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Abstract 

In the United States, lung cancer is the leading cause of cancer-related deaths. Cigarette 

smoking is a major risk factor for lung cancer development, with approximately 80% of lung cancer 

cases directly related to smoking. Up to 1 in 4 smokers will develop lung cancer over the course of 

their lifetime. This risk varies by racial/ethnic group, with African Americans and Native 

Hawaiians at greater risk as compared to whites, and Japanese and Latinos at a relatively lower risk 

than whites. This racial/ethnic difference in risk is not explained by differences in smoking dose, 

diet, occupation, or socioeconomic status. Cigarette smoke is comprised of over 7000 chemical 

compounds, more than 70 of which are known human carcinogens. These carcinogens undergo 

metabolic activation to reactive species which can form adducts with DNA, leading to mutations 

and eventually lung cancer development. Polymorphisms in metabolic genes responsible for the 

bioactivation and detoxification of tobacco smoke carcinogens have been hypothesized to play a 

role in the racial/ethnic differences in lung cancer risk.   

Among tobacco smoke carcinogens, 1,3-butadiene (butadiene, BD) is one of the most 

abundant and has the highest cancer risk index. BD is metabolically activated to reactive epoxides 

3,4-epoxy-1-butene (EB), 1,2-dihydroxy-3,4-epoxybutane (EBD), and 1,2,3,4-diepoxybutane 

(DEB) by CYP2E1 and 2A6. These epoxides can be detoxified through glutathione conjugation by 

GSTT1 to form 2-(N-acetyl-L-cystein-S-yl)-1-hydroxybut-3-ene and 1-(N-acetyl-L-cystein-S-yl)-

2-hydroxybut-3-ene (MHBMA) from EB, N-acetyl-S-(3,4-dihydroxybutyl)-L-cysteine (DHBMA) 

from EB-derived hydroxymethylvinyl ketone (HMVK), 4-(N-acetyl-L-cystein-S-yl)-1,2,3-

trihydroxybutane (THBMA) from EBD, and bis-butanediol mercapturic acid (bis-BDMA) from 

DEB. If not detoxified, these epoxide species can form covalent adducts with DNA such as N7-(1-
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hydroxy-3-buten-2-yl) guanine (EB-GII) from EB, N7-(2,3,4-trihydroxybut-1-yl) guanine (N7-

THBG) from EBD, and 1,4-bis-(guan7-yl)-2,3-butanediol (bis-N7G-BD) from DEB. 

The first goal of this thesis work was to investigate urinary levels of EB-GII as a biomarker of 

lung cancer risk in smokers. In Chapter 2 of this thesis, we report the temporal stability and 

association with smoking of urinary EB-GII. Urinary EB-GII levels were stable over time in 

smokers, indicating that single adduct measurements provide reliable levels of EB-GII. 

Additionally, we observed a 34% decrease in the levels of urinary EB-GII upon smoking cessation, 

indicating that it is associated with smoking status but may also have other sources of formation. 

In Chapter 3 we quantified urinary EB-GII adducts in smokers and non-smokers belonging to three 

racial/ethnic groups with differing risks of lung cancer development: Native Hawaiian, white, and 

Japanese American. We observed higher levels of urinary EB-GII excretion in Japanese Americans 

as compared to whites and Native Hawaiians and these differences could not be explained by 

GSTT1 gene deletion or CYP2A6 activity. In Chapter 4 we directly examined the association 

between urinary EB-GII and lung cancer incidence, revealing that EB-GII levels are elevated in 

lung cancer cases as compared to smokers without lung cancer (OR = 1.91). 

In Chapters 2 and 3, we observed that there were low but detectable levels of urinary EB-GII 

in smokers following smoking cessation and in non-smokers, suggesting additional sources of EB-

GII adduct formation. In Chapter 5, we utilized stable isotope tracing to investigate the formation 

of BD DNA adducts and metabolites from endogenous sources. Laboratory rats were treated with 

low ppm (0.3-3.0 ppm) concentrations of BD-d6 to approximate occupational exposure to BD (~1 

ppm). Levels of exogenous (deuterated) EB-GII, MHBMA, and DHBMA increased in a dose-

dependent manner following BD exposure, while endogenous (unlabeled) adducts and metabolites 

were unaffected by BD dose. While urinary EB-GII and MHBMA were formed primarily by 
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exogenous exposure, significant amounts of endogenous DHBMA were observed. Additionally, 

urinary exogenous EB-GII was associated with butadiene-induced genomic EB-GII, suggesting 

that urinary EB-GII can be used as a non-invasive surrogate measurement for genomic BD-DNA 

damage.  

In Chapter 6, formation of a novel BD-DNA adduct, N6-[2-deoxy-D-erythro-pentofuranosyl]-

2,6-diamino-3,4-dihydro-4-oxo-5-N-1-(oxiran-2-yl)propan-1-ol-formamidopyrimidine (DEB-

FAPy-dG) was investigated. A sensitive isotope dilution nanoLC-ESI+-HRMS/MS methodology 

was developed and applied to quantitation of DEB-FAPy-dG formation in DEB treated calf thymus 

DNA. DEB-FAPy-dG formation was dependent on DEB concentration and pH, with higher adduct 

levels observed at higher pH. Detection of DEB-FAPy-dG in mouse embryonic fibroblast cells and 

nuclei treated with DEB was unsuccessful, likely due to the adduct forming in low quantities at 

physiological conditions.  
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1. Literature Review 

1.1 Carcinogen-DNA adduct formation and their use as 
biomarkers of exposure and cancer risk 

1.1.1 Chemical carcinogenesis: the role of DNA adducts 

Human exposures to carcinogens occur through a variety of exogenous sources, such as air1, 

water2, and food3. Additionally, there are endogenous sources of carcinogen exposure, including 

metabolism, inflammation, lipid peroxidation, and oxidative stress4. These electrophilic 

carcinogens react with nucleophilic biomolecules, such as proteins, RNA, or DNA to form covalent 

adducts, leading to toxicity, mutations, and carcinogenesis5-7.  

Indirectly acting carcinogens require metabolic activation, usually through cytochrome P450s, 

to the electrophilic metabolite7. Cytochrome P450 monooxygenases are responsible for the 

oxidation of drugs and carcinogens as a part of Phase I metabolism8. In contrast, direct acting 

carcinogens already contain electrophilic functional groups, including aldehydes9 and nitrogen 

mustards10. These reactive electrophiles can be detoxified by enzymes such as epoxide hydrolases 

and glutathione-S-transferases and excreted in the urine (Phase II metabolism)11. Detoxification 

products of carcinogens such as mercapturic acids can be utilized as biomarkers of exposure12.  

If not detoxified, these electrophiles interact with nucleophilic sites in DNA to form 

carcinogen-DNA adducts6, 12. Among the nucleophilic sites in DNA, the N7-position of guanine is 

the most reactive13. The N7 position does not participate in Watson-Crick base-pairing interactions 

and is located peripherally in the helix, making it the most accessible site for adduct formation14. 

DNA adducts can also form at other nucleophilic sites in DNA. DNA adducts are typically 

recognized by DNA repair mechanisms that will remove the adduct and restore the DNA15. If not 

repaired, the DNA adducts can interfere with DNA replication, resulting in mutations16. Some 
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mutations have no biological effects. Non-viable mutations result in apoptosis, while viable 

mutations located in tumor suppressor or protooncogenes lead to the development of cancer17 

(Figure 1.1). 

Tobacco smoke is a major source of carcinogens and carcinogen-DNA adducts. Tobacco 

specific nitrosamines result in the formation of pyridyloxobutyl (POB) adducts such as O6-POB-

dG18. Polyaromatic hydrocarbon benzo[a]pyrene (BaP) forms bulky DNA adduct BPDE-N2-dG19. 

Methylating agents result in 7-methylguanine (7-mG) and O6-methylguanine (O6-mG)20. 1,3-

butadiene results in DNA adducts N7-(1-hydroxy-3-buten-2-yl) guanine (EB-GII), N7-(2,3,4-

trihydroxybut-1-yl) guanine (N7-THBG), and 1,4-bis-(guan7-yl)-2,3-butanediol (bis-N7G-BD)21-

23. (6R/S)-3-(2′-deoxyribos-1′-yl)-5,6,7,8-tetrahydro-6-hydroxypyrimido[1,2-a]purine-10(3H)one 

(α-OH-Acr-dGuo) and (8R/S)-3-(2′-deoxyribos-1′-yl)-5,6,7,8-tetrahydro-8-hydroxypyrimido[1,2-

a]purine-10(3H)one (γ-OH-Acr-dGuo) form from acrolein24 (Figure 1.2). Carcinogen-DNA 

adducts can be used as biomarkers of carcinogen exposure.  

Endogenous exposures to reactive oxygen species (ROS) can also lead to the formation of 

DNA adducts. Oxidative metabolism in the mitochondria leads to the formation of superoxide 

anions, hydrogen peroxide, and hydroxide radicals, which can form adducts such as 8-oxo-7,8-

dihydro-2′-deoxyguanosine (8-oxo-dG), 8-oxo-7,8-dihydro-2′-deoxyadenosine (8-oxo-dA), 2-

hydroxy-2′-deoxyadenosine (2-oxo-dA), 4,6-diamino-4-hydroxy-5-formamidopyrimidine (Fapy-

dG), and 4,6-diamino-5-formamidopyrimidine (Fapy-dA)25 (Figure 1.2). 

 

  



 

3 

 

Figure 1.1. The role of DNA adducts in carcinogenesis.  

Created with Biorender.com. 
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Figure 1.2. Representative DNA adducts formed by chemical carcinogens, reactive oxygen 

species, and anticancer agents. 
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Another source of DNA adducts is the intentional introduction of toxic DNA adducts through 

treatment with anti-cancer agents for the purpose of inducing cancer cell death. Cyclophosphamide 

induces the formation of interstrand guanine-guanine crosslinks (G-NOR-G)26. Cisplatin treatment 

results in intrastrand guanine-guanine crosslinks (Pt-GG)27. Treosulfan forms guanine-guanine 

crosslinks (bis-N7G-BD)28 (Figure 1.2). These anti-cancer agent DNA adducts can be used as 

biomarkers of drug efficacy29. 

1.1.2 Repair of carcinogen-induced DNA adducts 

Removal of DNA adducts is carried out through DNA repair pathways, restoring the DNA to 

its original state and preventing the toxicity or carcinogenesis that could result from mutations. 

There are five main repair pathways: direct repair, base excision repair (BER), nucleotide excision 

repair (NER), double strand break (DSB) repair, and mismatch repair (MMR)30.  

Direct repair of DNA in humans consists of enzymatic removal of alkyl groups from DNA 

adducts, restoring the normal DNA base. O6-mG arises from exposure to endogenous and 

exogenous methylating agents and is a mutagenic and cytotoxic lesion31. O6-methylguanine-DNA 

methyltransferase (MGMT) repairs O6-alkylated guanine adducts by transferring the alkyl group to 

a cysteine located in the enzyme active site, thereby restoring the DNA and inactivating the 

enzyme31, 32. 1-methyladenine and 3-methylcytosine DNA adducts can also be directly repaired by 

oxidative methyl transferases hABH2 and hABH3. These enzymes utilize Fe2+ and α-ketoglutarate 

as cofactors and release the hydroxylated methyl group as formaldehyde33-35.  

BER is primarily responsible for the repair of small nucleobase adducts that do not result in 

distortion of the helix. Following recognition of the damaged base, DNA glycosylases cleave the 

glycosidic bond releasing the DNA adduct as a free base and resulting in the formation of an abasic 

site. The substrate specificity varies by DNA glycosylase. 8-oxo-dG is excised by 8-oxoguanine 
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DNA glycosylase (OGG1)36 while the E. coli MutY homolog (MUTYH) repairs adenine 

incorrectly paired with 8-oxo-dG37. E. coli Nei-like DNA glycosylases (NEIL1, NEIL2, and 

NEIL3) remove oxidized pyrimidines such as formamidopyrimidines38-40. Cytosine that is 

deaminated to uracil is removed by uracil DNA glycosylase (UDG)41. In addition to nucleobase 

adduct removal by DNA glycosylases, abasic sites can be formed through spontaneous hydrolysis 

and loss of the nucleobase42. The abasic sites are then repaired by endonuclease cleavage of the 

backbone by AP-endonuclease 1 (APE1)43, insertion of the correct nucleotide by DNA polymerase 

β (Polβ)44, and ligation of the DNA strand by DNA ligases45 in short patch BER. Alternatively, in 

long patch BER, the nicked strand generated by APE1 is displaced, DNA polymerase δ (Polδ) or 

Polβ polymerize as strand of 2-12 nucleotides, flap structure-specific endonuclease 1 (FEN1) 

removes the nicked strand, and the newly synthesized DNA is ligated to the original strand46.  

