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dihydro-2'-deoxyguanosine (8-oxodGuo), 1,N6-etheno-2’-deoxyadenosine (1,N6-dAdo) and 41 

1,N2-etheno-2’-deoxyguanosine (1,N2-dGuo) in DNA. The methods were applied to the 42 
assessment of the effects of ambient fine particulate matter (PM2.5) in tissues (lung, liver and 43 
kidney) of exposed A/J mice. 44 
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 45 
ABSTRACT: 46 
DNA adducts and oxidized DNA bases are examples of DNA lesions that are useful biomarkers 47 
for the toxicity assessment of substances that are electrophilic, generate reactive electrophiles 48 
upon biotransformation, or induce oxidative stress. Among the oxidized nucleobases, the most 49 
studied one is 8-oxo-7,8-dihydroguanine (8-oxoGua) or 8-oxo-7,8-dihydro-2'-deoxyguanosine 50 
(8-oxodGuo), a biomarker of oxidatively induced base damage in DNA. Aldehydes and 51 
epoxyaldehydes resulting from the lipid peroxidation process are electrophilic molecules able 52 
to form mutagenic exocyclic DNA adducts, such as the etheno adducts 1,N2-etheno-2’-53 
deoxyguanosine (1,N2-εdGuo) and 1,N6-etheno-2’-deoxyadenosine (1,N6-εdAdo), which have 54 
been suggested as potential biomarkers in the pathophysiology of inflammation. Selective and 55 
sensitive methods for their quantification in DNA are necessary for the development of 56 
preventive strategies to slow down cell mutation rates and chronic disease development (e.g., 57 
cancer, neurodegenerative diseases). Among the sensitive methods available for their detection 58 
(high performance liquid chromatography coupled to electrochemical or tandem mass 59 
spectrometry detectors, comet assay, immunoassays, 32P-postlabeling), the most selective are 60 
those based on high performance liquid chromatography coupled to tandem mass 61 
spectrometry (HPLC-ESI-MS/MS). Selectivity is an essential advantage when analyzing complex 62 
biological samples and HPLC-ESI-MS/MS evolved as the gold standard for quantification of 63 
modified nucleosides in biological matrices, such as DNA, urine, plasma and saliva. The use of 64 
isotopically labeled internal standards adds the advantage of corrections for molecule losses 65 
during the DNA hydrolysis and analyte enrichment steps, as well as for differences of the 66 
analyte ionization between samples. It also aids in the identification of the correct 67 
chromatographic peak when more than one peak is present. 68 
 69 
We present here validated sensitive, accurate and precise HPLC-ESI-MS/MS methods that were 70 

successfully applied for the quantification of 8-oxodGuo, 1,N6-dAdo and 1,N2-dGuo in lung, 71 
liver and kidney DNA of A/J mice for the assessment of the effects of ambient PM2.5 exposure. 72 
 73 
INTRODUCTION: 74 
Some reactive oxygen species (ROS) are able to oxidize carbon double bonds of DNA bases and 75 
some carbons in the deoxyribose moiety, generating oxidized bases and DNA strand breaks1. As 76 
a negatively charged molecule rich in nitrogen and oxygen atoms, DNA is also a target for 77 
electrophilic groups that covalently react with the nucleophilic sites (nitrogen and oxygen), 78 
giving products that are called DNA adducts2. DNA adducts and oxidized DNA bases are 79 
examples of DNA lesions that are useful biomarkers for the toxicity assessment of substances 80 
that are electrophilic, generate reactive electrophiles upon biotransformation, or induce 81 
oxidative stress1,2. Although the modified DNA bases can be removed from DNA by base or 82 
nucleotide excision repair (BER or NER), the induction of an imbalance between the generation 83 
and removal of DNA lesions in favor of the former leads to a net increase of their levels in DNA 84 
overtime3. Outcomes are the increase of DNA mutation rates, reduced gene expression, and 85 
diminished protein activity2,4-7, effects that are closely related to the development of diseases. 86 
DNA mutations may affect diverse cellular functions, such as cell signaling, cell cycle, genome 87 
integrity, telomere stability, the epigenome, chromatin structure, RNA splicing, protein 88 



homeostasis, metabolism, apoptosis, and cell differentiation8,9. Strategies to slow down cell 89 
mutation rates and chronic disease development (e.g., cancer, neurodegenerative diseases) 90 
pass through the knowledge of the mutation sources, among them, DNA lesions and their 91 
causes. 92 
 93 
ROS generated endogenously in excess, due to pollutant exposure, persistent inflammation, 94 
disease pathophysiology (e.g., diabetes), etc., are important causes of biomolecule damage, 95 

including DNA and lipid damage1. As an example, the highly reactive hydroxyl radical (OH) 96 
formed from H2O2 reduction by transition metal ions (Fe2+, Cu+) oxidizes the DNA bases, DNA 97 
sugar moiety and polyunsaturated fatty acids at diffusion-controlled rates10. Among the 80 98 
already characterized oxidized nucleobases3, the most studied one is 8-oxo-7,8-dihydroguanine 99 
(8-oxoGua) or 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodGuo, Figure 1), a lesion that is able 100 

to induce GT transversions in mammalian cells10,11. It is formed by the mono electronic 101 
oxidation of guanine, or by hydroxyl radical or singlet oxygen attack of guanine in DNA1. 102 

Polyunsaturated fatty acids are other important targets of highly reactive oxidants, such as OH, 103 
which initiate the process of lipid peroxidation1,12. It gives rise to fatty acid hydroperoxides that 104 
may decompose to electrophilic aldehydes and epoxyaldehydes, such as malondialdehyde, 4-105 
hydroxy-2-nonenal, 2,4-decadienal, 4,5-epoxy-(2E)-decenal, hexenal, acrolein, crotonaldehyde, 106 
which are able to form mutagenic exocyclic DNA adducts, such as malondialdehyde-, propano-, 107 
or etheno adducts1,12,13. The etheno adducts 1,N2-etheno-2’-deoxyguanosine (1,N2-εdGuo, 108 
Figure 1) and 1,N6-etheno-2’-deoxyadenosine (1,N6-εdAdo, Figure 1) have been suggested as 109 
potential biomarkers in the pathophysiology of inflammation14,15. 110 
 111 
[Place Figure 1 here] 112 
 113 
Studies carried out in the early 1980s allowed the sensitive detection of 8-oxodGuo by high 114 
performance liquid chromatography coupled to electrochemical detection (HPLC-ECD). 115 
Quantification of 8-oxodGuo by HPLC-ECD in several biological systems subjected to oxidizing 116 
conditions led to the recognition of 8-oxodGuo as a biomarker of oxidatively induced base 117 
damage in DNA1,16. Although robust and allowing the quantification of 8-oxodGuo in the low 118 
fmol range17, HPLC-ECD measurements rely on the accuracy of the analyte retention time for 119 
analyte identification and on the chromatography resolution to avoid interferences of other 120 
sample constituents. As the electrochemical detection requires the use of salt (e.g., potassium 121 
phosphate, sodium acetate) in the mobile phase, the maintenance of adequate analytical 122 
conditions needs routine column and equipment cleaning time. 123 
 124 
Alternatively, the use of the bacterial DNA repair enzyme formamidopyrimidine DNA 125 
glycosylase (FPG) and, afterwards, human 8-oxoguanine glycosylase 1 (hOGG1), for detection 126 
and removal of 8-oxoGua from DNA, emerged as a way for the induction of DNA alkali labile 127 
sites. The alkali labile sites are converted to DNA strand breaks and allow the very high sensitive 128 
indirect quantification of 8-oxoGua by alkaline single cell gel electrophoresis (“comet assay”). 129 
The high sensitivity and the accomplishment of the analyses without the need of cellular DNA 130 
extraction are the main advantages of this type of assay. It gives the lowest steady-state levels 131 
of 8-oxoGua in DNA, typically 7-10 times lower than the levels obtained by bioanalytical 132 



methods based on HPLC. However, it is an indirect measurement of 8-oxoGua and some 133 
drawbacks are the lack of specificity or the unknown efficiency of the repair enzymes used1,16,18. 134 
Immunoassays are other set of methods used for the detection of 8-oxoGua1 and exocyclic DNA 135 

adducts, such as 1,N6-dAdo and 1,N2-dGuo12. Despite the sensitivity, a shortcoming of the use 136 
of antibodies for detection of DNA lesions is the lack of specificity due to cross-reactivity to 137 
other components of biological samples, including the normal DNA bases1,12. The exocyclic DNA 138 

