLUTE cartridge (ENV � , 50 mg, 1 ml) from Biotage 

(Uppsala, Sweden), and the OASIS WAX cartridge (30 mg, 

30  μ m, 1 ml) from Waters (Milford, Massachusetts, USA).   

 In vivo study and sample collection 

 The individuals participating in the sample collection 

were 15 Caucasian triathletes (5 amateur training women 

and 10 elite training men), aged 19 – 21 years, from the 

University of Alicante (Spain). They were non-smokers, 

had stable food habits, and did not receive any medication 

during the study. The study was approved by the Bioethics 

Committee of the University Hospital of Murcia, in accor-

dance with the Declaration of Helsinki, and all partici-

pants gave written informed consent. 

 The physical characteristics, dietary intake, and training 

loads during the intervention are detailed in Table I. The 

volunteers consumed a constant diet during the two weeks 

before the intervention and until its conclusion, to avoid any 

interference of the diet with the oxidative stress events. The 

diet was accurately designed and overviewed by nutrition-

ists, using specifi c software for the calculation of the dietary 

parameters and caloric intake (software available on the 

website http://www.invesalia.es/evaluacion/, with the addi-

tional assistance of the Spanish and USDA databases http://

www.bedca.net/and http://www.nal.usda.gov/fnic/food-

comp/search/). The subjects were instructed to eat only the 

food provided to them by the nutritionists. Daily and weekly 

averages of the 24-h calorie intake were calculated. 

 Anthropometric measurements were carried out accord-

ing to the International Society of Advancement of Kinan-

thropometry (ISAK) and all were performed by the same 

internationally certifi ed anthropometrist (level 2 ISAK), 

as described in Medina et   al. [11]. 

 The quantifi cation of the training program was per-

formed to evaluate its eff ects on physiological adaptation 

and subsequent performance. In our work, the training 

load quantifi cation was performed using the  “ Objective-

load scale ”  (ECOs) developed by Cejuela Anta and 

Esteve-Lanao [12]. The training load that a triathlete sup-

ports is an indication of his/her performance level. The 

method used allowed the quantifi cation of the training 

loads in the sport of triathlon (swim, bike, run, and transi-

tions), which are determined by the diffi  culty in maintain-

ing technique, delayed muscle soreness, typical workout 

density, and energy cost of each separate sport. The values 

of the daily and weekly training were determined and 

summarized to assess the training load (ECOs) of each 

  Table I. Dietary parameters, physical characteristics, and training 

loads of the triathletes.  

Dietary parameters during the intervention period  

Energy intake (kcal d  �   1 ) 2446.3    �    528.5

Carbohydrate (g d  �   1 ) 268.7    �    81.2

Dietary fi ber (g d  �   1 ) 21.4    �    8.3

Sugars (g d  �   1 ) 100.9    �    28.8

Proteins (g d  �   1 ) 108.5    �    35.6

Total lipids (g d  �   1 ) 110.4    �    4.7

SFA a  (g d  �   1 ) 31.6    �    2.8

MUFA b  (g d  �   1 ) 56.7    �    0.1

PUFA c  (g d  �   1 ) 16.4    �    0.7

Vitamin C (mg d  �   1 ) 156.9    �    30.9

Vitamin A ( μ g d  �   1 ) 2198.7    �    1090.8

Vitamin E (mg d  �   1 ) 17.5    �    5.0

Vitamin D (mg d  �   1 ) 869.9    �    167.2

Iron (mg d  �   1 ) 17.9    �    4.2

Selenium (mg d  �   1 ) 126.4    �    33.1

Physical characteristics Baseline 2-week training

Weight (kg) 62.3    �    10.5 62.3    �    10.5

Height (m) 1.7    �    0.1 1.7    �    0.1

BMI d  (kg m  �   2 ) 21.7    �    0.7 21.7    �    0.6

Total fat (kg) 9.0    �    0.4 8.9    �    0.1

Lean weight (kg) 26.1    �    7.5 25.6    �    7.0

Subscapular skinfold (mm) 11.2    �    2.2 11.5    �    2.8

Tricipital skinfold (mm) 12.6    �    5.2 14.1    �    6.2

Bicipital skinfold (mm) 7.9    �    3.5 7.3    �    3.6

Ileocrestal skinfold (mm) 15.9    �    5.4 15.1    �    2.8

Supraspinal skinfold (mm) 11.7    �    3.7 11.7    �    3.9

Abdominal skinfold (mm) 19.8    �    4.7 19.6    �    5.7

Thigh skinfold (mm) 21.1    �    8.7 20.2    �    8.8

Calf skinfold (mm) 11.9    �    4.1 11.7    �    3.1

Training loads Baseline 2-week training

ECOs e 38    �    4 1201    �    577

     a Saturated fatty acids.   