NER repairs helix-distorting, bulky nucleobase adducts, such as BPDE-N2-dG. The bulky 

DNA damage recognition is carried out by enzymes including XPA, XPC-hHR23B, replication 

protein A (RPA), and centrin 2 (CENT2) in global genomic NER (GG-NER) and by stalled RNA 

polymerases in transcription coupled NER (TC-NER)47, 48. The DNA strand is cleaved on both sides 

of the DNA adduct, the oligonucleotide containing the damage is removed, the gap is filled by 

DNA polymerases δ, ε, or κ and ligated by DNA ligase I or IIIα to introduce the repaired strand 

into the original DNA48, 49.  

Recombinational repair occurs through homologous recombination repair (HRR) or 

nonhomologous end-joining (NHEJ), and repairs double strand breaks (DSBs) generated as a result 

of DNA crosslinks. In HRR 5′-3′ resection at the site of the damaged DNA strand results in a single 

stranded 3′ end. The sister chromatid is then utilized as a template for repair by polymerases50. 

NHEJ is utilized in cell cycle phases when a sister chromatid is not available as a repair template. 
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In the NHEJ pathway, the ends of the double strand break are directly ligated together without a 

template in an error prone manner. Damaged nucleotides at the site of the DSB are often removed 

prior to ligation, leading to deletions and mutations51.  

MMR is responsible for the repair of mispaired bases and insertion-deletion loops as a result 

of errors in DNA replication or homologous recombination. These lesions are recognized by MutSα 

or MutSβ, which recruit MutLα. EXO1 removes the mismatch, while RPA stabilizes the resulting 

single stranded DNA. Polδ replaces the removed nucleotides and the newly synthesized DNA is 

ligated to the original strand by DNA ligase I52. 

1.1.3 DNA adducts as biomarkers of carcinogen exposure 

Interindividual differences in metabolism and detoxification of carcinogens results in 

discrepancies between the exposure level of a carcinogen and an individual’s internal dose. 

Therefore, further understanding of the exposure risk can be measured through biomarkers of 

exposure. These carcinogen biomarkers consist of detoxification metabolites, protein adducts, and 

DNA adducts12. Detoxification metabolites such as mercapturic acids are excreted in the urine and 

can be quantified as biomarkers of exposure53, 54. While they are biomarkers of exposure, they do 

not necessarily represent cancer risk associated with exposure. These metabolites represent the 

amount of carcinogen that is metabolically detoxified and excreted. Protein adducts are popular 

choices for long-term exposure monitoring, due to their long half-life, high abundance, and absence 

of repair mechanisms55. Recent advances in untargeted adductomics have allowed for the use of 

carcinogen-protein adducts in biomonitoring56, 57. DNA adducts provide the most relevant 

biomarkers of risk, due to their role in chemical carcinogenesis (section 1.1.1)17, 58. While 

metabolites and protein adducts provide insight into the exposure and activation of carcinogens, 

DNA adducts represent the portion of carcinogen that is bioactivated and bound to DNA. 
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DNA adducts can be used as a measure of environmental exposure to carcinogens. DNA 

adducts of tobacco smoke carcinogens have been used as biomarkers of exposure and risk. BPDE-

N2-dG is used as a biomarker of exposure to BaP19. α-OH-Acr-dGuo and γ-OH-Acr-dGuo have 

been used as biomarkers of exposure to acrolein in oral cell DNA59, 60. Exposure to the cooked meat 

carcinogen 2-amino-1-methyl-6-phenylimidazo[4,5-b]-pyridine (PhIP) is quantified by the 

measurement of PhIP-DNA adducts in lymphocytes as biomarkers of exposure61. N7-glycidamide 

guanine (N7-GA-Gua) adducts are utilized as biomarkers of environmental and dietary exposure 

to acrylamide, a dietary carcinogen formed by cooking at high temperatures62. Carcinogen-DNA 

adducts provide insight into the dietary, lifestyle, and environmental factors influencing human 

disease.  

Additionally, chemotherapy DNA adducts can be utilized as a measure of treatment efficiency. 

Antitumor effects of crosslinking agents such as cyclophosphamide and cisplatin are attributed to 

the efficient formation of DNA adducts63, 64. Cyclophosphamide is a prodrug that is activated by 

CYP 2B6 to phosphoramide mustard and nornitrogen mustard, both of which form G-NOR-G 

(Figure 1.2) DNA crosslinks65, 66. Interindividual differences in G-NOR-G crosslink formation have 

been observed66, 67, in addition to increased G-NOR-G adduct levels and hypersensitivity to 

cyclophosphamide treatment in patients with DNA repair deficiencies66. Pt-GG (Figure 1.2) 

cisplatin DNA adducts quantified in patient xenografts or biopsies following ex vivo cisplatin 

treatment can be utilized to predict treatment efficacy prior to administration of the drug to the 

patient64. Monitoring the level of DNA adducts in precision medicine for cancer chemotherapy is 

an ongoing field of research29, 68. 
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1.1.3.1 Urinary excretion of DNA adducts 

As discussed previously (Chapter 1.1.2), BER removal of carcinogen-DNA adducts leads to 

the release of modified nucleobases. In addition to repair, some DNA adducts are removed from 

the backbone via spontaneous depurination. The positive charge at the N7 position of N7-guanine 

DNA adducts leads to destabilization of the glycoside bond, release of the modified nucleobase, 

and the formation of abasic sites in the DNA (Figure 1.3)14, 69. Depurination of N3-adenine adducts 

has also been reported69-72. These DNA adducts that are released from the backbone through repair 

or spontaneous hydrolysis can be excreted in the urine69.  

While many DNA adduct studies have quantified them in genomic DNA, the presence of DNA 

adducts in urine provides a unique opportunity for analysis. In large-scale epidemiological studies, 

tissue and blood samples are scarce, while urine is collected in a non-invasive manner and is 

therefore more readily available for analysis. Urinary excretion of carcinogen-DNA adducts have 

been observed, including adducts of aflatoxin B1
73

, 1,3-butadiene23, styrene74, and BaP75 in exposed 

animals and humans. 
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Figure 1.3. Depurination of N7-guanine adducts and abasic site formation 
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1.2 Mass spectrometry-based quantitation of DNA adducts 

Traditional methodologies for the detection and quantitation of DNA adducts consist of 32P-

postlabeling and high performance liquid chromatography-ultraviolet visible light absorbance 

detection (HPLC-UV/Vis). Substantial improvements in the specific and accurate quantitation of 

DNA adducts can be attributed to the use of mass spectrometry (MS) based methodologies. Isotope 

dilution mass spectrometry is the gold standard for the absolute quantification of DNA adducts76, 

77. In this approach, stable isotopes 13C, 15N, and 2H are used to replace naturally occurring isotopes 

of carbon, nitrogen, and hydrogen in the adduct structure to generate isotopically labeled internal 

standards. These standards have the same structure and properties as the DNA adduct analyte of 

interest, with the exception of heavy stable isotopes in the structure resulting in a distinct molecular 

mass. A known amount of this internal standard added at the beginning of sample preparation 

interacts with all preparation steps in identical ways to the analyte, accounting for any sample loss 

throughout the process. Upon mass spectrometry analysis, the analyte and internal standards will 

have different mass to charge (m/z) ratios. The absolute quantitation of the analyte can be obtained 

through the ratio of analyte to internal standard area under the liquid chromatography-mass 

spectrometry (LC-MS) peak and the known amount of internal standard added to the samples 

(Figure 1.4)77. 
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Figure 1.4. Isotope dilution mass spectrometry-based quantitation of DNA adducts.  

Created with Biorender.com 
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1.2.1 DNA adduct sample preparation for mass spectrometry 
analysis 

Carcinogen-DNA adducts can be measured in DNA extracted from a variety of biological 

sources, such as tissues (liver, lung, kidney, brain, etc.)78, 79, blood leukocytes24, oral cells59, 80, 

saliva81-83, and exfoliated urothelial cells in urine84, 85. Once DNA has been isolated, the DNA 

adducts need to be released from the DNA prior to LC-MS analysis. Some strategies are non-

selective, including enzymatic hydrolysis and acid hydrolysis. Complete enzymatic hydrolysis of 

DNA by enzymes such as phosphodiesterase I and II, DNase I and II, and nuclease P1 results in 

nucleotides, and alkaline phosphatase removes the phosphate groups to form nucleosides86-88. Mild 

acid hydrolysis can be used to release all purines as free bases from the DNA backbone89, 90. A 

more specific strategy is neutral thermal hydrolysis, where the DNA is heated to 70-90°C for 30-

60 min, cleaving the glycosidic bond and releasing hydrolytically labile N7-guanine and N3-

adenine adducts as free bases89, 91. As previously discussed in Chapter 1.1.3.1, hydrolytically labile 

DNA adducts can also be spontaneously released from DNA as free bases, excreted, and quantified 

in urine69.  

Following the release of DNA adducts and the addition of an isotopically labeled internal 

standard, the DNA adducts can be enriched. Due to the low abundance of DNA adducts as 

compared to native nucleosides or nucleobases, enrichment is necessary to reduce background 

noise or ion suppression upon analysis. Ultrafiltration can be utilized to remove high molecular 

weight compounds such as the DNA backbone remaining after neutral thermal or acid hydrolysis 

of DNA and proteins remaining after enzymatic digestion. The sample is loaded onto a filter with 

a molecular weight cutoff such as 3000, 10000, or 30000 Da and subjected to centrifugation. Small 
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molecules, such as nucleobase and nucleotide adducts pass through the filter, while higher 

molecular weight molecules remain above the filter.  

Solid phase extraction (SPE) is then used to separate the DNA adduct of interest from other 

small molecule impurities. SPE cartridges can contain a variety of stationary phases, including 

normal phase, reversed phase, and ion exchange and are chosen based on the properties of the 

analyte of interest. Once the sample is loaded onto the single use cartridge and the DNA adduct is 

bound to the stationary phase, impurities such as salts and other small molecules can be washed 

from the cartridges. After the washing steps, the adduct of interest and its internal standard can be 

eluted with high aqueous (normal phase), organic (reverse phase), or acidic/basic (ion exchange) 

conditions. Mixed mode cartridges (reverse phase and ion exchange) can also be used. SPE has 

been utilized for the enrichment of many DNA adducts, including N7-THBG adducts in our 

laboratory22.  

An alternative to the single use SPE cartridges is offline HPLC enrichment of DNA adducts. 

The sample containing the DNA adduct of interest is injected onto a column containing the desired 

stationary phase, and a mobile phase gradient is utilized to remove impurities and elute the DNA 

adduct from the column. Fractions containing the adduct of interest are collected, concentrated 

under vacuum or nitrogen, and reconstituted for LC-MS analysis. The mobile phase gradient 

provides more complete separation of the DNA adduct from other sample impurities as compared 

to the stepwise addition of different solvents to an SPE cartridge. However, levels of DNA adducts 

are often lower than what can be detected by HPLC-UV/Vis, so a retention time marker such as 2′-

deoxythymidine can be added to the sample to adjust fraction collection times. The use of the same 

instrument and column can lead to analyte carryover, which must be carefully monitored. Our 
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laboratory has utilized offline HPLC enrichment for DNA adducts such as EB-GII92 and bis-N7G-

BD93. 

Some sample matrices or DNA adducts require multiple purification steps (SPE and HPLC) 

to achieve sufficient DNA adduct purification. In our laboratory, SPE alone did not sufficiently 

clean up urine samples for the analysis of EB-GII, so offline HPLC was additionally utilized for 

sample clean up and enrichment prior to LC-MS analysis of urinary EB-GII23.  

1.2.2 Mass spectrometry methodologies for the quantification and 
identification of DNA adducts    

Mass spectrometry provides structural information, sensitive detection, and specific 

quantitation of DNA adducts, making it the preferred method for DNA adduct analysis. Mass 

spectrometry based methodologies have been published for the quantitation of a number of DNA 

adducts. Many methods utilize LC-MS for DNA adduct detection and quantitation, while gas 

chromatography-mass spectrometry is useful in certain situations but less frequently employed for 

DNA adducts.  

1.2.2.1 Liquid chromatography-mass spectrometry 

Separation of the DNA adduct of interest from other components in the sample is essential for 

sensitivity. While mass spectrometers can detect an analyte based on its mass to charge ratio (m/z), 

the presence of other interfering compounds can result in signal suppression that reduces 

sensitivity. Removal of this signal suppression is of increased importance in the measurement of 

trace levels of DNA adducts. Separation of the DNA adducts of interest from interfering 

compounds can be achieved through the coupling of liquid chromatography and mass spectrometry 

(Figure 1.5).  
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Figure 1.5. Liquid chromatography and electrospray ionization.  