adducts, including 1,N6-dAdo and 1,N2-dGuo, may also be detected and quantified by highly 139 
sensitive 32P-postlabeling assays12. The high sensitivity of 32P-postlabeling allows the use of very 140 
small amounts of DNA (e.g., 10 µg) for detection of about 1 adduct per 1010 normal bases19. 141 
However, the use of radio-chemicals, lack of chemical specificity and low accuracy are some 142 
disadvantages19,20. 143 
 144 
A shared limitation of the methods cited above is the low selectivity or specificity for the 145 
detection of the desired molecules. In this scenario, HPLC coupled to electrospray ionization 146 
tandem mass spectrometry (HPLC-ESI-MS/MS and HPLC-MS3) evolved as the gold standard for 147 
quantification of modified nucleosides in biological matrices, such as DNA, urine, plasma and 148 
saliva1,19,20. Advantages of HPLC-ESI-MS/MS methods are the sensitivity (typically in the low 149 
fmol range) and the high specificity provided by i) the chromatographic separation, ii) the 150 
characteristic and known pattern of molecule fragmentation inside the mass spectrometer 151 
collision chamber, and iii) the accurate measurement of the selected mass to charge ratio (m/z) 152 
in multiple reaction monitoring mode1,19. The use of isotopically labeled internal standards adds 153 
the advantage of corrections for molecule losses during the DNA hydrolysis and analyte 154 
enrichment steps, as well as for differences of the analyte ionization between samples. It also 155 
aids in the identification of the correct chromatographic peak when more than one peak is 156 
present1,12,19,20. 157 
 158 
Several methods based on HPLC-ESI-MS/MS have been used for quantification of 8-oxodGuo, 159 

1,N6-dAdo and 1,N2-dGuo in DNA extracted from different biological samples12,15,20-29. Fine 160 
particles (PM2.5) carry organic and inorganic chemicals, such as polycyclic aromatic 161 
hydrocarbons (PAHs), nitro-PAHs, aldehydes, ketones, carboxylic acids, quinolines, metals, and 162 
water-soluble ions, which may induce inflammation and oxidative stress, conditions that favor 163 
the occurrence of biomolecule damage and disease30-33. We present here validated HPLC-ESI-164 
MS/MS methods that were successfully applied for the quantification of 8-oxodGuo, 1,N6-165 

dAdo and 1,N2-dGuo in lung, liver and kidney DNA of A/J mice for the assessment of the 166 
effects of ambient PM2.5 exposure34. 167 
 168 
PROTOCOL: 169 
 170 
Four week old male A/J mice, specific pathogen free, were obtained from the Breeding Center 171 
of Laboratory Animals of Fundação Oswaldo Cruz (FIOCRUZ), Rio de Janeiro, Brazil, and were 172 
treated accordingly to the Ethics Committee of the Faculty of Medicine, University of São Paulo 173 
(protocol no 1310/09). 174 
 175 
1. Collection of mice tissues 176 



 177 
1.1. Anesthetize the animal with xylazine and ketamine. For a mouse with 30 g of body weight, 178 
inject a solution (no more than 2 mL) containing 2.63 mg of ketamine and 0.38 mg of xylazine, 179 
intraperitoneally. 180 
 181 
1.2. Collect blood (0.5 – 1.5 mL) for complementary analyses (e.g., antioxidant enzyme activity, 182 
malondialdehyde levels). 183 
 184 
1.3. Shave the abdominal hair from the pelvis to the xiphoid process. Make an incision in a 185 
vertical middle line in the hairless area. Make incisions in horizontal lateral lines in order to 186 
expose the abdominal organs. 187 
 188 
1.4. Cut the abdominal aorta to promote exsanguination and to euthanize the animal. 189 
 190 
1.5. Remove the tissues of interest (in this case, liver, kidneys and lungs). 191 
 192 
1.5.1. To remove the liver, cut the inferior cava vein and portal hepatic vein. 193 
 194 
1.5.2. To remove the kidneys, section the renal veins and arteries. 195 
 196 
1.5.3. To remove the lungs, make an incision in the diaphragm extremities and circumference 197 
close to the thoracic wall. Break the clavicles by opening a scissor in the interior of the thoracic 198 
cavity. Cut the extern bone from the xiphoid process toward the trachea, in order to expose the 199 
lungs and heart. 200 
 201 
1.5.3.1. Hold the lung with a forceps, section the trachea and the ligaments around the lungs. 202 
Remove carefully the block lungs plus heart. To remove the lungs out of the block, hold the 203 
heart with a forceps and cut all vessels in its base. 204 
 205 
1.6. Wash the isolated tissues immediately in cold saline solution (0.9% NaCl), transfer to 206 
cryogenic tubes, and immediately dip the tubes into liquid nitrogen. After completing the work, 207 
store the tubes at -80 °C. 208 
 209 
CAUTION: Liquid nitrogen in direct contact with the skin, mucosa or eyes causes burns. Use 210 
proper individual protection to avoid contact. Work in a ventilated laboratory to avoid asphyxia 211 
due to liquid nitrogen vapor. 212 
 213 
2. DNA extraction 214 
 215 
2.1. Transfer the tubes containing the tissues to dry ice. 216 
 217 
2.2. Use a culture plate placed on ice as a base to cut a piece of tissue with a scalpel. Weight 1 g 218 
for immediate use. The remaining tissue should be kept on dry ice until it returns to storage at -219 
80 °C. 220 



 221 
NOTE: It is important to avoid thawing of the remaining tissue to prevent the formation of 222 
artifacts if repetitions of the analyses are needed. 223 
 224 
2.3. To each 1 g of tissue in 50 mL capped tubes, add 10 mL of the commercial cell lysis solution 225 
containing 0.5 mM deferoxamine and keep on ice. 226 
 227 
NOTE: Add deferoxamine to the volume of solution for immediate use. For each 100 mL of 228 
solution, add 0.0328 g of the deferoxamine mesylate salt. 229 
 230 
2.4. Homogenize the tissues using a Potter or a tissue glass Dounce homogenizer until a 231 
homogeneous solution without tissue fragments is obtained. Keep the tube cold (on ice) during 232 
homogenization. Use a low speed to avoid heating. 233 
 234 
2.5. Add 150 µL of proteinase K solution (20 mg/mL) to each homogenized sample. Shake the 235 
tubes by inversion and keep them at room temperature overnight. 236 
 237 
2.6. Add 40 μL of ribonuclease A solution (15 mg/mL), shake by inversion, and keep the tubes at 238 
room temperature for 2 h. 239 
 240 
NOTE: Prepare ribonuclease A solution in sodium acetate buffer 10 mM, pH 5.2 to avoid 241 
precipitation. Heat the solution at 100 °C for 15 min before use to obtain a solution free from 242 
deoxyribonuclease. 243 
 244 
2.7. Add 5 mL of the commercial protein precipitation solution, vortex vigorously, and 245 
centrifuge at 2,000 x g, 4 °C, for 10 minutes. 246 
 247 
2.8. Transfer the supernatants to 50 mL capped tubes containing 10 mL of cold isopropanol. 248 
Invert the tubes gently several times until the observation of the precipitated DNA. 249 
 250 
NOTE: The protocol can be paused here, keeping the tubes at -20 °C. 251 
 252 
2.9. Collect the precipitated DNA using a Pasteur pipette closed at the end. Transfer it to tubes 253 
containing 4 mL of 10 mM Tris buffer, 1 mM deferoxamine, pH 7.0. 254 
 255 
2.10. After the DNA is completely dissolved in the above solution (do not vortex), add 4 mL of a 256 
chloroform solution containing 4% of isoamyl alcohol. 257 
 258 
2.11. Invert the tubes 10 times for homogenization, centrifuge at 2,000 x g, 4 °C, for 10 minutes 259 
to separate the two phases, and transfer the upper phase to a new tube. 260 
 261 
2.12. Repeat the steps 2.10 and 2.11 two more times. 262 
 263 
2.13. Add 8 mL of absolute ethanol and 0.4 mL of a 5 M NaCl solution to precipitate the DNA. 264 