  b Monounsaturated fatty acids.   

  c Polyunsaturated fatty acids.   

  d Body Mass Index.   

  e ECOs, Objective-load scale (this parameter has been defi ned in the text).   
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  Eff ect of elite physical exercise on DNA oxidation     975

volunteer, depending on their physical characteristics and 

the intensity of the training program (Table I). 

 Human blood was collected in heparin sampling tubes 

and centrifuged to separate the plasma from the cells. These 

samples were collected in fasting conditions before (ECOs 

38) and after (ECOs 1201) two weeks of intense training. 

 The plasma was fi rst deproteinized. A preliminary 

study of diff erent methods of deproteinization (ZnSO 
4
 , 

acetonitrile addition) as well as non-deproteinization of 

samples (according to Lam et   al.) [7] was performed, by 

spiking plasma with a pool of catabolites (100 nM c.f. 

each) and evaluating the recovery after each type of plasma 

pretreatment. Protein precipitation with two volumes of 

cold acetonitrile gave less interference and good recover-

ies for 8-OH-Guo, but ZnSO 
4
  (26.68 mg per 1 mL plasma) 

provided better recoveries for most of the target com-

pounds of this study. Therefore, ZnSO 
4
  was selected for 

deproteinization of the samples (Table II). After addition 

of ZnSO 
4
 , the samples were centrifuged at 10000 rpm for 

5 min and the supernatant collected for analysis.   

 Solid phase extraction of DNA catabolites from 
human plasma 

 Prior to the analysis of the plasma samples of the triath-

letes, the SPE conditions were optimized for the quantifi ca-

tion of DNA catabolites. We prepared the standard of 

8-OH-Gua and 8-NO 
2
 -Gua by dissolving it in NaOH 0.1 N, 

in the minimum quantity needed to avoid basic hydrolysis 

of the compound. Once dissolved, the following dilutions 

were performed in Milli-Q water, and we checked the sta-

bility of the solution during the day of analysis. The other 

standards were prepared in Milli-Q water. 

 We determined the effi  ciency of extraction of the SPE 

columns ISOLUTE and OASIS WAX, based on polarity 

and the principles of ion-exchange chromatography, 

respectively, since the DNA catabolites show complex 

retention mechanisms on solid phases due to their chemi-

cal nature. 

 The SPE extraction of DNA catabolites with ISOLUTE 

cartridges was performed as described by Lam et   al. [7] 

for 8-OH-dGuo, with some modifi cations for the detection 

of additional compounds. This method was used for the 

extraction of 8-PT-Ado, 8 – N3-Ado 8-OH-dGuo, 8-OH-

Guo, and 8-OH-Gua (on the basis of the recoveries 

obtained, shown in the Results section). Deproteinized 

plasma (1 mL) was diluted with deionized water at a ratio 

of 1/1. ISOLUTE (Env � , 1 mL, 50 mg) cartridges (Biotage, 

Japan) were preconditioned with 1 mL of methanol and 

equilibrated with 1 mL of deionized water. Samples were 

then introduced into the cartridges and drawn through at a 

fl ow rate of 1 mL/min. The cartridges were washed twice 

with 300  μ L of H 
2
 O and the compounds were eluted twice 

with 300  μ L of 20% (v/v) acetonitrile in methanol. 

 Extraction with OASIS WAX cartridges (1 cc, 30 mg) 

(Waters) was performed based on the method of Martens-

Lobenhoff er et   al. [13], developed for cGMP determina-

tion. In our assay, it was adapted for the extraction of 

cGMP, 8-NO 
2
 -cGMP, 8-NO 

2
 -Guo, and 8-NO 

2
 -Gua. The 

SPE cartridge was fi rst conditioned with 1 mL of methanol 

and equilibrated with 1 mL of deionized water. Plasma 

samples (1 mL) were diluted with 2% (v/v) acetic acid at 

a ratio of 1/1, and the mixture was drawn through the SPE 

column. The columns were washed fi rst with 1 mL of 2% 

(v/v) acetic acid and then with 1 mL of methanol. The 

cartridges were left to dry for 2 min and the analytes were 

eluted with 1 mL of 5% ammonia in methanol. 