Created with Biorender.com 
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Commercially available stationary phases for liquid chromatography include reverse phase 

C18, C8, and polyphenyl, among many others. Polar endcapped C18 stationary phases such as 

Synergi Hydro RP result in excellent separation of many modified nucleobases and nucleosides. 

However, some extremely polar DNA adducts do not retain on reverse phase HPLC columns. For 

these analytes, hydrophilic interaction liquid chromatography (HILIC) has the potential to provide 

a chromatography solution. This method requires analyte solubility in nonpolar organic solvents, 

which can be limited for many polar DNA adducts. LCMS systems are compatible with multiple 

flow rates: analytical flow (>100 µL/min), micro flow (10-100 µL/min), capillary flow (1-10 

µL/min) and nanoflow (<1 µL/min). Lower flow rates allow for more efficient ionization and 

greater sensitivity.  

For mass spectrometry analysis, analytes must be ionized following chromatography. 

Electrospray ionization (ESI) allows for the application of high voltage (2-4 kV) to the solvent from 

the HPLC, resulting in the formation of a fine aerosol containing charged molecules. The 

application of nitrogen gas and heat as the droplets enter the ion transfer tube remove the remaining 

solvent from the droplets, allowing the charged ions to enter the mass spectrometer in the gas phase 

(Figure 1.5). This ionization can occur either by protonation (positive ion mode) or deprotonation 

(negative ion mode). DNA adducts are generally analyzed in positive ion mode due to their ease of 

protonation77. 
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1.2.2.2 Mass analyzers 

Quadrupole mass analyzers 

Quadrupole mass analyzers (Q) consist of 4 parallel rods arranged in a square array. 

Alternating radio frequency (RF) voltages allow the quadrupole to select ions based on m/z to pass 

through the quadrupole, while ions without the selected m/z will have an unstable trajectory and be 

ejected from the quadrupole. For accurate quantitation of DNA adducts, a triple quadrupole MS in 

selected reaction monitoring (SRM) mode is frequently used. A triple quadrupole consists of the 

Q1 quadrupole, the Q2 collision cell, and the Q3 quadrupole. In SRM mode, Q1 filters for the 

precursor ion of interest. The selected ions then enter the Q2 collision cell where collisions with 

inert gas (nitrogen or argon) induce fragmentation via collision-induced dissociation (CID). The 

resulting fragments enter Q3 where the quadrupole filters for the fragment ion of interest to send to 

the detector. This MS/MS analysis allows for sensitive and specific detection and quantitation of 

DNA adducts, as only the ions with the correct precursor and fragment ions will reach the detector, 

reducing background noise and interference77, 94.  

Ion trap mass analyzers 

In contrast to quadrupole mass analyzers which allow ions of a certain m/z to flow through, 

ion trap mass analyzers trap and store ions. Ions can be selected to remain in the trap based on their 

m/z while all others are ejected from the trap. The selected ions can be fragmented via CID followed 

by mass analysis of the resulting fragments. This allows for multistage tandem mass spectrometry 

experiments (MSn), as the cycle of trapping and fragmenting ions can be repeated approximately 

10 times. The higher degree of fragmentation available with the ion trap as compared to a triple 

quadrupole can be beneficial for structure elucidation experiments. The major MS/MS fragment 

observed with modified nucleosides is the loss of sugar, which does not provide structural 
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information regarding nucleobase adducts. Further fragmentation of the modified base can reveal 

structural details. Additionally, the MS3 mode can result in greater selectivity and sensitivity for 

DNA adduct quantitation77, 94.  

Orbitrap mass analyzers 

Orbitrap mass analyzers utilize an electrostatic field to trap ions between an outer barrel-like 

electrode and a central spindle-like electrode. There are three characteristic frequencies that 

categorize the ion trajectories around the central electrode: axial frequency (ω), radial frequency 

(ωr), and rotational frequency (ωψ)95. Of these three, only axial frequency can be used for mass 

analysis as it does not rely on energy or position of ions, but on m/z and field curvature (k) as 

described by the following equation: 𝜔 =  √(𝑧 𝑚⁄ )𝑘. Following ion injection between the two 

electrodes, ions move in orbit around the central electrode, and the axial frequency of the ions is 

detected as an image current and Fourier transformed into a mass spectra95. While the Orbitrap has 

primarily been utilized for proteomic applications, the high mass resolution (HRMS) capabilities 

have been successfully implemented for the improvement in sensitivity for DNA adduct 

quantitation by mass spectrometry93, 96.  

Hybrid mass spectrometers 

The combination of multiple mass analyzers in a single instrument results in expanded 

instrumental capabilities. The combination of a linear ion trap and an Orbitrap in the LTQ Orbitrap 

Velos (Thermo Scientific, Waltham, MA, USA) allows for MSn fragmentation of ions coupled with 

high resolution detection of the resulting fragments. Our laboratory has utilized this instrument for 

the sensitive and specific quantification of butadiene DNA adducts in urine and genomic DNA22, 

23, 92. The Q Exactive (Thermo Scientific, Waltham, MA, USA) combines a quadrupole with an 

Orbitrap to allow for precursor ion filtering, followed by CID and HRMS detection of all generated 
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fragments. Our laboratory recently published the development of a quantitative nanoLC/NSI+-

HRMS methodology for the quantification of bis-N7G-BD in urine utilizing a Q Exactive 

Orbitrap97. Finally, the Orbitrap Fusion Lumos (Thermo Scientific, Waltham, MA, USA) is the 

combination of a quadrupole, linear ion trap, and orbitrap mass analyzers into a single instrument, 

providing high resolution detection of intact proteins, peptides, and small molecules with initial 

quadrupole mass filtering, optional MSn in the linear ion trap, and high resolution detection in the 

Orbitrap.   
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1.3 Endogenous formation of DNA adducts 

1.3.1 The exposome 

While disease risk is often attributed to genetics, environmental factors represent a much larger 

contribution to disease development98. The exposome, a term first used in 2005 to describe the life-

course environmental exposures99, is discussed in three categories: general external exposures, 

specific external exposures, and internal exposures (Figure 1.6)4. General external exposures 

include socio-economic status, urban/rural environment, and climate. Specific external exposures 

include chemical contaminants, occupation, and lifestyle factors such as tobacco or alcohol.  

External exposures can be quantified through analysis of biomarkers of exposure, such as 

carcinogen-DNA adducts, carcinogen-protein adducts, and carcinogen metabolites. Biomarkers of 

specific external exposures are typically the focus of epidemiological studies and are used for risk 

assessment of disease. 

External exposures are not the only sources of carcinogens, however. Internal exposures to 

endogenous molecules, such as those formed through metabolism, also play a role in DNA 

damage100. There are several known human carcinogens that, in addition to external exposures, are 

also produced endogenously by humans. Formaldehyde, acetaldehyde, vinyl chloride, and ethylene 

oxide are occupational and environmental carcinogens that are also produced endogenously101-103. 

The presence of endogenous adducts originating from internal exposures in humans complicates 

risk assessment using biomarkers of exposure and raises questions about the relative contributions 

of environmental and internal sources of DNA damage to cancer development.  
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Figure 1.6. The exposome: categories of human sources of chemical carcinogens and examples4. 
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1.3.2 Isotope-labeling studies to distinguish endogenous and 
exogenous DNA adducts 

Exposures to external or internal sources of the same carcinogen leads to the formation of 

structurally identical DNA adducts. Stable isotope labeled carcinogens allow for the determination 

of relative contributions of exogenous and endogenous DNA adduct formation. Isotope-labeling 

studies to distinguish exogenous and endogenous DNA adducts have been conducted in cultured 

cells and laboratory animals.  

1.3.2.1 Isotope-labeling studies in cells 

Formaldehyde and acetaldehyde are highly used industrial chemicals. Formaldehyde is 

classified as carcinogenic to humans, while acetaldehyde is classified as possibly carcinogenic to 

humans104, 105. Exposure to these aldehydes additionally occurs through tobacco smoke, automobile 

exhaust, and endogenous production106-108. Utilizing isotope labeling studies, the Swenberg lab was 

able to distinguish between hydroxymethyl DNA adducts forming from endogenous and exogenous 

formaldehyde in Hela cells treated with [13CD2]-formaldehyde107. They additionally treated human 

lymphoblastoid cells with [13C2]-acetaldehyde and measured the formation of N2-ethylidene-dG 

adducts as a biomarker of exposure108. They detected exogenous adducts at levels higher than the 

background of endogenous adduct formation at concentrations of [13C2]-acetaldehyde at 50 µM or 

higher, indicating that low level acetaldehyde exposures are unlikely to result in a significant 

increase from background endogenous DNA adducts. However, exposure to acetaldehyde via 

alcohol consumption leads to 100-fold increases in N2-ethylidene-dG adduct levels as compared to 

baseline prior to alcohol consumption, indicating primarily exogenous formation of the DNA 

adduct upon alcohol exposures109.  
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Alkylation of DNA is both common and potentially mutagenic110. Exposure to alkylating 

agents occurs endogenously, environmentally, through lifestyle choices such as diet, alcohol, and 

tobacco, and through their use as anti-cancer drugs110. S-adenosylmethionine is the primary source 

of endogenous methylation100 and is additionally involved in DNA methylation as a mode of 

epigenetic regulation111. While there are many exogenous methylating agents, methylnitrosourea 

has been used to model low dose mutations upon DNA alkylation and investigate the relative 

contributions of endogenous and exogenous methylated DNA adducts112. In human lymphoblastoid 

cells treated with 0.0075-2.5 µM [D3]-methylnitrosourea, levels of endogenous N7-methyl-guanine 

adducts were present in significantly higher concentrations than the exogenous adduct at 

concentrations ≤ 0.75 µM, and exogenous adducts only became more prevalent at 2.5 µM. In 

contrast, exogenous O6-methyl-dG were more prevalent at all but the lowest treatment and became 

significantly higher at concentrations ≥ 0.025 µM112. This study indicates that endogenous 

methylation is responsible for a significant amount of N7-methyl-guanine adducts, while having a 

much lower effect on O6-methyl-dG.  

1.3.2.2 Isotope-labeling studies in animals 

Isotope labeling studies have been most frequently employed in laboratory animals to quantify 

exogenous and endogenous DNA adducts. In rats exposed to ≤10 ppm levels of [13CD2]-

formaldehyde, endogenous formaldehyde-DNA adducts are detected in each tissue type evaluated 

while exogenous adducts are detected only in the nose, at concentrations lower than those forming 

endogenously79, 106, 113, 114. At concentrations greater than 10 ppm, the exogenous adducts become 

more prevalent than the endogenous adducts in the nasal tissue79, 113. Studies conducted in non-

human primates show similar results, with exogenous formaldehyde-DNA adducts forming only in 

the nasal tissue and at concentrations less than that of endogenous damage79, 114, 115. Methanol is 
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metabolized to formaldehyde by alcohol dehydrogenase and CYP2E1. In rats exposed to 500 or 

2000 mg/kg/day of [13CD4]-methanol, exogenous formaldehyde-DNA adducts are observed, but in 

much lower levels than the endogenously forming DNA adducts116. These studies indicate that the 

risk of exogenous exposures to low ppm levels of formaldehyde are lower than previously thought, 

as endogenous formaldehyde is resulting in significantly higher levels of DNA damage. 

Additionally, exogenous formaldehyde does not appear to enter circulation, only forming adducts 

in the tissues at the source of exposure.  

Vinyl chloride is metabolized to active metabolite chloroethylene oxide by CYP2E1117. 

Chloroethylene oxide reacts with guanine bases in DNA to form 7-(2-oxyethylguanine) and N2,3-

ethenoguanine DNA adducts118. 7-(2-oxyethylguanine) and N2,3-ethenoguanine have been 

observed in unexposed humans and animals, leading to the hypothesis of endogenous formation102, 

119-121. In rats exposed to 1100 ppm of isotopically labeled vinyl chloride ([13C2]-vinyl chloride), 

exogenous N2,3-ethenoguanine adducts are higher than the endogenous adducts in the liver and 

formed in similar quantities to endogenous adducts in the lung and kidney122. In contrast, exogenous 

7-(2-oxyethylguanine) was observed in the same tissues at levels over 40 times greater than 

endogenous 7-(2-oxyethylguanine), suggesting that it is a specific biomarker for VC exposure102.   