 265 
2.14. Collect again the precipitated DNA and transfer it to 3 mL of 70% ethanol. Repeat this step 266 
one more time. 267 
 268 
2.15. Discard the ethanol solution with caution and invert the tubes containing the precipitated 269 
DNA on absorbent paper to remove the excess of the solution. 270 
 271 
2.16. Add 200 µL of 0.1 mM deferoxamine solution to dissolve the DNA. Maintain the tubes at 4 272 
°C until the DNA is completely rehydrated (overnight). 273 
 274 
2.17. Determine the DNA concentration by measuring the absorbance at 260 nm and its purity 275 
by the 260/280 nm absorbance ratio. 276 
 277 
NOTE: To determine the DNA concentration, transfer an aliquot of 10 µL of the DNA solution to 278 
990 µL of ultrapure water (100x dilution). Multiply the absorbance at 260 nm (it should be 279 
below 1) by 50 (50 μg/mL is the concentration of double stranded DNA when the absorbance of 280 
a 1 cm path length solution at 260 nm is 1) and by the dilution used (100x) to obtain the DNA 281 
concentration in µg/mL. If the absorbance at 260 nm is above 1, additional dilutions are 282 
necessary. The 260/280 nm absorbance ratio should be equal or above 1.8 for the desired DNA 283 
purity, but ratios around 1.6 are acceptable. 284 
 285 
3. DNA enzymatic hydrolysis 286 
 287 
3.1. Analysis recipe 288 
 289 

3.1. 1,N6-dAdo and 1,N2-dGuo analyses: To an aliquot containing 150 µg of DNA, add 7.5 µL of 290 
200 mM Tris/MgCl2 buffer (pH 7.4), 1.4 µL of the internal standard solution containing 250 291 

fmol/µL of [15N5]1,N6-dAdo and [15N5]1,N2-dGuo, and 15 units of deoxyribonuclease I. Adjust 292 
the final volume to 200 µL with ultrapure water, subtracting the volumes of enzymes to be used 293 
on step 3.3.1. 294 
 295 
3.2. 8-oxodGuo analyses: To an aliquot containing 80 µg of DNA, add 3.8 µL of 200 mM 296 
Tris/MgCl2 buffer (pH 7.4), 2 µL of the internal standard solution containing 1,000 fmol/µL of 297 
[15N5]8-oxodGuo, and 8 units of deoxyribonuclease I. Adjust the final volume to 100 µL with 298 
ultrapure water, subtracting the volumes of enzymes to be used on step 3.3.2. 299 
 300 

NOTE: The internal standards [15N5]1,N6-dAdo, [15N5]1,N2-dGuo and [15N5]8-oxodGuo can be 301 
synthetized and characterized as described34-36. The quantities of the internal standards in the 302 
injected sample volumes should be the same as those in the injected calibration curve volumes. 303 
 304 
3.3. Incubate the samples at 37 °C for 1 hour. 305 
 306 
3.3.1. Samples from step 3.1: Add 0.006 units of phosphodiesterase I from Crotalus atrox and 307 
15 units of alkaline phosphatase from bovine intestinal mucosa. 308 



 309 
3.3.2. Samples from step 3.2: Add 0.0032 units of phosphodiesterase I from Crotalus atrox and 310 
8 units of alkaline phosphatase from bovine intestinal mucosa. 311 
 312 
3.4. Incubate the samples at 37 °C for 1 hour. 313 
 314 
3.5. Centrifuge the samples at 14,000 x g for 10 minutes. 315 
 316 
3.6. Samples from step 3.3.1: Separate 10 µL of each sample for quantification of the 317 
deoxynucleosides (dAdo, dGuo) by HPLC/DAD (step 9). Subject the residual volume to solid 318 
phase extraction (step 4). 319 
 320 
3.7. Samples from step 3.3.2: Transfer 80 µL of the supernatant to vials for injections of 50 µL 321 
(1000 fmol of [15N5]8-oxodGuo) in the HPLC-ESI-MS/MS system. Reserve the remaining 20 µL 322 
for quantification of dGuo by HPLC/DAD (step 9). 323 
 324 

4. Solid phase extraction for analyses of 1,N6-dAdo and 1,N2-dGuo 325 
 326 
4.1. Load the cartridges (SPE-C18, 30 mg/mL, 33 μm, 1 mL) with 1 mL of the following sequence 327 
of solutions: 100% methanol, deionized water, hydrolyzed DNA sample, deionized water, 10% 328 
methanol, 15% methanol, and 100% methanol (to be collected). 329 
 330 
NOTE: Do not leave the cartridges dry between the applications of the different solutions. Add 331 
the next solution immediately after the previous solution enters the cartridge completely. 332 
 333 
4.2. Vacuum dry the last elution fraction (100% methanol) containing the adducts. 334 
 335 

4.3. Resuspend the dried samples in 83.1 L of ultrapure water immediately prior to the HPLC-336 
ESI-MS/MS analysis, to obtain 200 fmol of each internal standard in 50 µL of each sample. 337 
 338 
5. Preparation of calibration curves 339 
 340 
5.1. Prepare at least five points in the interval of 300 to 6,000 fmol of 8-oxodGuo standard, with 341 
the fixed amount of 1000 fmol of [15N5]8-oxodGuo in each point. Consider these amounts in the 342 
volume injected. 343 
 344 

5.2. Prepare at least five points in the interval of 1 to 40 fmol of 1,N6-dAdo and 1,N2-dGuo, 345 

with fixed amounts of 200 fmol of [15N5]1,N6-dAdo and [15N5]1,N2-dGuo in each point. 346 
Consider these amounts in the volume injected. 347 
 348 
5.3. Prepare at least five points in the interval of 0.05 – 1 nmol of dGuo and dAdo. Consider 349 
these amounts in the volume injected. 350 
 351 
6. Preparation of DNA samples for method validation 352 



 353 

6.1. 1,N6-dAdo and 1,N2-dGuo analyses: Add varying amounts of 1,N6-dAdo and 1,N2-dGuo 354 

(e.g., 1.75, 8.75, 17.5, and 35 fmol) and fixed amounts of [15N5]1,N6-dAdo and [15N5]1,N2-355 

dGuo (350 fmol) to 100 µg of calf thymus DNA and carry out the enzymatic hydrolysis as 356 
described in step 3. Process the samples in quadruplicate in two different days. Use the samples 357 
for method accuracy and precision assessment. 358 
 359 
NOTE: The final volume of the DNA hydrolysates will be 200 µL (step 3), from which 10 µL will 360 
be separated for quantification of deoxynucleosides by HPLC/DAD (step 9). The remaining 361 
solution (190 µL) will be subjected to solid phase extraction (step 4), the dried fraction will be 362 
resuspended in 83.1 µL (step 4.3), from which 50 µL will be injected in the HPLC-ESI-MS/MS 363 

system. The amounts of 1,N6-dAdo and 1,N2-dGuo injected will be 1, 5, 10, and 20 fmol, with 364 

200 fmol of [15N5]1,N6-dAdo and [15N5]1,N2-dGuo in each sample. 365 
 366 
6.2. 8-oxodGuo analyses: Add varying amounts of 8-oxodGuo (e.g., 734, 1468, 2938, and 4408 367 
fmol) and a fixed amount of [15N5]8-oxodGuo (2,000 fmol) to 100 µg of calf thymus DNA and 368 
carry out the enzymatic hydrolysis as described in step 3. Process the samples in quadruplicate 369 
in two different days. Use the samples for method accuracy and precision assessment. 370 
 371 
NOTE: The final volume of the DNA hydrolysates will be 100 µL (step 3), from which 50 µL will 372 
be injected in the HPLC-ESI-MS/MS system. The amounts of 8-oxodGuo injected will be 367, 373 
734, 1469, and 2204 fmol, with 1000 fmol of [15N5]8-oxodGuo in each sample. 374 
 375 

6.2. Add 13.125 fmol of 1,N6-dAdo (to obtain 7.5 fmol in the injection volume) and 35 fmol of 376 

1,N2-dGuo (to obtain 20 fmol in the injection volume) to eight samples of 100 µg of calf 377 
thymus DNA. 378 
 379 

6.2.1. Add the internal standards [15N5]1,N6-dAdo and [15N5]1,N2-dGuo (200 fmol) to four of 380 
the samples. Proceed with the DNA hydrolysis and solid phase extraction of all samples. 381 
 382 

6.2.2. Add the internal standards [15N5]1,N6-dAdo and [15N5]1,N2-dGuo (200 fmol) to the other 383 
four samples. 384 
 385 
6.2.3. Use the samples to calculate the recovery of the adducts from solid phase extraction. 386 
 387 
7. HPLC-ESI-MS/MS analysis of 8-oxodGuo 388 
 389 
7.1. Infusing the 8-oxodGuo standard into the equipment, set the ESI-MS/MS parameters for 390 
the best detection of its fragmentation pattern by multiple reaction monitoring (MRM): m/z 391 