 In both types of extraction, the eluents obtained were 

dried under speed-vacuum, reconstituted in 50  μ L of mobile 

phase B (2.5 mM acetic acid/ammonium acetate pH 3.9), 

and then sonicated for 3 min before being transferred to 

UHPLC vials. A dilution factor of 20 was applied, and there-

fore, we were able to detect lower concentrations of stan-

dards in the samples than those detailed in LOD and LOQ. 

 The extraction capacities of each type of SPE column 

were assessed by the addition of 10  μ L of a pool of catab-

olites at diff erent concentrations to 990  μ L of plasma 

before SPE (the fi nal concentration of each catabolite was 

between 5 and 0.05 nM). In parallel, 990  μ L of plasma 

underwent SPE and was spiked with the same amount of 

the pool afterwards. The percentage recovery was calcu-

lated as (Area 
PRE

 /Area 
POST

 )  �    100, where Area 
PRE

  and 

Area 
POST

  represent the samples with compounds added 

before and after SPE, respectively.   

 UHPLC – MS/MS analysis 

 Chromatographic analyses were carried out with 

a UHPLC coupled to a 6460 QqQ-MS/MS (triple 

quadrupole mass spectrometer) (Agilent Technologies, 

  Table II. Eff ect of the plasma deproteinization agents on the recovery of DNA catabolites, 

expressed as percentage (%) of the total amount of catabolite added.  

Compound ZnSO 
4
 Acetonitrile No Deproteinization

8-Hydroxy-2 ′ -deoxyguanosine 87.8 85.2 160.1

8-Hydroxyguanine 105.1 n.d. 72.1

8-Hydroxyguanosine 76.3 102.0 156.5

8-Nitroguanine 83.0 n.d. n.d.

8-Nitroguanosine 49 n.d. n.d.

8-NO 
2
 -cGMP 123 105.1 85.1

cGMP 66.0 82.0 298.0

8-Azidoadenosine 87.0 96.2 102.3

8-Phenylthioadenosine 84.1 63.7 149.1
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976 D. Villa ñ o et al.   

Waldbronn, Germany) equipped with an electrospray 

ionization (ESI) source. The separation of analytes was 

performed on a Kinetex HILIC column (100    �    2.10 mm), 

packed with 1.7  μ m particles, from Phenomenex 

(Torrance, USA). The column temperatures were 27 ° C 

(left) and 27 ° C (right). The mobile phases were adapted 

from a previous study [14]. Diff erent tests were con-

ducted with the mobile phase B of the method; by vary-

ing the percentages of the organic phase, we were able 

to shorten the elution time with respect to the method 

mentioned above, with better peak resolution. Finally, 

the mobile phases employed were (A) acetonitrile, and 

(B) 2.5 mM acetic acid/ammonium acetate buff er of pH 

3.9. The gradient conditions started with 70% A and 

30% B for 2 min, then the fraction of B was raised to 

95% in 6 min, and the post-run time was 2 min. The fl ow 

rate and the injection volume were 0.2 mL min  �   1  and 

20  μ L, respectively. The MS analysis was performed in 

the multiple reaction monitoring (MRM) mode, using 

negative or positive ESI, depending on the analyte. The 

source-optimized parameters were as follows: gas tem-

perature: 340 ° C, gas fl ow: 10 L min  �   1 , nebulizer: 50 psi, 

sheath gas temperature: 300 ° C, sheath gas fl ow: 

10 L.min  �   1 , capillary voltage: 2500 V, and nozzle volt-

age: 2000 V. The dwell time was 25 ms for all MRM 

transitions. The MS parameters (ion optics, capillary 

exit voltage) and the fragmentor and collision energies 

were optimized for each compound. The mass transi-

tions, parent ions to product ions, collision energies, 

fragmentor potentials, and ESI mode for the analytes are 

described in Table III. Data acquisition and processing 

were performed using MassHunter software version 

B.04.00 (Agilent Technologies).   