Ethylene is an endogenous and environmental chemical. Ethylene is metabolized through 

CYP2E1 oxidation to ethylene oxide, which is also a widely used intermediate in industrial settings 

and classified carcinogenic to humans103, 123. The primary DNA adduct of ethylene oxide is N7-(2-

hydroxyethyl)guanine. In liver, spleen, and stomach tissue of rats treated with 0.0001-0.1 mg/kg of 

[14C]-ethylene oxide, levels of exogenous N7-(2-hydroxyethyl)guanine were insignificant as 

compared to the background levels of endogenous damage. This study suggests that, at low 
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exposures to ethylene oxide, there is no significant increase due to risk associated with background 

endogenous exposures103. 

In summary, endogenous adducts represent a significant amount of overall adducts at low dose 

exposures to carcinogens and need to be considered in risk assessment. In many of these studies, it 

was observed that low exogenous exposures did not significantly increase the level of adducts 

above the background endogenous adducts, suggesting that low exogenous exposures are not 

responsible for disease development. However, many carcinogen DNA adducts are not formed by 

endogenous agents and low exogenous exposures will have a significant impact on the overall DNA 

adduct levels and associated cancer risk. It is critical to understand if DNA adducts are affected by 

endogenous formation prior to their use as biomarkers of external carcinogen exposures and risk. 
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1.4 Overview of 1,3-butadiene as a human and animal 
carcinogen 

1.4.1 1,3-Butadiene sources of exposure and toxicity 

Occupational exposure to 1,3-butadiene (BD) occurs in the synthetic polymer industry, where 

BD monomers are used as building blocks for polymer formation124. Workers occupationally 

exposed to BD have an elevated risk of developing lymphoma and leukemia125-130 and possibly lung 

cancer128, 131-133, COPD133, and bladder cancer128, 133. Environmental exposure to BD also occurs 

through tobacco smoke134, wood burning smoke135, automobile exhaust136, surgical smoke137, and 

urban air138. Exposure to environmental sources of BD during pregnancy and infancy results in an 

increased risk of childhood leukemia139, 140, central nervous system primitive neuroectodermal 

tumors141, and germ cell tumors142. Children exposed to environmental BD may be at higher risk 

of asthma143. Environmental exposures to BD as adults have been associated with hepatocellular 

carcinoma144.  

BD is a multi-site carcinogen in laboratory animals, inducing lymphoma, neoplasms of the 

heart, lung forestomach, liver, Harderian gland, mammary gland, and ovary in mice at 

concentrations of butadiene exposure greater than 200 ppm. Tumors in the lungs of mice were 

observed at concentrations as low as 6.25 ppm145. Laboratory rats are less susceptible to BD induced 

tumorigenesis, with tumor formation observed at BD concentrations of 1000 or 8000 ppm146, 147. 

BD is classified as a Group 1 carcinogen by the International Agency for Research on Cancer based 

on the evidence for increased occupational cancer risk in humans and carcinogenicity studies in 

laboratory animals148. 
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1.4.2 1,3-Butadiene metabolism and mutagenicity 

BD is metabolized to reactive epoxide 3,4-epoxy-1-butene (EB) by cytochrome P450 

monooxygenases CYP 2E1 and CYP 2A6149. EB undergoes epoxide hydrolase (EH) mediated 

hydrolysis to form 1-butane-3,4-diol (EB-diol), which is epoxidized by CYP 2E1 or 2A6 to form 

1,2-dihydroxy-3,4-epoxybutane (EBD)150. Alternatively, EB can be further oxidized by CYP 2E1 

or 2A6 to form 1,2,3,4-diepoxybutane (DEB), which can additionally be hydrolyzed via EH to form 

EBD (Figure 1.7) 149, 151. These three reactive epoxides (EB, EBD, and DEB) form covalent adducts 

at nucleophilic sites in DNA and proteins and are responsible for the toxicity and carcinogenicity 

of BD. EBD is the most abundant BD epoxide, followed by EB and DEB. Despite its low 

abundance, DEB is by far the most mutagenic epoxide, likely due to the ability to form interstrand 

DNA crosslinks and DNA-protein crosslinks. 

In human TK6 lymphoblast cells treated with BD epoxides, DEB is the most potent mutagen, 

inducing mutations at concentrations as low as 1-4 µM152, 153. Mutagenicity by EB required 

concentrations of 100-150 µM, while EBD was the least mutagenic, at concentrations of 350-450 

µM153. At 4 µM DEB for 24 hours, AT → TA transversions and partial deletions were significantly 

increased in the hprt gene in TK6 cells152, 154, while EB concentrations required to induce 

significantly increased AT → TA transversions and GC → AT transitions were at least 100-fold 

higher (400 µM EB for 24 hours)154, 155. Similar results were also observed for hprt mutations in 

CHO-K1 cells exposed to EB and DEB156. 
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Figure 1.7. Metabolic activation of 1,3-butadiene 
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In B6C3F1 mice exposed to 625 ppm BD for 2 weeks via inhalation, 60-100 mg/kg EB (i.p.), 

or 7-21 mg/kg DEB (i.p.), hprt- mutation frequency in splenic T cells was increased compared to 

controls157. AT → GC transitions and AT → TA transversions are increased in the bone marrow 

and spleen of B6C3F1 laci transgenic mice upon exposure to BD  (6.25-1250 ppm, 6 h/day, 5 

days/week, 4 weeks)154. Exposure to EB (29.9 ppm) or DEB (3.8 ppm) did not increase laci 

mutation frequency in the bone marrow or spleen, but EB exposure did result in a 3-fold increase 

in laci mutations in the lung154. In BD exposed workers, an increase in hprt AT → TA 

transversions158 and exon deletions have been observed159. However, other studies among 

occupationally exposed workers reported that no significant differences in hprt mutation frequency 

as compared to controls were observed159-161.  

1.4.3 1,3-Butadiene biomarkers of exposure 

BD metabolic activation results in the generation of reactive epoxides. These epoxides are 

detoxified through glutathione conjugation or form covalent adducts with biomolecules such as 

DNA and proteins. The metabolites and adducts generated through each of those processes can be 

quantified and utilized as biomarkers of BD exposure, detoxification, and bioactivation.  

1.4.3.1 Urinary mercapturic acids as biomarkers of 1,3-butadiene exposure 

BD epoxides are detoxified through glutathione S transferase (GST) mediated conjugation to 

form glutathione conjugates162, 163. The conjugates are ultimately excreted as mercapturic acids in 

the urine. These mercapturic acid metabolites represent the dose of BD that is detoxified and have 

been used as biomarkers of BD exposure.  
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2-(N-acetyl-L-cystein-S-yl)-1-hydroxybut-3-ene (MHBMA-1), 1-(N-acetyl-L-cystein-S-yl)-

2-hydroxybut-3-ene (MHBMA-2), and 1-(N-acetyl-L-cystein-S-yl)-4-hydroxybut-2-ene 

(MHBMA-3) are formed from EB164, 165 (Figure 1.8). MHBMA-3 was originally identified as an 

impurity resulting from synthesis or storage in acidic conditions166 but was detected in fresh urine 

samples and classified as a butadiene metabolite by Alwis et al. in 2012165. Many studies which 

quantified MHBMA only reported the sum of MHBMA-1 and MHBMA-2 due to the original report 

by Elfarra et al166. For the rest of this thesis MHBMA will refer to the sum of MHBMA-1 and 

MHBMA-2, while MHBMA-3 will be noted separately if quantified. N-acetyl-S-(3,4-

dihydroxybutyl)-L-cysteine (DHBMA) is formed from EB-diol derived hydroxymethylvinyl 

ketone (HMVK)164, 4-(N-acetyl-L-cystein-S-yl)-1,2,3-trihydroxybutane (THBMA) is formed from 

EBD167, and bis-butanediol mercapturic acid (bis-BDMA) is formed from DEB168 (Figure 1.8).  

MHBMA and DHBMA have been detected and quantified in a variety of animal species. In 

F344 and Sprague-Dawley rats, B6C3F1 mice, Syrian hamsters, and cynomolgus monkeys treated 

with 8000 ppm 14C-BD, MHBMA and DHBMA were the two most abundant metabolites detected 

in the urine. Levels of MHBMA were highest in the mice, followed by rats and hamsters, and 

lowest in monkeys. Levels of DHBMA followed the opposite trend, lowest in the mice, followed 

by hamsters and rats, and highest in the monkeys. The metabolic ratio 

DHBMA/MHBMA+DHBMA and epoxide hydrolase activity in these species were positively 

correlated, suggesting the importance of EB hydrolysis to EB-diol in the formation of DHBMA169. 

Additionally, this data revealed significant species differences in the metabolism of BD, suggesting 

that not all animal models of BD toxicity are relevant to humans.  
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Figure 1.8. Detoxification of BD epoxides through glutathione conjugation 
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MHBMA and DHBMA have also been measured in monomer and polymer workers 

occupationally exposed to BD. Occupationally exposed workers excrete significantly higher levels 

of urinary MHBMA and DHBMA as compared to controls164, 170-173. Workers occupationally 

exposed to automobile exhaust, such as traffic policemen and gas station workers also excrete 

elevated levels of DHBMA, but not MHBMA as compared to non-occupationally exposed 

controls174. Among policemen, traffic policemen exposed to BD in automobile exhaust have 

significantly higher levels of DHBMA as compared to office policemen, while MHBMA levels are 

slightly, but not significantly elevated in traffic policemen175, 176. Coke oven workers exposed to 

BD excrete significantly higher levels of MHBMA, but not DHBMA, as compared to controls177. 

MHBMA has been shown to be associated with smoking status, with significantly higher 

levels of MHBMA in smokers as compared to non-smokers178-180. Levels of urinary MHBMA 

decrease by 80-96% as quickly as 3 days post-smoking cessation181, 182. In contrast, DHBMA levels 

remain unchanged upon smoking cessation, suggesting the presence of endogenous sources of 

DHBMA formation181. MHBMA levels are additionally associated with racial/ethnic groups163, 183, 

184 and lung cancer development185. A genome wide association study in 2017 revealed that GSTT1 

gene deletion is responsible for 7.3% of the variability in MHBMA levels in current smokers163. 

These results show MHBMA as a specific biomarker of BD exposure in humans, while DHBMA 

likely has additional sources of formation and is not specific to BD exposure.  

MHBMA-3 was first quantified as a BD metabolite in humans in 2012, where levels of 

MHBMA-3 were reported significantly higher in smokers as compared to non-smokers165. 

Additionally, MHBMA-3 levels were 20-fold higher than levels of MHBMA-2, suggesting it as a 

major metabolite of BD165. No ethnic differences in MHBMA-3 excretion among African 

Americans and whites were observed184. Levels of MHBMA-3 in smokers were significantly higher 
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than in e-cigarette uses, smokeless tobacco users, and nontobacco users186. Additionally, levels of 

MHBMA-3 in smokers decreased to the level of nontobacco users within 48 hours of smoking 

cessation186. In non-smokers exposed to 1 hour of secondhand cigarette smoke, MHBMA-3 levels 

are significantly increased as compared to baseline before exposure187.  

THBMA was detected and quantified in rats and mice following treatment with 200 ppm [2,3-

14C]-BD. THBMA levels represented 4.1% of total butadiene dose in rats, and 6.7% in mice188. 

Initial attempts to detect THBMA in humans were unsuccessful, due to insufficient sensitivity of 

the GC-MS methodology164. Kotapati et al. reported the first quantification of THBMA in humans, 

showing that smokers excrete significantly higher levels of THBMA as compared to non-smokers, 

and that levels of THBMA decrease 25-50% post-smoking cessation167. These results indicate that 

BD exposure in tobacco smoke is a significant source of THBMA formation.  

Bis-BDMA is a specific biomarker of BD activation to the most mutagenic epoxide DEB, as 

the diepoxide is required for the formation of bis-BDMA. In rats exposed to 62.5 and 200 ppm BD, 

a concentration-dependent increase in bis-BDMA was observed. bis-BDMA accounted for 1% of 

the total mercapturic acids detected in these animals168. A recent study quantifying bis-BDMA and 

other urinary BD biomarkers in mice treated with 590 ppm BD revealed bis-BDMA at levels of 

8.09 ± 6.3 µg/mL urine97. Attempts to quantify bis-BDMA in human urine have been 

unsuccessful168, likely due to the much lower BD exposures in humans (1 ppm for occupationally 

exposed workers)189, more efficient hydrolysis of DEB in humans as compared to laboratory mice 

and rats190, and low abundance of the metabolite as compared to MHBMA, DHBMA, and 

THBMA168. 
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1.4.3.2 Protein adducts as biomarkers of 1,3-butadiene exposure 

If not detoxified by glutathione conjugation, BD epoxides form covalent adducts with proteins. 