284 [M+H]+  m/z 168 [M  2’-deoxyribose + H]+. 392 
 393 

7.1.1. Use the same parameters for detection of [15N5]8-oxodGuo: m/z 289 [M+H]+  m/z 173 394 

[M  2’-deoxyribose + H]+. 395 



 396 
NOTE: Use an equipment equivalent or better than the equipment used in this work (see the 397 
Table of Materials). The ESI-MS/MS parameters were set as described in Table 1. 398 
 399 
7.2. Filter (using 0.22 µm porous membranes) and degasify (using a sonicator) all the water 400 
based HPLC solvents. 401 
 402 
7.3. Use the following chromatography conditions for the analyses, mounting the system as 403 
shown in Figure 2. 404 
 405 
[Place Figure 2 here] 406 
 407 
NOTE: Column A is connected to the binary pump. Its eluent is directed to UV detection and 408 
waste in the first 16 min and from 32 to 46 min of the chromatography, as shown in Figure 2A. 409 
This is the column through which the sample is eluted immediately after injection. Column B is 410 
connected to the isocratic pump and the mass spectrometer. It receives the eluent of column A 411 
only in the 16 – 32 min interval, when the valve is switched to the position shown in Figure 2B. 412 
The valve switch allows the connection between the two columns, which are eluted by the 413 
binary pump gradient. The configuration shown in Figure 2B permits further peak separation 414 
and narrowing, as well as that only the chromatographic fraction of interest reaches the mass 415 
spectrometer, improving sensitivity and selectivity. 416 
 417 
7.3.1. Elute a 50 x 2.0 mm i.d., 2.5 µm, C18 column (column A of Figure 2) coupled to a C18 418 
security guard cartridge (4.0 x 3.0 mm i.d.) with a gradient of 0.1% formic acid (solvent A) and 419 
methanol containing 0.1% formic acid (solvent B) at a flow rate of 150 μL/min and 25 °C. 420 
 421 
7.3.1.1. Use the following gradient program for the binary pump: from 0 to 25 min, 0 – 15% of 422 
solvent B; 25 to 28 min, 15 – 80% of solvent B; 28 to 31 min, 80% of solvent B; 31 to 33 min, 80 423 
– 0 % of solvent B; 33 to 46 min, 0% of solvent B. 424 
 425 
7.3.1.2. Use the switching valve to direct the first 16 min of eluent to waste and the 16 – 32 min 426 
fraction to a second column (150 x 2.0 mm i.d., 3.0 µm, C18, column B of Figure 2) connected to 427 
the ESI source and conditioned by the isocratic pump with a solution of 15% methanol in water 428 
containing 0.1% formic acid (150 μL/min). 429 
 430 
NOTE: Before using the switching valve program of step 7.3.1.2, check if the 8-oxodGuo 431 
standard elutes from the first column after 16 min. It is important to close the valve at 32 min 432 
to use the gradient of the binary pump to elute 8-oxodGuo from the second column and get a 433 
sharp chromatographic peak. The lesion 8-oxodGuo elutes from the second column at 434 
approximately 36 min. Variations of the retention time of the analyte may occur depending on 435 
the column and equipment used. Adaptations of the HPLC solvent gradient program may be 436 
necessary. 437 
 438 

8. HPLC-ESI-MS/MS analysis of 1,N6-dAdo and 1,N2-dGuo 439 



 440 

8.1. Infusing the 1,N6-dAdo and 1,N2-dGuo standards into the equipment, set the ESI-MS/MS 441 
parameters for the best detection of their fragmentation patterns by multiple reaction 442 

monitoring (MRM): m/z 276 [M+H]+  m/z 160 [M  2’-deoxyribose + H]+ for detection of 1,N6-443 

dAdo and m/z 292 [M+H]+  m/z 176 [M  2’-deoxyribose + H]+ for detection of 1,N2-dGuo. 444 
 445 

8.1.1. Use the same parameters for detection of [15N5]1,N6-dAdo (m/z 281 [M+H]+  m/z 165 446 

[M  2’-deoxyribose + H]+) and [15N5]1,N2-dGuo (m/z 297 [M+H]+  m/z 181 [M  2’-447 
deoxyribose + H]+). Set the ESI-MS/MS parameters as described in Table 1. 448 
 449 
[Place Table 1 here] 450 
 451 
8.2. Filter (using 0.22 µm porous membranes) and degasify (using a sonicator) all the water 452 
based HPLC solvents. 453 
 454 
8.3. Use the following chromatography conditions for the analyses. 455 
 456 
8.3.1. Elute a 150 x 2.0 mm i.d., 3.0 µm, C18 column coupled to a C18 security guard cartridge 457 
(4.0 x 3.0 mm i.d.) with a gradient of 5 mM ammonium acetate, pH 6.6 (solvent A) and 458 
acetonitrile (solvent B) at a flow rate of 130 μL/min and 25 °C. 459 
 460 
8.3.1.1. Use the following gradient program for the binary pump: from 0 to 10 min, 0% of 461 
solvent B; 10 to 39 min, 0 – 20% of solvent B; 39 to 41 min, 20 – 75% of solvent B; 41 to 46 min, 462 
75% of solvent B; 46 to 47 min, 75 – 0% of solvent B; 47 to 60 min, 0% of solvent B. 463 
 464 
8.3.1.2. Use the switching valve to direct the first 15 min of eluent to waste and the 15 – 18 min 465 
fraction to the ESI source. Be sure that the adduct standards elute from the column in the set 466 
interval (15 – 18 min). Make adjustments if necessary. 467 
 468 
9. Quantification of normal 2’-deoxyribonucleosides by HPLC-UV 469 
 470 
9.1. Use an equipment similar to the equipment used in this work (see the Table of Materials). 471 
 472 
9.2. Elute a 250 mm x 4.6 mm i.d., 5 µm, C18 column attached to a C18 security guard cartridge 473 
(4.0 x 3.0 mm i.d.) with a gradient of 0.1% formic acid and methanol. 474 
 475 
9.2.1. Use the following gradient program: from 0 to 25 min, 0 to 18% methanol; from 25 to 27 476 
min, 18 to 0% methanol; from 27 to 37 min, 0% methanol) at a flow rate of 1 mL/min and 30 °C. 477 
 478 
9.2.2. Inject 5 µL of each sample reserved for 2’-deoxynucleosides quantification. 479 
 480 
9.2.3. Set the DAD detector at 260 nm for integration of the dGuo and dAdo peaks. 481 
 482 
10. Quantification of the DNA lesions 483 



 484 

10.1. Integrate the peaks of 8-oxodGuo, [15N5]8-oxodGuo, 1,N6-dAdo, [15N5]1,N6-dAdo, 1,N2-485 

dGuo, and [15N5]1,N2-dGuo from the HPLC-ESI-MS/MS analyses. 486 
 487 

10.1.1. Calculate the area ratios of 8-oxodGuo/[15N5]8-oxodGuo, 1,N6-dAdo/[15N5]1,N6-dAdo, 488 

and 1,N2-dGuo/[15N5]1,N2-dGuo for the calibration curves and the samples. 489 
 490 
10.1.2. Plot the calibration curves using the area ratios obtained in step 10.1.1 in the y axis and 491 
the amounts of analytes present in each point in the x axis. 492 
 493 
10.1.3. Calculate the amounts (fmol) of lesions in each injected sample using the ratios 494 
calculated in step 10.1.1 and the calibration curves of step 10.1.2. 495 
 496 
10.2. Integrate the peaks of dGuo and dAdo from the HPLC-UV analyses. 497 
 498 
10.2.1. Plot the calibration curves using the areas obtained in step 10.2 in the y axis and the 499 
amounts of analytes present in each point in the x axis. 500 
 501 
10.2.2. Calculate the amounts (nmol) of dGuo and dAdo in each injected sample using the areas 502 
obtained in step 10.2 and the calibration curves of step 10.2.1. 503 
 504 
10.3. Calculate the amounts (nmol) of dGuo and dAdo present in each sample injected in the 505 
HPLC-ESI-MS/MS system, considering that the amounts calculated in step 10.2.2 are present in 506 
the sample volume of 5 µL, while 50 µL were injected in the HPLC-ESI-MS/MS system. 507 
 508 
NOTE: To calculate the amount of dGuo in the samples used for 8-oxodGuo analysis, just 509 
multiply the amount (nmol/5 µL) obtained in step 10.2.2 by 10. To calculate the amounts of 510 

dAdo and dGuo in the samples used for analyses of 1,N6-dAdo and 1,N2-dGuo, consider the 511 
concentration step after solid phase extraction. The volume of 50 µL injected in the HPLC-ESI-512 
MS/MS system corresponds to 114.32 µL of the original sample. The amounts (nmol/5 µL) 513 
obtained in step 10.2.2 should be multiplied by 22.864 to obtain the correct values. 514 
 515 