 Optimization of the method for the determination 
of DNA catabolites 

 The method was optimized according to ICH guidelines 

[15] for the DNA catabolites that had not previously been 

described, as well as for the two external standards, 

8-PT-Ado and 8 - N3-Ado, used for quantifi cation. The lim-

its of detection and quantifi cation were established by the 

signals measured from samples spiked with known, low 

concentrations of analyte, which yielded signal-to-noise 

ratios greater than 3 and 10, respectively. The linearity of 

the assay for each compound was determined by 10-point 

standard curves and linear regression analysis (from 200 

ng.mL  �   1  to 0.001 ng.mL  �   1 ). The intraday ( n     �    9) and 

interday  (n     �    9) precision and accuracy were calculated 

over three days for three diff erent concentrations of each 

metabolite within the linear interval of the procedure. The 

recovery was determined at diff erent concentrations by 

comparing the measured concentration values obtained for 

the standards spiked in plasma samples prior to SPE, with 

those obtained in plasma samples spiked after SPE, as 

described above. 

 Once the parameters had been optimized, we employed 

an external calibration curve as well as two internal standards 
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(8-PT-Ado and 8 - N3-Ado) for quantifi cation of the catabo-

lites in plasma samples of the triathletes.   

 Statistical analysis 

 The data are expressed as mean  �  SD. Statistical com-

parison of the concentrations of DNA catabolites in the 

samples of triathletes before and after the intensifi cation 

of the training load was performed using the paired Student 

 t -test. Statistical analyses were performed using the SPSS 

17.0 software package (LEAD Technologies Inc., Chicago, 

US), and the level of statistical signifi cance was set at 

 P     �    0.05.    

 Results  

 Optimization of the procedure of analyte extraction 

 Seven catabolites and two internal standards were opti-

mized with our method. Their identities were confi rmed 

according to their molecular masses, the characteristic 

MS/MS fragmentation patterns, and the retention times, 

compared to the corresponding standards. Quantitative 

MRM transitions were obtained in the negative or posi-

tive ESI mode, depending on the response of each ana-

lyte. Additional, complementary MRM transitions 

(qualifi er transitions) were also selected, for further 

confi rmation of the compounds (Table III). The retention 

times of the catabolites were between 0 and 2 min 

(Figures 1 and 2). 

 Fundamental parameters for the optimization of the 

method were determined, such as the recovery, sensitivity, 

linearity, and precision (Table IV). The linearity was 

derived from 10-point calibration curves and the responses 

were linear over the range of 200 to 0.001 ng.mL  �   1 , with 

correlation coeffi  cients (R 2 ) higher than 0.99. The lowest 

LOD and LOQ values obtained were 0.0010 ng.mL  �   1  (for 

8-OH-Gua) and 0.0092 ng.mL  �   1  (for cGMP), respectively. 

The intraday coeffi  cient of variation (CV %) for each com-

pound ranged from 0.2 to 12% (except for 8-NO 
2
 -Gua, 

with 29%) and the interday CV % ranged from 1.7 to 17% 

(except for 8-OH-Gua, with 26%) (Table V). The recovery 

for each catabolite was tested at concentrations between 

0.05 nM and 5 nM, within the range of the values expected 

in plasma. The ISOLUTE cartridges, due to their hydro-

phobic nature, are specifi c for the extraction of polar ana-

lytes from aqueous samples. In contrast, the weak cation 

exchange OASIS WAX columns exert interactions based 

on ion charge; with an acidic pH, it is possible to retain 

compounds that are then eluted at basic pH by neutralizing 

the ion exchange resin [13]. By applying both procedures, 

we were able to extract from the plasma all the compounds 

of interest. The ISOLUTE cartridges provided better 

recoveries (42 to 87%) of 8-OH-dGuo, 8-OH-Gua, 8-OH-

Guo, 8 – N3-Ado, and 8-PT-Ado (Table VI). The OASIS 

WAX cartridges yielded better values, ranging from 70 to 

155%, for cGMP, 8-NO 
2
 -cGMP, 8-NO 

2
 -Guo, and 

8-NO 
2
 Gua.   

 Levels of DNA catabolites in triathletes subjected 
to intense elite training 

 Our aim was to determine the eff ect of intense elite phys-

ical exercise on the generation of DNA catabolites in the 

plasma of triathletes. Plasma samples were subjected to 

two types of SPE, with the OASIS WAX and ISOLUTE 

cartridges described above, to ensure the extraction and 

subsequent identifi cation of all compounds of interest. 