N-(2-hydroxy-3-buten-1-yl)-valine (HB-Val), 1,2,3-trihydroxybutyl-valine (THB-Val), and N,N-

(2,3-dihydroxy-1,4-butadiyl)-valine (pyr-Val) are formed at the N-terminal valine of hemoglobin 

by EB, EBD, and DEB, respectively (Figure 1.9)191. Hemoglobin adducts provide a representation 

of long-term exposure, as they accumulate over time in red blood cells and there are no mechanisms 

for their repair.  

HB-Val and THB-Val are detected through a modified Edman degradation protocol developed 

by Törnqvist et al192. HB-Val was first detected in Wistar rats treated with BD (0-1000 ppm, 6 

h/day, 5 days/week) for two weeks. The levels of HB-Val increased linearly with increasing 

concentrations of BD exposure193. In laboratory animals treated with BD, HB-Val levels were 2- 

5-fold greater in mice than rats194-196, with increased levels in females as compared to males195, 196. 

HB-Val adducts are increased in workers occupationally exposed to BD, as compared to controls171, 

172, 197-199. After adjusting for BD dose, these levels were significantly lower than levels of HB-Val 

observed in rats and mice197, 200.   
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Figure 1.9. Protein adducts of 1,3-butadiene. 
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THB-Val adducts were initially detected in Sprague-Dawley rats exposed to EB, EBD, or 

DEB200. In Wistar rats treated with BD, it was identified that EBD resulting from oxidation of EB-

Diol is the main precursor of THB-Val adducts, due to low levels of DEB in the blood upon BD 

treatment200. Similar to HB-Val, THB-Val adduct levels were higher (2-8 fold) in mice as compared 

to rats when treated with 1000 ppm (13 weeks, 5 days/week, 6 h/day)196. In workers occupationally 

exposed to BD, levels of THB-Val were elevated as compared to controls171, 172, 200 and associated 

with individual mean BD exposures171. The THB-Val adduct levels in rats and humans are 

significantly higher than the HB-Val adduct levels, 70 and 321- to 431-fold greater, respectively171, 

200. 

Pyr-Val is a specific biomarker of DEB formation, the most mutagenic BD derived epoxide. 

Pyr-Val adducts cannot be detected through the same protocol as HB-Val and THB-Val, as the 

tertiary amine formed upon cyclization to a pyrrolidine prevents derivatization by the Edman 

reagent. Pyr-Val adducts have been quantified via proteomics methodologies that quantify the N-

terminal peptide of hemoglobin following trypsin digestion201-204. The 7-mer peptide containing 

pyr-Val was enriched via HPLC and detected by LC-MS/MS in mice and rats treated with DEB. 

Adduct levels increased upon increasing concentration of DEB201, 202. In mice and rats treated with 

3 or 62.5 ppm BD for 10 days, digestion to the 11-mer N-terminal peptide followed by 

immunoaffinity chromatography and LC/MS-MS was utilized to quantify pyr-Val adducts203, 204. 

Concentrations of pyr-Val in mice and rats were similar to concentrations of HB-Val, with 

increased concentrations in mice as compared to rats203. THB-Val was formed in the highest 

concentrations in both species, indicating that EBD is more abundant than EB and DEB in both 

species203. Sensitive nanoLC-ESI+-MS/MS methodologies allowed for the detection of pyr-Val 

adducts in mice and rats treated with sub-ppm levels of BD and revealed the rate of adduct 
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formation as decreasing with increasing concentrations of BD exposure, suggesting saturation at 

high concentrations204. Concentrations of pyr-Val are significantly elevated in polymer workers as 

compared to monomer workers and controls205. Formation of pyr-Val adducts per dose BD is lower 

in humans than in mice and rats, indicating that DEB is formed in smaller amounts in humans205. 

Pyr-Val and THB-Val are significantly associated with BD mercapturic acids MHBMA, DHBMA, 

and THBMA in occupationally exposed workers206. 

1.4.3.3 DNA adducts as biomarkers of 1,3-butadiene exposure 

In addition to protein adducts, BD epoxides form covalent adducts at nucleophilic sites in 

DNA. DNA adducts are the ultimate carcinogenic species, as they lead to mutations and cancer. 

Among the BD-DNA adducts, N7-guanine adducts are the most prevalent. BD-DNA adducts have 

also been reported at other sites in adenine and guanine.  

EB is known to form guanine adducts N7-(2-hydroxy-3-buten-1-yl) guanine (EB-GI) and N7-

(1-hydroxy-3-buten-2-yl) guanine (EB-GII) adducts at the N7-position of guanine195, 207-210. EB-GII 

adducts undergo imidazole ring opening form the corresponding N6-(2-deoxy-d-erythro-

pentofuranosyl)-2,6-diamino-3,4-dihydro-4-oxo-5-N-(2-hydroxybut-3-en-1-

yl)formamidopyrimidine (EB-FAPy-dG) adducts86. EB also reacts with adenine to form N1-(2-

hydroxy-3-buten-1-yl) adenine (EB-Ade I), N1-(1-hydroxy-3-buten-2-yl) adenine (EB-Ade II), 

N3-(2-hydroxy-3-buten-1-yl) adenine (EB-Ade III) and N3-(1-hydroxy-3-buten-2-yl) adenine 

(EB-Ade IV)195, 210-212 (Figure 1.10). EBD forms DNA adducts N7-(2,3,4-trihydroxybut-1-yl) 

guanine (N7-THBG), N6-(2,3,4-trihdyroxybut-1-yl) adenine (N6-THB-Ade), N3-(2,3,4-

trihydroxybut-1-yl) adenine (N3-THB-Ade), and N-1-(2,3,4-trihydroxybutyl) adenine (N-1-THB-

Ade)195, 208, 213-215 (Figure 1.10). Due to its bifunctional nature, DEB forms exocyclic DNA adducts 

1,N6-(1-hydroxymethyl-2-hydroxypropan-1,3-diyl)-2′-deoxyadenosine (1,N6-α-HMHP-dA) and 
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1,N6-(2-hydroxy-3-hydroxymethylpropan-1,3-diyl)-2′-deoxyadenosine(1,N6-γ-HMHP-dA)216. 

DEB can also form DNA-DNA crosslinks 1,4-bis-(guan7-yl)-2,3-butanediol (bis-N7G-BD), 1-

(aden-1-yl)-4-(guan-7-yl)-2,3-butanediol (N1A-N7G-BD), 1-(aden-7-yl)-4-(guan-7-yl)-2,3-

butanediol (N7A-N7G-BD), 1-(aden-3-yl)-4-(guan-7-yl)-2,3-butanediol (N3A-N7G-BD), and 1-

(aden-6-yl)-4-(guan-7-yl)-2,3-butanediol (N6A-N7G-BD)217, 218 (Figure 1.10). 

While BD metabolites and protein adducts serve as useful biomarkers of 1,3-butadiene 

exposure as discussed in the previous sections, they are not responsible for the carcinogenic effects 

of 1,3-butadiene exposure. DNA adducts are the ultimate carcinogenic species, as they can lead to 

mutations and cancer. BD-DNA adducts can also be used as biomarkers of exposure, metabolic 

activation, and risk.  

Initial methods for the detection and quantification of BD-DNA adducts relied on HPLC and 

32P-postlabeling219-225. Using these methodologies, N6 adenine and N7 guanine adducts of EB and 

EBD were shown to increase in in the lung and testes of rats and mice upon increasing exposure to 

BD219, 226-229. In mice treated with DEB, DNA adducts were detected in a dose-dependent manner 

in skin DNA223, 224. 32P-Postlabeling methods were additionally extended to human subjects, where 

N1-THB-Ade was found in significantly higher levels among occupationally exposed workers as 

compared to controls230. N1-THB-Ade levels were also associated with GST genotype and 

individual BD exposure231. 
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Figure 1.10. DNA adducts formed by BD epoxides EB, EBD, and DEB 
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The application of isotope dilution LC-ESI-MS/MS to the quantification of BD DNA adducts 

allowed for both greater sensitivity and accurate quantification. EB-GI, EB-GII, EB-Ade III, EB-

Ade IV, N7-THBG, and N6-THB-Ade were identified in the liver and lung of laboratory animals 

exposed to 1250 ppm BD for 2 weeks213. In F344 rats and B6C3F1 mice treated with 0-625 ppm 

BD, a linear dose response in levels of EB-GI and EB-GII was observed, while levels of N7-THBG 

were the most abundant but exhibited a nonlinear dose response214. Levels of the DNA adducts 

were significantly higher in liver DNA in mice as compared to rats at exposure levels ≥ 625 ppm214, 

232, 233. THBG adduct levels in mouse liver were also more persistent than in rats, suggesting 

differences in repair efficiency232, 233. However, after exposure to 1250 ppm BD, urinary levels of 

EB-GI, EB-GII, and THBG were higher in rats as compared with mice233. Studies utilizing mice 

and rats subjected to inhalation exposure to 1-200 ppm 1,3-[2,3-14C]-BD further confirm THBG as 

the major adduct, higher levels in mice compared to rats, the linear dose response in mice, and the 

non-linear dose response in rats234, 235. In mice exposed to BD, EB-GII and THBG adduct levels 

showed variation among sex and strain236-239. The higher levels of DNA adducts in BD exposed 

mice as compared to rats is consistent with the higher susceptibility of mice to BD induced 

carcinogenesis146, 240.  

Methodologies for the specific detection of DEB induced DNA adducts were also developed. 

In C57BL/6 mice exposed to 625 ppm BD, levels of guanine-guanine crosslink bis-N7G-BD were 

3.2 ± 0.4 adducts/106 nucleotides in the liver and 1.8 ± 0.5 adducts/106 nucleotides in the lung, 

while bis-N7G-BD adducts were not detected in the control animals21. In B6C3F1 mice subjected 

to inhalation exposure to 635 ppm BD, levels of the guanine-adenine crosslink N7G-N1A-BD were 

3.1 ± 0.6 adducts/108 nucleotides, while N7G-N3A-BD and N7G-N7A-BD were not detected89. 

Dose-dependent increases in both bis-N7G-BD and N7G-N1A-BD were observed in mice treated 
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with 0-625 ppm BD, while adduct levels in rats reached saturation at 62.5 ppm BD78. Sex, strain, 

and tissue specific differences in bis-N7G-BD in mice have also been reported241. In mice exposed 

to 590 ppm BD, urinary levels bis-N7G-BD levels are associated with DEB derived mercapturic 

acid metabolite bis-BDMA, but not with EB derived adduct EB-GII or metabolites MHBMA and 

DHBMA97.  

HPLC-ESI-MS/MS analysis revealed the presence of exocyclic DEB-DNA adducts 1,N6-α-

HMHP-dA and 1,N6-γ-HMHP-dA in the liver of B6C3F1 mice exposed to 625 ppm BD216. At BD 

exposure levels of 0-200 ppm, a curvilinear dose-response in 1,N6-HMHP-dA was observed242. 

1,N6-HMHP-dA and N7G-N1A-BD adducts were persistent in mice and rats, with half-lives 

estimated at 36-42 days. In contrast, bis-N7G-BD was more abundant than N7G-N1A-BD and 

1,N6-HMHP-dA, but exhibited a much shorter half-life of 2.3-5.7 days243. The use of nanoLC 

substantially increased the method sensitivity and allowed for the quantification of bis-N7G-BD 

adduct levels at much lower BD exposures (0-1.5 ppm). Bis-N7G-BD adducts formed in a linear 

dose-dependent manner at low- and sub-ppm exposure levels93, in contrast to the saturation 

previously observed at higher BD exposure levels78.  

The use of high-resolution mass spectrometry (HRMS) allowed for the detection of low levels 

of BD DNA adducts in humans. Sangaraju et al developed a capillary HPLC-ESI+-HRMS/MS 

method for the detection and quantitation of THBG in human leukocyte DNA. Occupationally 

exposed workers had significantly increased levels of THBG (N = 10, 9.72 ± 3.8 adducts/109 

nucleotides) as compared to controls (N = 10, 3.08 ± 2.15 adducts/109 nucleotides). However, 

THBG levels did not decrease upon smoking cessation and were not significantly different between 

smokers and non-smokers, suggesting endogenous sources of formation22.  
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Due to background THBG levels that may not reflect accurate human exposures to BD, a 

nanoLC-ESI+-HRMS3 method was developed for the quantitation of EB-GII in human leukocyte 

DNA. While the EB-GII adducts were detected in blood leukocyte DNA (75 µg) from smokers, 

they were below the method’s limit of quantitation92. Increasing the amount of DNA to obtain 

higher adduct levels in each sample was not possible due to low availability of human blood 

samples92. The method was adapted for more readily available urine samples, and levels of urinary 

EB-GII were shown to be significantly increased in occupationally exposed workers as compared 

to controls. No significant differences were observed between smokers and non-smokers (N = 29 

and 28, respectively), while white smokers excreted increased levels of urinary EB-GII as 

compared to African American smokers23.   