10.4. Calculate the molar fractions 8-oxodGuo/dGuo, 1,N6-dAdo/dAdo, 1,N2-dGuo/dGuo. The 516 
ratio (fmol lesion/nmol normal deoxynucleoside) give the number of lesions per 106 normal 517 
dGuo or dAdo. 518 
 519 
REPRESENTATIVE RESULTS: 520 
The average DNA concentrations (± SD) obtained from mice liver (~ 1 g tissue), lung (~ 0.2 g 521 
tissue) and kidney (~ 0.4 g tissue) were, respectively, 5,068 ± 2,615, 4,369 ± 1,021, and 3,223 ± 522 
723 µg/mL in the final volume of 200 µL. A representative chromatogram obtained by HPLC-523 
DAD of the purified DNA is shown in Figure 3. The presence of the four 2’-deoxynucleosides, 524 
free from the RNA ribonucleosides, which elute immediately before the corresponding 2’-525 
deoxynucleosides, demonstrates the DNA purity. 526 



 527 
Representative chromatograms from HPLC-ESI-MS/MS analyses for quantification of 8-528 

oxodGuo, 1,N6-dAdo and 1,N2-dGuo in mice tissue DNA samples are shown in Figures 4 to 6. 529 
The chromatogram obtained with UV detection in Figure 4 shows the four 2’-deoxynucleosides 530 
eluting from the first column until ~ 10 min, with a good separation from 8-oxodGuo, 531 
eliminating undesired interferences. The normal 2’-deoxynucleosides were not present in the 532 

analyses of 1,N6-dAdo and 1,N2-dGuo, as they were eliminated in the solid phase extraction 533 
procedure. Mass spectra of the standards used in this work are shown in Figure 7. 534 
 535 

Typical linear calibration curves for quantification of 8-oxodGuo, 1,N6-dAdo and 1,N2-dGuo 536 
are shown in Figure 834. The methods were accurate and precise, as presented in Table 234. The 537 
inter-day precision calculated for DNA aliquots supplemented with 367 fmol of 8-oxodGuo was 538 

16.97%, supplemented with 10 fmol of 1,N2-dGuo was 14.01%, and supplemented with 1 fmol 539 

of 1,N6-dAdo was 16.66%. The limits of quantification (S/N = 10) for the standards injected on-540 

column were 25 fmol for 8-oxodGuo, 0.3 fmol for 1,N6-dAdo, and 1 fmol for 1,N2-dGuo34. 541 
 542 

The methods were applied to the quantification of 8-oxodGuo, 1,N2-dGuo and 1,N6-dAdo in 543 
lung, liver, and kidney DNA samples of A/J mice tissues exposed whole body to ambient air 544 
enriched in PM2.5, compared to those exposed to in situ ambient air as the study control34. The 545 
levels found are shown in Table 3, and indicate the induction of DNA lesions in lung, liver and 546 
kidney by PM2.5 exposure34. 547 
 548 
FIGURE AND TABLE LEGENDS: 549 
Figure 1. Chemical structures of the DNA lesions quantified in the present study. dR = 2´-550 
deoxyribose. This figure has been modified from Oliveira et al.34. 551 
 552 
Figure 2. System of two columns used for 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxodGuo) 553 
analyses. A) Configuration used in the first 16 min and from 32 to 46 min of the 554 
chromatography; B) Configuration used in the interval 16 – 32 min, allowing further separation 555 
and peak narrowing in column B prior to elution to the ESI source of the mass spectrometer. 556 
This figure has been republished from Oliveira et al.34. 557 
 558 
Figure 3. Chromatogram of the hydrolysate of a DNA sample extracted from mouse lung. The 559 
chromatogram was obtained at 260 nm from the HPLC-DAD system. The four 2’-560 
deoxynucleosides are indicated: dC, 2’-deoxycytidine; dA, 2’-deoxyadenosine; dG, 2’-561 
deoxyguanosine; dT, 2’-deoxythymidine. 562 
 563 
Figure 4. Representative chromatograms showing the detection of 8-oxo-7,8-dihydro-2´-564 
deoxyguanosine (8-oxodGuo) and the internal standard [15N5]8-oxodGuo by HPLC-ESI-MS/MS, 565 
as well as the normal 2’-deoxynucleosides eluting from the first column and diverted to DAD 566 

detection ( = 260 nm) and waste. The DNA sample was extracted from mouse lung. The 567 
analyses by HPLC-ESI-MS/MS were performed with multiple reaction monitoring (MRM) using 568 
the fragmentations specified in the images. 569 



 570 
Figure 5. Representative chromatograms showing the detection of 1,N6-etheno-2´-571 
deoxyadenosine (1,N6-εdAdo) and the internal standard [15N5]1,N6-εdAdo by HPLC-ESI-572 
MS/MS. The DNA sample was extracted from mouse kidney. The analyses were performed with 573 
multiple reaction monitoring (MRM) using the fragmentations specified in the images. 574 
 575 
Figure 6. Representative chromatograms showing the detection of 1,N2-etheno-2´-576 
deoxyguanosine (1,N2-εdGuo) and the internal standard [15N5]1,N2-εdGuo by HPLC-ESI-577 
MS/MS. The DNA sample was extracted from mouse liver. The analyses were performed with 578 
multiple reaction monitoring (MRM) using the fragmentations specified in the images. 579 
 580 
Figure 7. Mass spectra of the standards used in this work. The spectra were obtained in MS2 581 
using the collision energy of 20 eV to fragment the [M+H]+ ions. 582 
 583 
Figure 8. Calibration curves obtained by HPLC-ESI-MS/MS for quantification of 8-oxo-7,8-584 
dihydro-2’-deoxyguanosine (8-oxodGuo), 1,N2-etheno-2´-deoxyguanosine (1,N2-εdGuo) and 585 
1,N6-etheno-2´-deoxyadenosine (1,N6-εdAdo). Relative Area means the area ratios between 586 
the lesion and its respective [15N5] internal standard. This figure has been modified from 587 
Oliveira et al.34. 588 
 589 
Table 1. Parameters used in the ESI-MS/MS equipment for detection of the DNA lesions. This 590 
table has been modified from Oliveira et al.34. 591 
 592 
Table 2. Method accuracy and coefficient of variation (CV) for quantification of 8-oxodGuo, 593 
1,N2-εdGuo and 1,N6-εdAdo in DNA. This table has been modified from Oliveira et al.34. 594 
 595 
Table 3. Levels of the DNA lesions in A/J mice tissue samples. The mice were exposed to 596 
ambient air and to ambient air enriched in PM2.5 (PM2.5 concentrated 30 times). Means 597 
between the two groups (ambient air and PM2.5) were compared using t test. Results were 598 
considered statistically significant when P value was less than 0.05. This table has been 599 
modified from Oliveira et al.34. 600 
 601 
DISCUSSION: 602 
A major problem encountered in the 8-oxodGuo analyses by HPLC methods is the possible 603 
induction of its formation during the workup procedures of DNA extraction, DNA hydrolysis, 604 
and concentration of DNA hydrolysates22,37. In order to minimize the problem of 8-oxodGuo 605 
artifactual formation, it is recommended the addition of deferoxamine to all DNA extraction, 606 
storage and hydrolysis solutions, the use of the sodium iodide chaotropic method and 607 
avoidance of phenol in DNA extraction, as well as the use of DNA amounts close to 100 μg in 608 
the hydrolysis procedure to minimize the contribution of spurious oxidation to the final result38. 609 
We took into account the recommendations cited above, except the use of the sodium iodide 610 
chaotropic method for DNA extraction. Instead, for simplicity, we used commercial solutions for 611 
DNA extraction, adding deferoxamine to them before use. In addition, the obtained DNA 612 
hydrolysates were directly injected into a first column of the HPLC-ESI-MS/MS system for a 613 