 Human plasma samples from volunteers at the baseline 

(ECO 38) and after two weeks of training (ECO 1201) 

were analyzed. External calibration curves were generated 

for each analyte, in the range from 100 nM to 0.2 nM. 

Four analytes were detected in the plasma of the triath-

letes: cGMP, 8-OH-dGuo, 8-OH-Gua, and 8-NO 
2
 -Guo 

(Figure 3). The highest baseline levels were 0.027    �    0.01 

nM for cGMP and 0.031    �    0.008 nM for 8-OH-Gua. After 

two weeks of intensifi ed training, 8-OH-Gua exhibited the 

highest increase, reaching a mean value of 0.036 nM, 

which was statistically signifi cant ( p     �    0.05). We also 

observed increased levels of cGMP (from 0.027 nM to 

0.036 nM) and 8-OH-dGuo (from 0.016 nM to 0.018 nM), 

albeit non-signifi cant. In contrast, a signifi cant reduction 

(45%,  p     �    0.05) in the concentration of 8-NO 
2
 -Guo 

occurred, from 0.016 nM to 0.009 nM.    

 Discussion 

 The present work is focused on evaluating the infl uence 

of exercise on the levels of DNA catabolites in plasma. 

 To date, the degree of DNA damage has been assessed 

by the measurement of 8-OH-dGuo in biological fl uids by 

LC-MS or ELISA methods [6,14]. Scarce data are avail-

able on other products of the oxidation of nucleic acids. 

In our study, we have adapted an analytical method vali-

dated for 8-OH-dGuo for the simultaneous determination 

of several DNA catabolites in triathletes, to assess — for the 

fi rst time — the infl uence of intense elite training on DNA 

oxidative damage. Our method consists of sample pre-

treatment with SPE, followed by chromatographic separa-

tion with a HILIC column, by UHPLC-MS/MS. In recent 

years, hydrophilic interaction chromatography (HILIC) has 

been reported as a good alternative to reverse-phase liquid 

chromatography (RPLC) for the separation of highly polar 

compounds such as nucleotides and their derivatives [6,14]. 

In our experience, SPE is essential to facilitate the subse-

quent detection and quantifi cation of metabolites. 

 All compounds eluted in the fi rst six minutes highlight 

the improved technical throughput — compared to HPLC 

methods developed previously for the determination of 

DNA nucleotides and analogs — of our ultrafast UHPLC-

MS/MS method [16]. 

 Regarding the SPE procedures, most recovery levels 

were above 70%, similar to those found in the literature 

[7,13,17]. Our UHPLC method is much more sensitive 

compared to other previously described methods (e.g., 

LOQ for cGMP 0.025 nM vs 1 nM, and LOD for 8-OH-

dGuo 0.028 ng.mL  �   1  vs 0.2 ng.mL  �   1 ) [13,14,18]. 
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978 D. Villa ñ o et al.   

 Of the seven metabolites optimized, only four were 

present in the plasma samples of the triathletes; 8-OH-

Guo, 8-NO 
2
 -cGMP, and 8-NO 

2
 -Gua were not detected. 

However, this does not mean that they did not exist in 

these samples; they could have been present at trace levels 

below the LODs of our method (Table IV). 

 8-Nitroguanine is a product of nitrative DNA lesion, 

and concentrations of this compound have been reported 

in cells of diff erent organs and tissues of animal models 

[19] and in humans with cancer or degenerative diseases 

[20]. However, and to the best of our knowledge, no data 

are available for human plasma samples. The same occurs 

with the 8-NO 
2
 -cGMP, which is a second messenger 

generated during stress conditions and implicated in redox 

signaling in diff erent processes, as in the cardiovascular 

system [21]. No data of its presence in human plasma has 

been reported. 

 8-Hydroxyguanosine has been reported as the most 

examined of the RNA oxidation products, and the proce-

dures such as HPLC-MS that are currently used to mea-

sure this compound have been applied to human urine and 

cerebral spinal fl uid (CSF) samples [22], but no data are 

available for human plasma samples. 

 In our study, cGMP levels tended to increase in response 

to intense elite exercise (Figure 3), although not signifi -

cantly so, probably due to interindividual variability. 