These initial studies quantifying N7 guanine BD-DNA adducts in humans were low-

throughput methods conducted on relatively small sizes of samples, which could contribute to the 

lack of difference in BD-DNA adduct levels between smokers and non-smokers. Development of 

high-throughput methodologies for the quantitation of BD-DNA adducts in humans will allow for 

the quantitation of these adducts in larger sample sizes with greater power to identify any 

differences between smokers and non-smokers.  

In summary, BD DNA adducts, protein adducts, and detoxification metabolites can be utilized 

as biomarkers of exposure to BD. The elevated levels of many of these biomarkers among smokers 

or occupationally exposed workers suggests their use as biomarkers of BD exposure. However, 

studies investigating these biomarkers and lung cancer incidence are limited. Investigating the 

associations of these biomarkers with cancer incidence is critical for understanding and predicting 

BD induced carcinogenesis.  

 



 

44 

1.4.4 Variances in 1,3-Butadiene metabolism by species and gender 

The animal models utilized to study the toxicity and carcinogenicity of BD revealed a higher 

sensitivity to BD among mice as compared to rats. In B6C3F1 mice exposed to BD for 2 years, 

lung tumors developed at concentrations as low at 6.25 ppm240. In contrast, tumor formation in rats 

were observed in small numbers at BD concentrations of 1000 or 8000 ppm146, 147. Gender 

differences in mice were also observed, with female mice developing lung and liver tumors at 10-

fold lower concentrations than were required for the same tumor formation in male mice240.  

Studies with liver and lung microsomes from B6C3F1 mice, Sprague-Dawley rats, and 

humans showed a greater ratio of activation by oxidation to detoxification by hydrolysis or 

glutathione conjugation in mice (72), as compared to rats (5.8) and humans (5.9). Additionally, 

rates of oxidation from EB to DEB were 3-60 fold higher in mouse lung microsomes as compared 

to rats and humans190, 244, while detoxification rates by epoxide hydrolase were highest in human 

liver microsomes150, 245.  Levels of EB and DEB quantified in the blood were 4-8 times higher in 

mice as compared to rats246-248. Additionally, levels of DEB in the blood were 4.5 fold greater in 

female rats as compared to males248. 

The metabolic ratio DHBMA/MHBMA+DHBMA, a measure of detoxification through 

epoxide hydrolase or glutathione conjugation, is higher in humans (0.97) as compared to rats (0.52) 

and mice (0.20)164, 170. Additionally, DHBMA represents 93% of the BD mercapturic acids formed 

in humans, but only 47% in rats. MHBMA, THBMA, and bis-BDMA all make up a greater portion 

of the overall mercapturic acids in rats as compared to in humans168. DHBMA levels are not 

associated with cigarette smoking exposure to BD, suggesting additional sources of DHBMA 

formation181. 
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Female mice excrete significantly higher levels of MHBMA and DHBMA, but there are no 

significant gender differences in the excretion of bis-BDMA97. While female occupationally 

exposed workers excrete lower levels of MHBMA, DHBMA, and THBMA the metabolic ratio was 

similar, suggesting the relative usage of metabolic pathways of BD detoxification does not differ 

between genders206, 249. However, significantly higher levels of DHBMA have been observed in 

female smokers (547.5 [95% CI: 508.5-589.4] ng/mg creatinine) vs male smokers (485.2 [95% CI: 

449.8-523.5] ng/mg creatinine)183. 

In mice and rats treated with 100-1300 ppm BD, HB-Val adducts are 4-5 times greater in mice 

as compared to rats194, 195, 250, 251. At lower concentrations of BD (0.5-62.5 ppm) the differences are 

even more pronounced, with 4-20 fold greater concentrations in mice as compared to rats191, 203. 

Pyr-Val adduct levels are increased 10-60 fold in mice as compared to rats191, 203, 204, 251. THB-Val 

adducts are also elevated in mice as compared to rats, and the differences are more pronounced at 

lower exposure levels, with an 18-fold increase at 1 ppm and an 2.4-fold increase at 62.5 ppm118. 

1.7-2.1 fold greater levels of THB-Val are observed in mice treated with EB-diol (0-36 ppm) as 

compared to rats252. All three hemoglobin adducts show increased sensitivity to BD in the mouse 

as compared to the rat. HB-Val and pyr-Val adducts have also been shown to be higher in female 

mice and rats as compared to males195, 203. In contrast to the gender differences observed in animals, 

with females showing higher sensitivity to BD, levels of THB-Val are significantly elevated in both 

occupationally exposed and control males as compared to female exposed workers and controls253.  

Species and gender differences in BD-DNA adducts have also been reported. Levels of EB-

GI, EB-GII, and THBG are higher in mice treated with 625-1250 ppm as compared to rats213, 214, 

232, but were similar between the two species at lower exposure levels (20-62.5 ppm)214. THBG has 

also been reported in higher concentrations in mice as compared to rats after exposures to 0-36 ppm 
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EB-Diol252. EB-GII and THBG adduct levels are also strain specific in mice, exhibiting significant 

interstrain variability237-239, 241. The concentration of the DEB specific bis-N7G-BD crosslink is 4-

10 fold greater in mice as compared to rats and 2-2.5 fold greater in females than in males78. 

Hprt mutations are significantly increased above background levels in mice exposed to 3 ppm 

BD and in rats exposed to 6.25 ppm BD, providing further evidence of increased sensitivity to BD 

in mice191, 254, 255. Additionally, in both species hprt mutation frequency was increased in females 

over males255. 

In summary, there are significant differences in BD metabolism between species and genders. 

Mice are more susceptible to the toxic and carcinogenic effects of BD, due to more efficient 

metabolism of BD to DEB as compared to rats and humans. Additionally, levels of metabolites, 

protein adducts, and DNA adducts differ by gender, with increased levels in female laboratory 

animals. Interestingly, this trend was not consistent in humans, with higher levels of protein adducts 

in males. These species and gender differences in BD biomarkers can complicate their use in risk 

assessment. 
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1.4.5 1,3-Butadiene exposure in cigarette smoke and lung cancer risk 

Lung cancer is the leading cause of cancer related deaths in the United States, with lung cancer 

representing 21% of cancer deaths estimated in 2022256. 82% of lung cancer cases are directly 

attributable to smoking257. Among smokers, 11-24% will develop lung cancer over the course of a 

lifetime258. Tobacco smoke contains over 70 known carcinogens, including polycyclic aromatic 

hydrocarbons, nitrosamines, aromatic amines, aldehydes, phenols, volatile hydrocarbons, nitro 

compounds, and metals17, 134. Among these, 1,3-butadiene is one of the most abundant and has the 

highest cancer risk index (CRI) per cigarette/day259. 

In the United States, the risk of lung cancer development also varies by race/ethnicity. Among 

2,356 (740 lung cancer cases) subjects in Hawaii, lung cancer incidence was found to differ by 

race/ethnicity in males, with the order Hawaiian > Caucasian > Chinese > Japanese > Filipino260. 

In females a similar trend was observed, in the order Hawaiian > Caucasian > Chinese > Filipino 

> Japanese260. Another Hawaii based case-control study of 2779 female subjects (375 cases) 

revealed the racial/ethnic differences in lung cancer risk to be Hawaiian > Japanese > Chinese261. 

Racial/ethnic differences in lung cancer risk among African Americans and whites in metropolitan 

Detroit were investigated by Schwartz et al262. Among the younger men (age 40-54 years) African 

American smokers were 2-4 times more likely to develop lung cancer262. The differences in risk 

were not explained by smoking habits, suggesting dietary or genetic risk factors influence the ethnic 

differences260.  

Among 180,000 subjects in the Multiethnic Cohort Study (MEC)263, 1979 cases of lung cancer 

were identified. In this population (≤ 10 cigarettes per day (CPD)), lung cancer risk was highest in 

African Americans and Native Hawaiians, followed by whites, Japanese Americans, and Latinos 

(Relative Risk: 1.00, 0.88, 0.45, 0.25, 0.21, respectively). However, at smoking levels greater than 
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30 CPD, there were no significant differences in lung cancer risk between the racial/ethnic groups 

(Relative Risk: 1.00, 0.95, 0.82, 0.75, 0.79)264. In this population, risk factors such as smoking 

amount, diet, occupation, and socioeconomic status could not explain the racial/ethnic disparities 

in lung cancer risk, and the authors hypothesized that differences in metabolism of nicotine and 

tobacco smoke carcinogens may play a role in the differences in risk264. A follow up study increased 

the number of lung cancer cases from 1979 to 4993 and confirmed the results shown in the initial 

study; the risk of lung cancer at low CPD for Native Hawaiians and African Americans is 2-3 fold 

greater than Japanese Americans and Latinos and these differences diminish at high CPD265. Ethnic 

differences in the bioactivation and detoxification of BD could explain part of the observed 

racial/ethnic differences in observed lung cancer risk.  
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1.5 Summary and thesis goals 

BD is an occupational and environmental carcinogen. Common human exposures to BD occur 

in the polymer industry, tobacco smoke, and automobile exhaust. BD is classified as a known 

human carcinogen based on carcinogenesis in laboratory animals and increased cancer incidence 

in occupationally exposed workers. BD is metabolically activated to three reactive epoxides, EB, 

EBD, and DEB. If not detoxified and excreted as mercapturic acids, these epoxides form covalent 

adducts at nucleophilic sites in DNA. BD metabolites MHBMA and DHBMA have been previously 

quantified in large scale epidemiological studies to examine the racial/ethnic differences in BD 

metabolism. However, in contrast to BD metabolites which are detoxification products, BD DNA 

adducts represent the biologically relevant dose of BD that is activated and available for DNA 

binding. Methods for the detection and quantitation of BD-DNA adducts EB-GII and THBG have 

been used to compare the BD-DNA adduct levels between occupationally exposed workers, 

smokers, and non-smoker controls. However, BD-DNA adducts have not been evaluated in large 

scale epidemiological studies to understand the racial/ethnic differences in BD bioactivation and 

cancer risk. Therefore, the initial goals of this thesis work were to validate urinary EB-GII as a 

biomarker of smoking exposure to BD, identify racial/ethnic differences in the excretion of urinary 

EB-GII in smokers, and examine associations between excretion of urinary EB-GII and lung cancer 

incidence in smokers.  

Additionally, significant levels of BD-DNA adducts have been previously detected in non-

smokers, unexposed laboratory animals, and untreated cultured cells, suggesting the formation of 

these adducts from sources other than BD exposure. The second goal of this thesis work was to 

quantify the relative contributions of endogenous and exogenous BD-DNA adducts and metabolites 

in animals. To accomplish this, an animal model in which laboratory rats were exposed to stable 
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isotope labeled BD [BD-d6] was utilized. Biomarkers arising from BD-d6 exposure contained the 

deuterium isotope label, while endogenously forming biomarkers were unlabeled and 

distinguishable by mass spectrometry.  

While the N7-guanine adducts discussed throughout most of this work are useful biomarkers 

of BD exposure and risk, they are not expected to be mutagenic. Previous work has identified a 

ring opened formamidopyrimide adduct that forms from EB-GII, EB-FAPy-dG, and quantified the 

formation of this potentially mutagenetic BD-DNA adduct in mouse embryonic fibroblasts. The 

final goal of this thesis work was to develop a sensitive nanoLC-ESI+-HRMS/MS methodology for 

the detection and quantification of the novel formamidopyrimidine DNA adducts of EBD and DEB, 

THB-FAPy-dG and DEB-FAPy-dG, and investigate their formation in DNA.   
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2. Urinary N7-(1-hydroxy-3-buten-2-yl) guanine adducts 
in humans: temporal stability and association with 
smoking  

Reprinted with permission from: 

Caitlin C. Jokipii Krueger, Guru Madugundu, Amanda Degner, Yesha Patel, Daniel 

Stram, Timothy Church, Natalia Tretyakova. Mutagenesis 2020, 35, 19-26. © 2019 The Authors 

Dr. Timothy Church provided samples for the temporal stability study. Dr. Guru 

Madugundu and Amanda Degner developed and validated the high-throughput 96-well plate 

method. Yesha Patel conducted statistical analyses under the direction of Dr. Daniel Stram. Dr. 