previous separation of 8-oxodGuo from the normal nucleosides. Immediately before the elution 614 
of 8-oxodGuo, a switching valve was used to divert the first column eluent to a second column 615 
where further separation and peak narrowing were achieved. This approach allowed adequate 616 
sensitivity for 8-oxodGuo quantification free from interferences. The most similar approach for 617 
quantification of 8-oxodGuo in DNA was described by Chao and coworkers22, who used a trap 618 
column for sample cleanup and 8-oxodGuo retention prior to sample elution into the analytical 619 
column, using a switching valve between the columns. Alternatively, a concentration step of 8-620 
oxodGuo collected from fractions eluted from HPLC separations of DNA hydrolysates prior to 621 
HPLC-ESI-MS/MS analyses was performed15, which is much more laborious. 622 
 623 
Reported basal levels of 8-oxodGuo in rodent lung tissue, based on HPLC analyses, range from 624 
180 – 450/108 dGuo23,39-42, 1,340 – 2,120/108 dGuo43, or approximately 3,000/108 dGuo44,45, 625 
with the lowest values obtained from DNA extraction methods by using sodium iodide. The 626 
mean 8-oxodGuo level found here in the lung of mice exposed to ambient air was 2,124/108 627 
dGuo. The level increased to 2,466/108 dGuo in the animals exposed to ambient air enriched in 628 
PM2.5 (Table 3)34. It is possible that the sensitivity for detection of differences between groups 629 
could be improved by extracting the DNA with the sodium iodide chaotropic method. In the 630 
present study, the mean 8-oxodGuo levels found in control mice lung, kidney, and liver DNA 631 
were, respectively, 2.0, 1.8, and 2.7 times higher than the median basal level (1,047/108 dGuo) 632 
obtained by the European Standards Committee on Oxidative DNA Damage (ESCODD) in an 633 
inter-laboratory assessment of 8-oxodGuo in DNA extracted from standard samples of pig 634 
liver37. 635 
 636 

The main limitation for detection of 1,N6-dAdo and 1,N2-dGuo in DNA is the method 637 

sensitivity, as these lesions occur at very low levels. The lowest levels of 1,N2-dGuo in DNA, 638 
quantified by HPLC-ESI-MS/MS, were in the range of 0.87 - 4 lesions per 108 dGuo in a human 639 
cell line and rat tissues25,46. One way to improve the sensitivity and selectivity for their 640 
quantification is to concentrate them from large samples of DNA hydrolysates, using solid 641 
phase extraction. This cleanup step solves chromatographic troubles that could arise from 642 
injections of more than 100 µg DNA hydrolysates into HPLC analytical columns. We used this 643 

approach in the validated method presented here. The levels of 1,N6-dAdo detected in this 644 
study34 fall within the range obtained in studies employing ultrasensitive immunoaffinity/32P-645 
postlabeling47-50 and are lower than those described by other groups employing HPLC-ESI-646 

MS/MS21,23,24. Similarly, the 1,N2-dGuo levels quantified here34 are consistent with the lowest 647 
levels reported by Garcia25 and Angeli26 by using HPLC-ESI-MS/MS. 648 
 649 
HPLC-ESI-MS/MS systems with higher sensitivity than the equipment used in this study are 650 
available. The use of such systems allows the analyses of smaller amounts of DNA, which 651 
broadens the applications of the methods presented here for situations in which tissue 652 
availability is a limitation. The methods presented here may be adapted for the quantification 653 
of other modified deoxynucleosides, depending on the availability of their standards and 654 
isotopic standards. Adjustment of the chromatographic conditions would be necessary in order 655 
to obtain sharp peaks of all molecules included in the analyses. 656 
 657 
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Table 1

Curtain Gas

Nebulizing Gas

Ion Source Gas

Collision-induced Dissociation Gas

Ion Spray Voltage

ESI Probe Temperature

Declustering Potential

Collision Energy

Collision Cell Exit Potential

Entrance Potential

ESI-MS/MS parameters
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20 psi 20 psi

55 50

50 psi 40 psi

Medium Medium

5000 4500

450 450

31 V, 8-oxodGuo 41 V, 1,N 6-εdAdo

31 V, [15N5]8-oxodGuo 41 V, [15N5]1,N 6-εdAdo

45 V, 1,N 2-εdGuo

45V, [15N5]1,N 2-εdGuo

23 eV, 8-oxodGuo 25 eV, 1,N 6-εdAdo

23 eV, [15N5]8-oxodGuo 25 eV, [15N5]1,N 6-εdAdo

27 eV, 1,N 2-εdGuo

27 eV, [15N5]1,N 2-εdGuo

16 V, 8-oxodGuo, 8 V, 1,N 6-εdAdo

16 V, [15N5]8-oxodGuo 8 V, [15N5]1,N 6-εdAdo

16 V, 1,N 2-εdGuo

16 V, [15N5]1,N 2-εdGuo

10 V  10 V

8-oxodGuo Etheno adducts



Added

fmol

373.00 ± 2.71 0

373.98 ± 4.86 367

374.84 ± 5.19 734

357.94 ± 15.05 1469

371.07 ± 2.43 2204

0.54 ± 0.01 0

0.54 ± 0.01 1

0.55 ± 0.01 5

0.53 ± 0.01 10

0.54 ± 0.01 20

2.08 ± 0.10 0

2.05 ± 0.04 1

1.99 ± 0.06 5

2.03 ± 0.07 10

1.97 ± 0.03 20

8-oxodGuo

Table 2

Basal level

Average ± SD (fmol)

1,N 2-εdGuo

1,N 6-εdAdo
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Detected(-)Basal

Average (fmol)

372.79 ± 50.6 -

755.41 ± 107.92 381

1069.57 ± 108.51 695

1671.67 ± 44.27 1314

2272.01 ± 40.2 1901

0.54 ± 0.09 -

1.47 ± 0.16 0.93

5.30 ± 0.72 4.76

10.60 ± 0.39 10.06

20.20 ± 0.93 19.66

2.29 ± 0.39 -

3.06 ± 0.47 1.01

7.87 ± 1.66 5.88

12.43 ± 1.25 10.41

22.42 ± 3.89 20.46

8-oxodGuo

Table 2

Detected

Average ± SD (fmol)

1,N 2-εdGuo

1,N 6-εdAdo



Accuracy CV

% %

- 13.57

103.93 14.29

94.65 10.14

89.43 2.65

86.25 1.77

- 16.88

93.39 11.17

95.11 13.50

100.63 3.67

98.29 4.60

- 17.05

100.89 15.31

117.60 21.10

104.06 10.06

102.29 17.34

8-oxodGuo

Table 2

1,N 2-εdGuo

1,N 6-εdAdo



Table 3

8-oxodGuo/108 dGuo 2124 ± 56.96

1,N 2-εdGuo/108 dGuo

1,N 6-εdAdo/108 dAdo 1.41 ± 0.23

8-oxodGuo/108 dGuo 2848 ± 183.5

1,N 2-εdGuo/108 dGuo 7.79 ± 2.49

1,N 6-εdAdo/108 dAdo 2.82 ± 0.30

8-oxodGuo/108 dGuo 1854 ± 87.13

1,N 2-εdGuo/108 dGuo

1,N 6-εdAdo/108 dAdo 1.09 ± 0.15

(NS, Not Significant; ND, Not Detected)

Liver

Kidney

ND

Ambient Air

Average ± SEM

Lung

ND
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N P value

  

2466 ± 93.10 6 0.01

- -

1.44 ± 0.13 7 NS

2949 ± 223.8 6; 5 NS

24.94 ± 5.21 4 0.02

2.18 ± 0.25 6 NS

2363 ± 157.0 6 0.02

- -

1.52 ± 0.12 7 0.04

Liver

Kidney

ND

PM2.5            

Average ± SEM

Lung

ND



Table of materials

Product

[15N5]-2’-deoxyadenosine

[15N5]-2’-deoxyguanosine

acetonitrile

alkaline phosphatase from 

bovine intestinal mucosa

ammonium acetate

calf thymus DNA

cell lysis solution

chloroform

deferoxamine

deoxyribonuclease I (DNase I)

ethanol

formic acid

HPLC-ESI-MS/MS system
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HPLC/DAD system

HPLC column (50 x 2.0 mm i.d., 

2.5 µm, C18)

HPLC column (150 x 2.0 mm i.d., 

3.0 µm, C18)

HPLC column (250 x 4.6 mm i.d., 

5.0 µm, C18)

HPLC C18 security guard 

cartridge (4.0 x 3.0 mm i.d.)

isoamyl alcohol

isopropyl alcohol (isopropanol)

ketamine

magnesium chloride

magnesium chloride

methanol

phosphodiesterase I from 

Crotalus atrox

protein precipitation solution

proteinase K

ribonuclease A

sodium chloride

SPE-C18 (Strata-X)

tris(hydroxymethyl)-

aminomethane



xylazine



Manufacturer

Cambridge Isotope Laboratories

Cambridge Isotope Laboratories

Carlo Erba Reagents

Sigma

Merck

Sigma

QIAGEN

Carlo Erba Reagents

Sigma

Bio Basic Inc

Carlo Erba Reagents

Sigma-Aldrich

HPLC: Agilent 1200 series            

ESI-MS/MS: Applied 

Biosystems/MDS Sciex 

Instruments



Shimadzu

Phenomenex

Phenomenex

Phenomenex

Phenomenex

Sigma-Aldrich

Carlo Erba Reagents

Ceva

Carlo Erba Reagents

Sigma

Carlo Erba Reagents

Sigma

QIAGEN

Sigma-Aldrich

Sigma

Sigma-Aldrich

Phenomenex

Carlo Erba Reagents



Syntec do Brasil



Catalogue number

NLM-3895-25

NLM-3899-CA-10

412413000

P5521

101116

D1501

158908

412653

D9533

DD0649

414542

F0507

HPLC: binary pump (G1312B), isocratic 

pump (G1310A), column oven with a column 

switching valve (G1316B), diode array 

detector (G1315C), auto sampler (G1367C).                                                            

ESI-MS/MS: Linear Quadrupole Ion Trap 

mass spectrometer, Model 4000 QTRAP.