Similarly, increased levels of cGMP were found after three 

months of exercise training in metabolic syndrome patients 

   

  Figure 1.     UHPLC-QqQ-MS/MS chromatograms of the seven compounds at the MRM transitions for quantifi cation. A) Standards in H 
2
 O 

B) compounds detected in plasma samples of triathletes: (1) cGMP (2) 8-NO 
2
 -cGMP (3) 8-Nitroguanine (4) 8-Hydroxyguanosine 

(5) 8-Nitroguanosine (6) 8-Hydroxyguanine (7) 8-Hydroxy-2 ′ -deoxyguanosine.   *  not detected.  
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[23] and in subjects with elevated cardiovascular risk after 

12 weeks of training [24], as well as in physically trained 

athletes after acute exercise [25]. 

 Blood fl ow increases markedly during exercise to meet 

oxygen demands. This response is regulated by vasodila-

tors such as nitric oxide (NO) that exerts its action through 

the signaling molecule cGMP. The circulating levels of 

cGMP may refl ect NO synthase activity and are a marker 

of NO action. An increase in NO availability is related to 

an improvement of vascular function and a reduced risk 

of acute coronary events in metabolic syndrome patients 

[26]. Activation of cGMP inhibits the contraction of 

smooth muscle, thus increasing blood fl ow and decreasing 

blood pressure. Also, plasma levels of cGMP have been 

correlated with those of atrial natriuretic peptide (ANP), 

since the latter is able to increase the release of the intra-

cellular second messenger cGMP. The level of the hor-

mone ANP increases with exercise, as it regulates water 

and sodium balance and helps to reduce blood pressure, 

as a mechanism of protection against the excessive eff orts 

of the cardiac muscle [27]. Concentrations of this natri-

uretic hormone were raised after exercise in subjects with 

congestive heart failure, and this was related to better sur-

vival [28]. Correlations were found between the increase 

in the ANP and cGMP concentrations in plasma after 

a treadmill test, in both athletes and sedentary people [25]. 

Measurement of plasma cGMP after exercising on an 

ergometric bicycle was related to improved early diagno-

sis of patients with asymptomatic left ventricular dysfunc-

tion or heart failure with minimal symptoms [29]. In our 

study, the tendency observed toward an increment in 

cGMP levels in triathletes may refl ect the positive adap-

tive responses of the organism to the increased vascular 

and cardiac demands with exercise. The magnitude of this 

increase could be dependent on the intensity of the train-

ing and the physical fi tness of the elite triathletes. 

 After the 2-week training program, 8-OH-Gua had 

increased signifi cantly in the triathletes, by up to 98% 

from baseline levels (Figure 3). This compound has been 

described as an excision product derived from the activity 

of DNA-repairing enzymes. There are two ways to repair 

damaged DNA: base excision repair (BER) and nucleotide 

excision repair (NER). Oxidized bases are mainly repaired 

via BER — by the action of glycosylase enzymes that 

cleave the glycoside bond, liberating a range of products. 

The enzyme 8-hydroxyguanine DNA glycosylase (OGG1) 

is responsible for the excision of 8-OH-Gua. The other 

main substrate of OGG1 is 2,6-diamino-4-hydroxy-

5-formamidopyrimidine. Both compounds are excised 

from DNA, with similar excision kinetics. The activity of 

this enzyme is enhanced upon aerobic exercise (such as a 

marathon race or a single bout of exercise in a treadmill 

test), thus increasing 8-OH-Gua levels [30,31]. Hard train-

ing implies an increase in oxidative stress, and DNA repair 

pathways are launched, generating greater amounts of 

8-OH-Gua, as seen in our study. This process is of great 

relevance due to the mutagenic potential of 8-OH-Gua, 

   

  Figure 2.     UHPLC-QqQ-MS/MS chromatograms of the internal 

standard compounds in H 
2
 O at the MRM transitions for quantifi cation. 

(8) 8-Phenylthioadenosine (9) 8-Azidoadenosine.  

  Table IV. Analytical features of the method: linearity, limit of detection (LOD), and limit of quantifi cation 

(LOQ) for each analyte.  