Guru Madugundu and Caitlin C. Jokipii Krueger quantified adduct levels in human urine samples 

by mass spectrometry.  
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2.1 Introduction 

Lung cancer is the leading cause of cancer-related deaths 266. While cigarette smoking is a 

major factor in lung cancer development, the risk differs greatly among smokers, with 

approximately 15% of smokers developing lung cancer 267. It is important to identify smokers at 

highest risk, so that they can be targeted for smoking cessation and chemopreventive intervention. 

Carcinogen-DNA adducts can provide important information regarding carcinogen exposure and 

potentially lung cancer risk 181, 268.  

1,3-butadiene (BD) is among the most abundant carcinogens in tobacco smoke 134. BD 

concentrations in tobacco smoke (20-75 µg per cigarette in mainstream smoke and 205-361 µg per 

cigarette in side stream smoke) are several orders of magnitude higher than of other tobacco smoke 

carcinogens such as tobacco specific nitrosamines and polycyclic aromatic hydrocarbons 259, 269. 

BD is also found in urban air, automobile emissions, smoke from wood burning, and in the synthetic 

polymer industries 124, 135, 136, 138. BD is a multi-site carcinogen in laboratory animals, inducing 

lymphocytic lymphoma, neoplasms of the heart, forestomach, Harderian gland, mammary gland, 

ovary, liver, and the lung 270. Malignant lung tumors were observed following inhalation exposure 

of laboratory mice to as low as 6.25 ppm BD 240. Furthermore, BD causes chromosomal 

abnormalities and increases incidence of lymphatic and hematopoietic cancer in occupationally 

exposed workers 125-127. The International Agency for Research on Cancer classifies BD as a 

“known human carcinogen” based on the evidence for increased occupational cancer risk in humans 

and carcinogenicity studies in laboratory animals 148.  

The high prevalence of BD in tobacco smoke and urban environments and the significant 

potential for BD-mediated health effects warrant investigations into genetic factors that govern an 

individual’s susceptibility to butadiene-induced cancer 163, 183, 259, 269. BD is metabolized to reactive 
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epoxides 3,4-epoxy-1-butene (EB), 1,2,3,4-diepoxybutane (DEB), and 1,2-dihydroxy-3,4-

epoxybutane (EBD) by cytochrome P450 monooxygenases (Figure 1.7) 149, 151, 271. BD epoxides are 

detoxified by glutathione S transferases to form monohydroxybutenyl mercapturic acid (MHBMA) 

and dihydroxybutyl mercapturic acid (DHMBA) from EB and trihydroxylbutyl mercapturic acid 

(THBMA) from EBD, which are excreted in urine (Figure 1.8) 164, 167, 272. BD-mercapturic acids 

have previously been investigated as urinary biomarkers of exposure to BD 162-164, 167, 168, 170, 173, 179-

181, 206, 272-276. Urinary MHBMA levels decreased 80-90% upon smoking cessation, confirming its 

association with smoking status 167, 181. In contrast, DHBMA was unaffected by smoking status, 

suggesting that it is not associated with smoking 167, 181.  

Unlike BD-mercapturic acids, which represent the metabolically inactivated dose of butadiene 

183, BD-DNA adducts can be considered as mechanism-based biomarkers of exposure to BD. They 

can serve as useful indicators of a biologically relevant dose since they reflect the formation of 

reactive intermediates available for binding to DNA and other biomolecules 157, 277. EB reacts with 

the N7 position of guanine to form N7-(2-hydroxy-3-buten-1-yl)guanine (EB-GI) and N-7-(1-

hydroxy-3-buten-2-yl)guanine (EB-GII) adducts (Figure 1.10) 195, 214.  BD-DNA adducts such as 

EB-GI and EB-GII represent the biologically relevant carcinogen dose which is available for 

binding to DNA. DNA-DNA cross-links such as 1,4-bis-(guan-7-yl)-2,3-butanediol (bis-N7G-BD) 

and 1-(guan-7-yl)-4-(aden-1-yl)-2,3-butanediol (N7G-N1A-BD) and stable adducts such as 1,N6-

(2-hydroxy-3-hydroxymethylpropan-1,3-diyl)-2′-deoxyadenosine are thought to be responsible for 

the carcinogenicity of BD, as they can lead to DNA polymerase errors during replication 278, 279. In 

contrast, the highly abundant N7-(2-hydroxy-3-buten-1-yl)guanine (EB-GI) and N7-(1-hydroxy-3-

buten-2-yl)guanine (EB-GII) adducts are not expected to be mutagenic, but can used biomarkers of 

risk associated with BD exposure 13, 23, 214, 280. These adducts are hydrolytically labile and are 
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excreted in urine and have been previously detected in current smokers belonging to several ethnic 

groups 23.  

Many large-scale epidemiological studies in smokers, for practical reasons, utilize a single 

urine sample from each individual. It is therefore important to characterize any variability in urinary 

EB-GII levels in the same smoker over time. We have previously developed a nanoLC-isotope 

dilution accurate mass spectrometry-based method for EB-GII in human urine 23. In the present 

study, we quantified EB-GII in 19 smokers who provided urine samples every 2 months over the 

course of one year in order to evaluate the use of a single measurement as typical butadiene adduct 

load in a given individual. Furthermore, EB-GII adduct levels were quantified in urine samples 

from 17 subjects participating in a smoking cessation study to examine the association of urinary 

EB-GII adducts with smoking and to determine its endogenous concentrations in humans.  

2.2 Materials and Methods 

Materials 

LC-MS grade water, methanol and acetonitrile were purchased from Fisher Scientific 

(Pittsburgh, PA). Strata X polymeric reversed phase SPE cartridges (30 mg/1 mL) were purchased 

from Phenomenex (Torrance, CA). EB-GII and 15N5-EB-GII standards were prepared as previously 

reported 211, 281. 96 well plates were purchased from Analytical Sales and Services Inc. (Ledgewood, 

New Jersey). All other chemicals and solvents were obtained from Sigma-Aldrich (Milwaukee, 

WI; St. Louis, MO) unless otherwise specified.  

Human Urine Samples 

Urine samples for the temporal stability study were obtained as described elsewhere 268. 

Subjects (N = 19) were asked to collect their first void of the morning before each clinic visit. 
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60.9% were Caucasian, 31.9% African American, 1.5% Asian, and 5.8% other ethnicity. They 

reported smoking 24.1 ± 10.5 (range 10-50) cigarettes per day.  

Human urine samples for the smoking cessation study were obtained from the previously 

described study 181. Baseline 24 h urine samples were collected 14 and 7 days before smoking 

cessation. The urine collection started with the second void on the morning of their visit and 

continued through the first void of the next day. 24 h urine samples were also collected on 3, 7, 28, 

and 56 days after smoking cessation at clinic visits on each of those days. Seventeen (11 female) 

subjects participated in the study. Sixteen subjects were Caucasian, one was African American. 

Their mean age was 43.9 ± 11.0 years (range: 23-58). Subjects had been smoking an average of 

17.3 ± 12.3 years and smoked 21.8 ± 6.7 cigarettes per day. 

Urine Sample Processing and EB-GII Adduct Enrichment 

Urine (200 μL) was centrifuged at 10 000g for 15 min to remove any particulate matter. The 

supernatants were spiked with 15N5-EB-GII (5 fmol, internal standard for mass spectrometry) and 

subjected to solid phase extraction (SPE) on Strata X cartridges (30 mg/1 mL; Phenomenex, 

Torrance, CA). SPE 96-well plate was conditioned with 2 mL of methanol, followed by 2 mL of 

Milli-Q water. Urine samples (200 μL) were loaded onto prepared 96-well plates, and each well 

was washed with 1 mL of water followed by 1 mL of 10% methanol in water. EB-GII and its 

internal standard were eluted with 60% methanol in water, dried under vacuum, and reconstituted 

with 102 μL of 0.4% formic acid in water containing a 2′-deoxythymidine (dT) as an HPLC 

retention time marker (2.1 nmol).  

Offline HPLC purification of SPE-enriched EB-GII and its internal standard was achieved on 

an Agilent 1100 series HPLC system equipped with a UV detector and an automated fraction 

collector (Agilent Technologies, Santa Clara, CA). A Zorbax Eclipse XDB-C18 column (4.6 × 150 
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mm, 5 μm; Agilent Technologies, Santa Clara, CA) was eluted at a flow rate of 1 mL/min with a 

gradient of 0.4% formic acid in Milli-Q water (A) and HPLC-grade acetonitrile (B). Solvent 

composition was maintained at 0% B for 5 min and then linearly increased to 3% B in 15 min and 

further to 40% B in 5 min. Solvent composition was returned to 0% acetonitrile in 5 min and held 

at 0% for 15 min for column equilibration. UV absorbance was monitored at 254 nm. dT was used 

as a retention time marker. Under these conditions, dT eluted at ∼17.4 min, and the retention time 

of EB-GII was ∼15.6 min. HPLC fractions containing EB-GII and its internal standard (14.1−16.1 

min) were collected into 2 mL 96-well plate (Analytical Sales and Services Inc., Ledgewood, New 

Jersey), concentrated under vacuum, and redissolved in LC/MS grade water containing 0.01% 

acetic acid (30 μL) for nanoHPLC/nanoESI+-HRMS3 analysis. The injection volume was 5 μL. 

HPLC blanks were injected in the beginning of each sequence and after every 20 runs to detect any 

analyte carryover.  

NanoLC/ESI+-HRMS3 Analysis of Urinary EB-GII 

All nanoLC/ ESI+-HRMS3 analyses were conducted on a Dionex UltiMate 3000 RSLCnano 

HPLC system (Thermo Fisher Scientific Corp., Waltham, MA) fitted with a 5 μL injection loop 

and interfaced to an LTQ Orbitrap Velos instrument equipped with a nanospray source (Thermo 

Fisher Scientific Corp., Waltham, MA) using a method previously reported by our laboratory 23. 

Gradient elution was achieved using LC/MS-grade water containing 0.01% acetic acid (A) and 

LC/MS-grade acetonitrile containing 0.02% acetic acid (B). Samples were loaded onto a nanoLC 

column (0.075 × 200 mm) manually packed with Synergi Hydro-RP 80 Å (4 μm) chromatographic 

packing (Phenomenex, Torrance, CA). The initial flow rate was maintained at 1 µL/min (with 2% 

B) for 5 min, followed by a flow rate decrease to 300 nL/min at 2% B for 1 min. The percentage of 

solvent B was linearly increased to 25% B in 9 min and further to 50% B in 10 min at a flow rate 
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of 300 nL/min. The flow rate was increased to 1 μL/min, and solvent B was returned to 2% in 1 

min, followed by 5 min column equilibration. Under these conditions, EB-GII eluted as a sharp 

peak at 13 min. Tandem mass spectrometry analysis was performed by fragmenting [M + H]+ ions 

of EB-GII (m/z 222.1) via collision induced dissociation (CID) in the linear ion trap portion of the 

instrument using the collision energy (CE) of 25 and an isolation width (IW) of 1.0 amu. MS/MS 

fragment ions at m/z 152.1 [Gua + H]+ were subjected to further fragmentation in the high collision 

dissociation (HCD) cell of the instrument using nitrogen as a collision gas (CE = 75 units, IW = 

1.0 amu). The resulting MS3 fragment ions at m/z 135.0301 ([Gua − NH3]+) and m/z 153.0411 ([Gua 

− NH3 + H2O]+) were detected in the mass range of m/z 50−270 using the Orbitrap mass analyzer 

(HRMS) at a mass resolution of 25,000. The 15N5 labeled internal standard ([15N5]-EB-GII) was 

detected using an analogous MS3 scan event consisting of fragmentation of m/z 227.1 ([M + H]+) 

to m/z 157.1 ([15N5-Gua + H]+) and further to m/z 139.0183 ([15N5-Gua - NH3]+) and m/z 157.0283 

([15N5-Gua - NH3 + H2O]+). Neutral gain of water has been previously shown to occur in the MS 

collision cell due to the presence of residual water 282. Extracted ion chromatograms corresponding 

to the sum of m/z 135.0301 ([Gua − NH3]+) and m/z 153.0411 ([Gua − NH3 + H2O]+) were used for 

quantitation of EB-GII, whereas fragment ions at m/z 139.0183 ([15N5-Gua − NH3]+) and m/z 

157.0283 ([15N5-Gua − NH3 + H2O]+) at 5 ppm were used for quantitation of [15N5]-EB-GII. A full 

scan event was also performed over the mass range of m/z 100−500 at a resolution of 15,000 to 

monitor for any co-eluting matrix components. EB-GII amounts were determined by comparing 

the areas of the nanoLC/ESI+-HRMS3 peaks corresponding to the analyte and its internal standard 

using standard curves generated by analyzing known analyte amounts. The final EB-GII urine 

concentrations were normalized to urinary creatinine levels (determined separately, data not 

shown) to account for interindividual variability in urine flow rate and dilution.  
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Quality Control  

Internal QC samples (pooled smoker urine) were included after every 10 samples onto 96 well 

plates. Statistical analyses were conducted to determine coefficient of variation, and data from 

plates exhibiting variation above 20% were discarded.  