Two pumps (LC-20AT), photo diode array 

detector (DAD-20AV), auto-injector 

(Proeminence SIL-20AC), column oven (CTO-

10AS/VP)

00B-4446-B0

00F-4251-B0

00G-4252-E0

AJO-4287

M32658

A412790010

Commercial name: Dopalen

349377

M2393

L022909K7

P4506

158912

P2308

R5000

S9625

8B-S100-TAK

489983



Commercial name: Xilazin
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in this Agreement the respective rights of each Party in and 
to the Article and the Video. 
3. Grant of Rights in Article. In consideration of JoVE 
agreeing to publish the Article, the Author hereby grants to 
JoVE, subject to Sections 4 and 7 below, the exclusive, 
royalty-free, perpetual (for the full term of copyright in the 
Article, including any extensions thereto) license (a) to 
publish, reproduce, distribute, display and store the Article 
in all forms, formats and media whether now known or 
hereafter developed (including without limitation in print, 
digital and electronic form) throughout the world, (b) to 
translate the Article into other languages, create 
adaptations, summaries or extracts of the Article or other 
Derivative Works (including, without limitation, the Video) 
or Collective Works based on all or any portion of the Article 
and exercise all of the rights set forth in (a) above in such 
translations, adaptations, summaries, extracts, Derivative 
Works or Collective Works and(c) to license others to do any 
or all of the above. The foregoing rights may be exercised in 
all media and formats, whether now known or hereafter 
devised, and include the right to make such modifications 
as are technically necessary to exercise the rights in other 
media and formats. If the “Open Access” box has been 
checked in Item 1 above, JoVE and the Author hereby grant 
to the public all such rights in the Article as provided in, but 
subject to all limitations and requirements set forth in, the 
CRC License. 
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE’s copyright in the 
Article is included. All non-copyright intellectual property 
rights in and to the Article, such as patent rights, shall 
remain with the Author. 
5. Grant of Rights in Video – Standard Access. This 
Section 5 applies if the “Standard Access” box has been 
checked in Item 1 above or if no box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author 
hereby acknowledges and agrees that, Subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
the Author is deemed, now or at any time in the future, to 
have any rights of any nature in or to the Video, the Author 
hereby disclaims all such rights and transfers all such rights 
to JoVE. 
6. Grant of Rights in Video – Open Access. This 
Section 6 applies only if the “Open Access” box has been 
checked in Item 1 above. In consideration of JoVE agreeing 
to produce, display or otherwise assist with the Video, the 
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of 
copyright in the Article, including any extensions thereto) 
license (a) to publish, reproduce, distribute, display and 
store the Video in all forms, formats and media whether 
now known or hereafter developed (including without 
limitation in print, digital and electronic form) throughout 
the world, (b) to translate the Video into other languages, 
create adaptations, summaries or extracts of the Video or 
other Derivative Works or Collective Works based on all or 
any portion of the Video and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works 
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License. 
7. Government Employees. If the Author is a United 
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.
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We would like to thank the pertinent comments and suggestions made by the reviewers. 

All the changes in the new version of the manuscript are highlighted in red. 

 

Editorial comments: 

General: 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that 

there are no spelling or grammar issues. 

The manuscript was proofread and all detected spelling or grammar issues were 

corrected. The changes are shown in red in the manuscript. 

 

2. Please print and sign the attached Author License Agreement (ALA). Please then 

scan and upload the signed ALA with the manuscript files to your Editorial Manager 

account. 

The Author License Agreement was signed and uploaded. 

 

3. JoVE cannot publish manuscripts containing commercial language. This includes 

trademark symbols (™), registered symbols (®), and company names before an 

instrument or reagent. Please limit the use of commercial language from your 

manuscript and use generic terms instead. All commercial products should be 

sufficiently referenced in the Table of Materials and Reagents. For example: QIAGEN, 

Strata-X, Agilent, Applied Biosystems, Phenomenex, etc. 

All company names were removed from the manuscript and added to the Table of 

Materials and Reagents. 

 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Response to
reviewers.docx
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Protocol: 

1. There is a 10 page limit for the Protocol, but there is a 2.75 page limit for filmable 

content. If revisions cause the highlighted portion to be more than 2.75 pages, please 

highlight 2.75 pages or less of the Protocol (including headers and spacing) that 

identifies the essential steps of the protocol for the video, i.e., the steps that should be 

visualized to tell the most cohesive story of the Protocol. 

The highlighted portion is not more than 2.75 pages. 

 

2. For each step, please ensure you answer the “how” question, i.e., how is the step 

performed? Alternatively, add references to published material specifying how to 

perform the protocol action. If revisions cause a step to have more than 2-3 actions and 

4 sentences per step, please split into separate steps or substeps. 

Specific Protocol steps: 

1. 1.2: How much blood? Which analyses? 

The required information was added to the protocol step: 

“1.2. Collect blood (0.5 – 1.5 mL) for complementary analyses (e.g., antioxidant 

enzyme activity, malondialdehyde levels).” 

 

2. 1.4: How exactly are these tissues removed? 

The following steps were added to the protocol: 

“1.3. Shave the abdominal hair from the pelvis to the xiphoid process. Make an incision 

in a vertical middle line in the hairless area. Make incisions in horizontal lateral lines in 

order to expose the abdominal organs. 

1.4. Cut the abdominal aorta to promote exsanguination and to euthanize the animal. 

1.5. Remove the tissues of interest (in this case, liver, kidneys and lungs). 

1.5.1. To remove the liver, cut the inferior cava vein and portal hepatic vein. 

1.5.2. To remove the kidneys, section the renal veins and arteries. 

1.5.3. To remove the lungs, make an incision in the diaphragm extremities and 

circumference close to the thoracic wall. Break the clavicles by opening a scissor in the 

interior of the thoracic cavity. Cut the extern bone from the xiphoid process toward 

the trachea, in order to expose the lungs and heart. 



1.5.3.1. Hold the lung with a forceps, section the trachea and the ligaments around the 

lungs. Remove carefully the block lungs plus heart. To remove the lungs out of the 

block, hold the heart with a forceps and cut all vessels in its base. 

1.6. Wash the isolated tissues immediately in cold saline solution (0.9% NaCl), transfer 

to cryogenic tubes, and immediately dip the tubes into liquid nitrogen. After 

completing the work, store the tubes at -80 oC.” 

 

3. 2.4: Please include more detail about homogenization. 

The required information was added to the protocol step: 

“2.4. Homogenize the tissues using a Potter or a tissue glass Dounce homogenizer until 

a homogeneous solution without tissue fragments is obtained. Maintain the tube cold 

(on ice) during homogenization. It is better to use low speed to avoid heating.” 

 

Figures, Tables, and Figure Legends: 

1. Please obtain explicit copyright permission to reuse any figures from a previous 

publication. Explicit permission can be expressed in the form of a letter from the editor 

or a link to the editorial policy that allows re-prints. Please upload this information as a 

.doc or .docx file to your Editorial Manager account. 

The editorial policy of BioMed Central Journals that allows re-prints can be found at 

https://www.biomedcentral.com/about/policies/reprints-and-permissions . 

The specific policy for figures and tables is transcribed below: 

“Figures and tables 

Reproduction of figures or tables from any article is permitted free of charge and 

without formal written permission from the publisher or the copyright holder, provided 

that the figure/table is original, BMC is duly identified as the original publisher, and 

that proper attribution of authorship and the correct citation details are given as 

acknowledgment. If you have any questions about reproduction of figures or tables 

please contact us.” 