Analyte Calibration curve

Coeffi  cient of 

regression (R 2 )

LOD 

(ng mL  �    1 )

LOQ 

(ng mL  �    1 )

8-Hydroxy-2 ′ -deoxyguanosine y    �    9422.3x    �    8998.6 0.9967 0.0071 0.0079

8-Hydroxyguanine y    �    98.748x    �    106.02 0.9992 0.001 0.0106

8-Hydroxyguanosine y    �    189.53x    �    101.59 0.9973 0.0299 0.035

8-Nitroguanine y    �    7.4613x    �    21.453 0.9963 0.0959 0.3491

8-Nitroguanosine y    �    3655.7x    �    2642.4 0.9971 0.0033 0.0164

8-NO 
2
 -cGMP y    �    204.29x    �    313.24 0.9988 0.3215 0.6430

cGMP y    �    10808x    �    9331.6 0.9978 0.0046 0.0092

8-Azidoadenosine y    �    227734x    �    55522 0.9966 0.0184 0.0184

8-Phenylthioadenosine y    �    164991x    �    83681 0.9987 0.0225 0.045
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which could lead to GC transversion to TA unless repairs 

are made before DNA replication [32]. In our study, the 

upregulation of DNA repair mechanisms, and the conse-

quent release of this by-product into plasma for further 

excretion, indicate positive induced adaptation to regular 

exercise. 

 The oxidation product most studied in order to describe 

changes in DNA stability related to physical activity is 

8-OH-dGuo. Its levels showed a mild increase but were 

not changed signifi cantly by the triathletes ’  2-week elite 

training regime (Figure 3). 

 Despite 8-OH-dGuo being the DNA damage biomarker 

most widely studied, diff erences between chromatographic 

analytical methods and ELISA-based methods do not help 

to achieve consistent and comparable results, and for this 

reason, the European Standards Committee on Urinary 

Lesions Analysis (ESCULA) was created to assess diff er-

ences between analytical methods and laboratory results 

[33]. In addition to the methodological sources of vari-

ability, they pointed out some human-subject factors that 

may also bear infl uence in the diff erent data reported by 

literature on urinary 8-OH-Guo, and the eff ect of sport. 

Some authors did not observe signifi cant changes in uri-

nary 8-OH-dGuo until four days after a short-distance 

marathon [34], whilst others still found increases 14 days 

after the race [35] or after 30 days of intensive military 

training of 8 – 11 h/day [36]. In the case of competitive 

ultra endurance exercise — prolonged, vigorous exercise 

for days, such as the ultramarathon (2 days: 40 km, 90 km) 

or super marathon (4-day race: 93 km, 120 km, 56 km, 

59 km) — urinary 8-OH-dGuo increased in the fi rst few days 

but declined to baseline afterwards [37,38]. Most studies 

of non-competitive endurance exercise ( �   4 h) and periods 

of intensifi ed training showed no changes in 8-OH-dGuo 

levels, or increase levels that returned to baseline after-

wards [39,40]. On the other hand, a study was performed 

with cancer patients, who showed reduced urinary excre-

tion of 8-OH-dGuo when moderate exercise was con-

ducted, compared with a non-signifi cant increase with 

intense exercise [41]. It has been hypothesized that levels 

of the modifi ed nucleoside 8-OH-dGuo and the modifi ed 

  Table V. Intraday and interday coeffi  cients of variation (RSD).  

Compound name

Intraday Interday

Measured (ng.ml  �    1 ) RSD (%) Measured (ng.ml  �    1 ) RSD (%)