A file with this information was uploaded to my Editorial Manager account. 

 

Table of Materials: 

1. Please ensure the Table of Materials has information on all materials and equipment 

used, especially those mentioned in the Protocol. 

https://www.biomedcentral.com/about/policies/reprints-and-permissions
https://www.biomedcentral.com/about/contact-us


The Table of Materials was updated with the equipment and materials used. Some 

reagents that were not used in the protocol were removed. 
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We would like to thank the pertinent comments and suggestions made by the reviewers. 

All the changes in the new version of the manuscript are highlighted in red. 

 

Reviewer #1: 

Manuscript Summary: 

The manuscript presents a novel technique for the measurement of DNA lesions in 

animal tissue employing HPLC with mass spectrometry. I think this a valuable 

development that will certainly contribute to improving the measurement of oxidation 

biomarkers in animal models. Regarding manuscript, the protocol is well written, and 

the content is clearly presented. The technique is properly described and correctly 

presented step by step. It must be noticed the special attention that has been put to avoid 

misunderstandings. Therefore, I strongly recommend publishing this manuscript. 

 

Major Concerns: 

There are no major concerns. 

 

Minor Concerns: 

Line 46: "…of exposed AJ mice." I think "A/J mice" is the correct expression. 

We replaced "AJ mice" with "A/J mice" in the manuscript. 

 

Line 152: "…biological samples (12,15,20-29". I think the parenthesis does not 

correspond. 

We removed the parenthesis. 
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We would like to thank the pertinent comments and suggestions made by the reviewers. 

All the changes in the new version of the manuscript are highlighted in red. 

 

Reviewer #2: 

Manuscript Summary: 

Detection of 8-oxo-dGua and two etheno nucleosides by HPLC-ESI-MS/MS with 

MRM mode of operation. 

This includes also the detailed preparation of samples (lungs, liver, kidney of mice). 

 

Major Concerns: 

No majors concerns 

A study including this method and detection of the oxidized nucleosides has already 

being published. (ref 30 in the manuscript) 

The referee is correct. The invitation to write the protocol was made by the Science 

Editor of JoVE due to the paper recently published in Particle and Fibre Toxicology. 

 

Minor Concerns: 

The title should be changed as validated method to determine 8-oxo-dGua and two 

etheno nucleosides. The multiple reaction method described here is a targeted screening 

method to quantify a known compound in very low concentration in a biological matrix. 

"Quantification of DNA lesions" is too general and we could think that a general 

screening method is used. 

The title was changed as shown below: 



“Quantification of three DNA lesions by mass spectrometry and assessment of their 

levels in tissues of mice exposed to ambient fine particulate matter” 

 

In the conclusion, maybe add how this method can be used and modified to screen for 

unknown/new modified nucleotides. 

The following sentence was added to the end of the “Discussion” section: 

“The methods presented here may be adapted for the quantification of other modified 

deoxynucleosides, depending on the availability of their standards and isotopic 

standards. Adjustment of the chromatographic conditions would be necessary in order 

to obtain sharp peaks of all molecules included in the analyses.” 

 

Review the introduction and "electrophile". Explain why they are responsible for lesions 

in DNA. Usually electrophile sites of a molecule are attacked by nucleophiles, so I was 

wondering if you meant that the toxic compounds responsible for DNA lesions were 

attacking those electrophile sites. Please explain in more details a comprehensive 

molecular mechanism. 

The sentences shown in red were added to the beginning of the “Introduction” section. 

“Some reactive oxygen species (ROS) are able to oxidize carbon double bonds of DNA 

bases and some carbons in the deoxyribose moiety, generating oxidized bases and 

DNA strand breaks1. As a negatively charged molecule rich in nitrogen and oxygen 

atoms, DNA is also a target for electrophilic groups that covalently react with the 

nucleophilic sites (nitrogen and oxygen), giving products that are called DNA 

adducts1,2. So, DNA adducts and oxidized DNA bases are examples of DNA lesions that 

are useful biomarkers for the toxicity assessment of substances that are electrophilic, 

generate reactive electrophiles upon biotransformation, or induce oxidative stress1,2.” 

 

What are the components of the fine particle that have this effect on DNA (induce 

formation of DNA adducts)? Explain the genotoxicity of fine particles. 

We modified the last paragraph of the “Introduction” section as shown below: 

“Several methods based on HPLC-ESI-MS/MS have been used for quantification of 8-

oxodGuo, 1,N6-dAdo and 1,N2-dGuo in DNA extracted from different biological 

samples12,15,20-29. Fine particles (PM2.5) carry organic and inorganic chemicals, such as 

polycyclic aromatic hydrocarbons (PAHs), nitro-PAHs, aldehydes, ketones, carboxylic 

acids, quinolines, metals, and water-soluble ions, which may induce inflammation and 

oxidative stress, conditions that favor the occurrence of biomolecule damage and 



disease30-33. We present here validated HPLC-ESI-MS/MS methods that were 

successfully applied for the quantification of 8-oxodGuo, 1,N6-dAdo and 1,N2-dGuo 

in lung, liver and kidney DNA of A/J mice for the assessment of the effects of ambient 

PM2.5 exposure34.” 

 

Line 245: precise that 50 μg.ml-1.cm-1 is the average extinction coefficient of double 

stranded DNA at 260 nm. 

A sentence explaining the meaning of the factor “50” was added to the note, as shown 

below. Please, note that the factor is not the average extinction coefficient of double 

stranded DNA at 260 nm. 

“Note: To determine the DNA concentration, transfer an aliquot of 10 µL of the DNA 

solution to 990 µL of ultrapure water (100x dilution). Multiply the absorbance at 260 

nm (it should be below 1) by 50 (50 μg/mL is the concentration of double stranded 

DNA when the absorbance of a 1 cm path length solution at 260 nm is 1) and by the 

dilution used (100x) to obtain the DNA concentration in µg/mL. If the absorbance at 

260 nm is above 1, additional dilutions are necessary. The 260/280 nm absorbance 

ratio should be equal or above 1.8 for the desired DNA purity, but ratios around 1.6 

are acceptable.” 

 

Line 299: 83.1 μl. Review the number of significant figures. We want 200 fmol in 50 μl 

of sample so 80 μl for resuspension volume should be more relevant. 

Resuspending the final sample containing 332.5 fmol of internal standards in 80 µL of 

water would give 207.8 fmol of the internal standards in the injection volume (50 µL). 

The exact volume for sample resuspension is 83.1 µL in order to have 200 fmol of the 

internal standards in the injection volume (50 µL). 

 

Line 374: explain the difference between set up A and B also in the text, and how the 

set up works (how the valves, the pumps and other parts are used and why). 

We added the following Note after item 7.3: 

“Note: Column A is connected to the binary pump. Its eluent is directed to UV 

detection and waste in the first 16 min and from 32 to 46 min of the chromatography, 

as shown in Figure 2A. This is the column through which the sample is eluted 

immediately after injection. Column B is connected to the isocratic pump and the mass 

spectrometer. It receives the eluent of column A only in the 16 – 32 min interval, when 

the valve is switched to the position shown in Figure 2B. The valve switch allows the 

connection between the two columns, which are eluted by the binary pump gradient. 



The configuration shown in Figure 2B permits further peak separation and narrowing, 

as well as that only the chromatographic fraction of interest reaches the mass 

spectrometer, improving sensitivity and selectivity.” 

 

Remove Lines 411-418 because it is a repeat of lines 360-366. 

The lines were removed. Additionally, the information regarding the equipment was 

moved to the Table of Materials. The new text in place of lines 360-366 is shown 

below: 

“Note: Use an equipment equivalent or better than the equipment used in this work 

(see the Table of Materials). The ESI-MS/MS parameters were set as described in Table 

1.” 

 

Paragraph lines 360-366 as well as Table 1 and figure 2 should be placed as 

introduction to items 7 and 8. Maybe add a paragraph announcing the HPLC-MS/MS 

experiment. 

We thought about the addition of the paragraph, but it would break the format of the 

protocol. We decided to maintain the original places for the text, table and figure. 

 

If possible, show the MS/MS spectra obtained for each standard, and the samples. 

We added the mass spectra of the standards in a new Figure (Figure 7). It is not possible 

to have the mass spectra of the lesions present in the samples, as their concentrations are 

very low for mass spectra acquisition. 

 

Diagrams of HPLC gradient would be a nice addition to the article. 

We decided not to add the diagrams to the protocol due to space limitation (10 pages is 

the limit for the protocol length). The protocol with figure 2 and table 1 already reaches 

the 10 page limit. 