8-Hydroxy-2 ′ -deoxyguanosine 87.78    �    8.30 9.25 89.42    �    12.35 13.97

20.91    �    0.75 3.57 19.79    �    3.39 17.12

3.30    �    0.15 4.50 3.35    �    0.33 9.96

8-Hydroxyguanine 44.14    �    4.98 11.27 23.46    �    2.13 9.07

2.67    �    0.20 9.79 2.54    �    0.37 14.42

0.43    �    0.07 17.18 0.26    �    0.07 26.67

8-Hydroxyguanosine 160.41    �    12.42 7.74 182.22    �    10.48 5.75

74.99    �    5.83 7.77 81.10    �    6.09 7.51

17.69    �    0.91 5.16 17.33    �    0.83 4.77

8-Nitroguanine 132.82    �    1.04 0.78 358.32    �    49.03 13.68

66.15    �    2.08 3.15 115.96    �    15.61 13.46

1.95    �    0.58 29.96 61.14    �    3.26 5.33

8-Nitroguanosine 95.00    �    0.18 0.19 87.33    �    4.13 4.73

21.95    �    0.92 4.19 20.69    �    1.60 7.71

3.30    �    0.18 5.53 2.99    �    0.15 5.06

8-NO 
2
 -cGMP 104.52    �    5.91 5.66 106.05    �    5.73 5.40

27.57    �    3.22 11.68 26.61    �    0.46 1.74

4.00    �    0.10 2.47 3.61    �    0.31 8.63

cGMP 25.19    �    0.85 3.37 25.06    �    2.91 11.61

4.23    �    0.19 4.45 3.76    �    0.43 11.52

2.80    �    0.16 5.71 2.30    �    0.32 13.88

8-Azidoadenosine 83.47    �    6.61 7.92 74.70    �    10.26 13.74

3.98    �    0.41 10.29 3.60    �    0.11 3.13

2.31    �    0.27 11.86 1.95    �    0.27 13.60

8-Phenylthioadenosine 27.19    �    0.85 3.37 8.46    �    1.47 17.34

4.23    �    0.19 4.45 3.97    �    0.65 16.25

2.80    �    0.16 5.71 2.06    �    0.29 14.23

  Table VI. Recoveries (%) of the analytes at diff erent spiked 

concentrations in plasma (5, 2, 1, 0.05 nM;  n     �    12), in triplicate, 

with both types of SPE cartridges.  

ISOLUTE OASIS WAX  

8-Hydroxy-2 ′ -deoxyguanosine 84 – 87 17 – 18

8-Hydroxyguanine 87 77 – 114

8-Hydroxyguanosine 76.25

8-Nitroguanine 155

8-Nitroguanosine 49 70 – 80

8-NO 
2
 -cGMP 123 110

cGMP 48 – 75 78 – 89

8-Azidoadenosine 69 – 87 11 – 28

8-Phenylthioadenosine 42 – 85 13 – 25
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base 8-OH-Gua are refl ective of diff erent repair pathways 

(BER vs NER) [42]. In the latter study, 42 cancer patients 

showed a mean increase of 50% over the control in the 

24 h-urinary excretion of 8-OH-Gua, but the level of 

8-OH-dGuo remained almost equal in the two groups, 

similar to our results with the trained athletes. 

 We observed a signifi cant reduction in the 8-NO 
2
 -Guo 

levels in triathletes after the training period, compared to 

the non-training situation. Up to now, there are no studies 

available that relate this compound with physical activity, 

and this is the fi rst time that this marker has been deter-

mined  in vivo  in human plasma. 8-NO 
2
 -Guo is a product 

of the oxidative damage caused to nucleic acids by per-

oxynitrite, and it can be considered a potential indicator 

of nitrative stress during infections and infl ammation [43]. 

It has been linked to redox-based signal transduction, and 

it strongly stimulates the generation of free radicals such 

as superoxide. Due to this property, it has a physiological 

role in the protective response to infections, but also in 

pathological events, as a mutagenic compound. Increased 

levels of 8-NO 
2
 -Guo have been reported in tumoral tissues 

and cells [44]. Thus, we hypothesize that the decrease in 

the levels of 8-NO 
2
 -Guo, observed in our triathletes after 

intense moderate training, might be protective, supporting 

the current evidence on the positive eff ects of sustained 

physical activity.   

 Conclusions 

 Our results show an adaptive response of the organism to 

exercise, mirrored by a signifi cant increase in the excision 

of the oxidized base 8-OH-Gua by the DNA repair mech-

anisms. In contrast, the levels of mutagenic compounds 

such as 8-NO 
2
 -Guo were signifi cantly reduced. We have 

also observed a tendency of signaling molecules such as 

cGMP to increase in concentration, for the protection of 

vascular and muscle tissues against the demands of exer-

cise. Hence, the available data indicate that regular exer-

cise induces a free-radical adaptive mechanism, with 

increased activity of DNA repair systems and enhanced 

resistance to oxidative stress. Diff erences observed in the 

literature may be due to the study design, training status 

of the subjects, duration and intensity of the exercise, or 

DNA repair activity. These molecular mechanisms might 

explain the benefi cial cardiovascular eff ects of exercise 

training against lifestyle-dependent diseases. For this, a 

new technique has proved to be useful for the assessment 

of the pattern of oxidatively damaged DNA in triathletes 

after a two-week elite training program. We have opti-

mized a protocol for the evaluation of metabolites impli-

cated in DNA oxidation, using a fast and reliable 

UHPLC-MS/MS method. Our method is very sensitive 

and shows good recoveries within a six-minute run, with 

ultrafast detection of the compounds in the fi rst 1.6 min. 
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