Statistical Analyses 

For the cessation study, a paired t-test were used to compare the initial change from baseline 

to day 3. The repeated measures analysis of variance evaluated the rate of change during follow-

up, starting from day 3 to day 56. A p-value <0.05 was considered statistically significant. 

For the stability study, EB-GII measurements for each subject were plotted against time to 

examine the data for variability over time. Means, medians, standard deviations, and coefficients 

of variation (CV) were computed for each time point across individuals, CV were computed for 

each individual over time. To examine the reliability of individual measurements of EB-GII over 

time, we estimated the intraclass correlation coefficient (𝜌1) for the logarithm of the measurements, 

where 𝜎𝑤
2  is the within-subject variance and 𝜎𝑏

2 is the between-subject variance: 


1

 =   
𝑏

2

𝑏
2 + 𝑤

2
 

It is estimated by 


1̂

=  
𝑀𝑆𝑏 – 𝑀𝑆𝑤

𝑀𝑆𝑏+ (𝑘−1)𝑀𝑆𝑤
, 

Where MSb = mean-square between subjects, MSw = mean-square within subjects, and k = 

number of measurements per subject. 
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2.3 Results 

2.3.1 High throughput 96-well plate method development and 
validation 

Our previous nanoLC-ESI-MS/MS methodology 23 had a relatively low throughput (< 20 

samples at a time) due to the use of traditional solid phase extraction as the first step in sample 

processing. Since the current study includes a large number of samples, we have developed a high 

throughput 96 well SPE (Strata™-X 33µm polymeric reversed phase, 30 mg/well, 96-well plates) 

methodology using True-taper 96-well, 2ml Polypropylene Square Tapered 100 µL Tear-Bottom 

plate. This new method is illustrated in Figure 2.1. 

For initial method validation, 200 μL aliquots of water or synthetic urine (in triplicate) were 

spiked with 5 fmol of EB-GII and 5 fmol of 15N5-EB-GII (isotopically labeled internal standard) 

either before or after performing SPE. These samples were then dried, HPLC purified, and analyzed 

by nanoLC-ESI-MS/MS on a Thermo LTQ Quantiva to determine the analyte recovery. SPE 

recovery was determined by comparing the observed and theoretical 15N5-EB-GII:EB-GII peak area 

ratios. The analyte recovery from 96 well SPE plates was determined to be 83% in water and 75% 

in synthetic urine. 
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Figure 2.1. Sample preparation procedure for high-throughput nanoLC/ESI+-HRMS3 analysis of 

EB-GII 
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Method standard curves were constructed by analyzing aqueous solutions containing 15N5-EB-

GII (5 fmol) and EB-GII (0.5-10.0 fmol) in triplicate. Method validation curves were constructed 

by analyzing synthetic urine spiked with 15N5-EB-GII (5 fmol) and EB-GII (0.5-7.5 fmol) in 

triplicate, followed by the sample preparation steps described above. The observed EB-GII values 

were plotted against the actual values. Standard curves in water produced linear curves (y = 0.859x, 

R2 = 0.997) (Figure 2.2). A linear correlation was also observed between the actual and observed 

EB-GII amounts in the synthetic urine matrix (y = 0.8791x, R2 = 0.9968) (Figure 2.3). A 

representative nanoLC/ESI+HRMS3 chromatogram of EB-GII quantitation in a smoker sample is 

shown in Figure 2.4. 

90%-110% accuracy was observed with internal QC samples analyzed in the cessation sample 

batch. The coefficient of variation among internal QC samples analyzed in the stability batch was 

7.3%. 

2.3.2 Determination of urinary EB-GII biomarker stability and intra-
individual variation 

To evaluate temporal biomarker stability, sensitive and specific isotope dilution nanoLC/ESI+-

HRMS3 methodology was utilized to quantify EB-GII concentrations in urine of 19 smokers over 

time. Urine was sampled bimonthly over a period of a year for each smoker. The median, mean, 

SD, 95% confidence levels, and range of EB-GII levels at each time point in the study are shown 

in Table 2.1. Overall, urinary EB-GII concentrations ranged between 0.02 – 7.08 pg/mg creatinine 

among individuals and time points across the study. This illustrates the typical range of values for 

urinary EB-GII 23, as well as the inter-individual variation in urinary EB-GII levels.  
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Figure 2.2. NanoLC/ESI+-HRMS3 method validation: correlation between the added and 

observed amounts of EB-GII spiked into 30 µL water. 
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Figure 2.3. NanoLC/ESI+-HRMS3 method validation: correlation between the added and 

observed amounts of EB-GII spiked into 200 µL synthetic urine. 
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Figure 2.4. Representative nanoLC/ESI+-HRMS3 detection of EB-GII in urine of a smoker. Top 

and bottom panels show extracted ion chromatogram MS3 spectra from EB-GII and 15N5-EB-GII 

(internal standard), respectively. 
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Table 2.1. Urinary EB-GII levels (pg/mg creatinine) over the course of the study 

Sampling 

Month 
N Median Mean SD 95% LCL 95% UCL Minimum Maximum 

0 18 0.19 0.64 1.33 -0.02 1.3 0.03 5.67 

2 19 0.21 0.81 1.73 -0.03 1.64 0.06 7.08 

4 17 0.19 0.37 0.59 0.07 0.68 0.02 2.52 

6 15 0.19 0.3 0.32 0.12 0.47 0.06 1.37 

8 13 0.37 0.63 0.97 0.05 1.22 0.09 3.62 

10 13 0.43 0.9 1.36 0.08 1.73 0.05 4.86 

12 11 0.57 1.25 1.83 0.02 2.47 0.02 6.19 
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The results for intra-individual variation in urinary EB-GII levels are presented in Table 2.2. 

The coefficient of variation was calculated and averaged for each subject’s urinary EB-GII levels 

to obtain the overall mean coefficient of variation. The mean coefficient of variation for EB-GII 

was 79% when normalized to urinary creatinine levels and 82% for urinary EB-GII described as 

fmol/mL urine. The intraclass correlation coefficient for urinary EB-GII as 68% when normalized 

to creatinine and 59% if expressed as fmol/mL urine.  

2.3.3 Association of EB-GII with smoking status 

To examine the association of urinary EB-GII adducts with smoking, they were quantified in 

urine samples from seventeen subjects participating in a smoking cessation study at the University 

of Minnesota 181. These subjects had been smoking an average of 17.3 ± 12.3 years and smoked 

21.8 ± 6.7 cigarettes per day. Urinary metabolites of butadiene were quantified in samples before 

smoking cessation and 3, 7, 28, and 56 days after smoking cessation using the nanoLC/ESI+-

HRMS3 methodology described above. Abstinence from smoking was confirmed by total NNAL 

analyses181.  

Smoking cessation data are summarized in Figure 2.5. Baseline urinary EB-GII adduct load 

in smokers was 1.63 ± 0.64 pg/mL urine. Following smoking cessation, urinary EB-GII levels 

rapidly dropped to 1.073 ± 0.558 pg/mL at day 3 (p = 0.006). After the initial decline at 3 days, 

further decrease on days 7, 28, and 56 was not statistically significant.  
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Table 2.2. Average coefficient of variation (CV) within subjects and within- and between-subject 

variance and intraclass correlation coefficient for log-transformed urinary EB-GII 

Urinary EB-GII 

in log scale 

N Average CV 

within subjects 

(CV x 100%) 

Between 

subject 

variance 

Within 

subject 

variance 

Intraclass 

correlation 

coefficient 

ln(fmol/mL) 19 82% 0.6834 0.4818 59% 

ln(pg/mg 

creatinine) 

19 79% 0.9482 0.4555 68% 
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Figure 2.5. Urinary EB-GII levels (pg/mL urine) in subjects participating in a smoking cessation 

program. EB-GII levels decrease significantly from baseline to Day 3. Further decreases are not 

statistically significant.  
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2.4 Discussion 

Smokers are exposed to a wide range of toxins and carcinogens in cigarette smoke. Exposure 

to tobacco smoke results in the increased risk of lung cancer development 134, 181, 267, 268. Reliable 

measurements of carcinogen-DNA adducts in smokers are vital for the understanding of their 

exposure and cancer risk. 

Toxicological risk assessments have identified BD as having a relatively high cancer risk 

index among all chemicals present in tobacco smoke 259. This rating is a result of high abundance 

of BD in cigarette smoke, its ability to induce malignant lung tumors in laboratory mice at 

concentrations as low as 6.25 ppm, and increased cancer incidence in occupationally exposed 

workers 125-127, 240, 270. 

We have previously quantified mercapturic acid metabolites of BD in urine of current smokers 

belonging to four different ethnic groups from the Multiethnic Cohort 163, 183. These studies had 

revealed that White smokers excreted the highest amounts of MHBMA, followed by African 

American, Native Hawaiian, and Japanese smokers 163, 183. These results are consistent with low 

susceptibility of Japanese individuals to smoking-induced lung cancer, but cannot explain high lung 

cancer incidence in African Americans and Native Hawaiians 163, 183, 264, 265.  

Unlike urinary mercapturic acids, which represent metabolically inactivated butadiene, 

nucleobase adducts such as N7-(2-hydroxy-3,4-epoxybut-1-yl)guanine (EB-GII) can be used as 

true biomarkers of risk associated with exposure to BD as they reflect the amount of carcinogen 

bound to cellular DNA. N7-(2-hydroxy-3,4-epoxybut-1-yl)guanine (EB-GII) adducts are formed 

when 3,4-epoxy-1-butene (EB) alkylates the N7 position of guanine in DNA. EB-GII adducts 

undergo spontaneous hydrolysis (depurination) under physiological conditions, followed by their 

excretion in urine as free base adducts. We have developed ultra-sensitive analytical methodologies 
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for quantitation of butadiene-DNA adducts in human urine and have shown that White smokers 

excrete 3-fold higher levels of EB-GII than African Americans 23. 

The main focus of the present study was to validate EB-GII as a non-invasive biomarker of 

exposure to BD and to examine its association with smoking. In order to achieve this goal, our 

previous mass spectrometry method for urinary EB-GII 23 was updated to include high-throughput 

sample processing utilizing 96-well plate solid phase extraction. EB-GII adducts were quantified 

in urine of 19 smokers over a period of a year. The intraclass correlation coefficient quantifies the 

amount of total variability that is caused by variability within subjects; the smaller the variance of 

measurements within subjects relative to between subjects will have an intraclass correlation 

coefficient closer to 100% 268. We found that the intraclass correlation coefficient for EB-GII was 

greater than 50%, indicating that EB-GII adducts are less variable within an individual than 

between individuals. These results for the first time validate the use of single point measurements 

of urinary EB-GII as representative of an individual’s overall EB-GII adduct load. We also found 

that while EB-GII is stable when described as fmol/mL urine (intraclass correlation coefficient = 

59%), the variability in urinary EB-GII further decreases upon normalization to creatinine values 

(intraclass correlation coefficient = 68%).  

To establish their association with smoking status, urinary EB-GII adducts were quantified in 

17 smokers participating in a smoking cessation study. A significant reduction in EB-GII levels 

was observed three days after smoking cessation (Figure 2.5). These results indicate that smoking 

is a significant source of exposure to 1,3-butadiene and a significant factor in EB-GII DNA adduct 

formation. However, they also reveal the presence of endogenous, environmental, or dietary 

sources of EB-GII in humans. Our ongoing studies will evaluate the contributions of these other 

sources to BD-DNA adduct formation by exploring potential dietary/endogenous sources of THBG 
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and EB-GII adducts following the incorporation of stable isotope labeled butadiene-d6 in animals 

and the incorporation of 13C-labeled cellular metabolites into human cells. These experiments will 

elucidate the quantity of endogenous (unlabeled) and exogenous (labeled) BD-DNA adducts and 

identify their metabolic/dietary sources.  

In summary, our results described here show that urinary EB-GII adducts are associated with 

smoking and are stable in human subjects over time, validating their use as a biomarker of cigarette 

smoke induced DNA damage. Urinary EB-GII levels can be reliably measured from point urine 

samples and are associated with smoking status. Therefore, studies measuring EB-GII levels from 

point urine samples can provide reliable estimates of the associations between urinary EB-GII with 

lung cancer risk. Future studies are required to investigate the associations between EB-GII adduct 

levels and lung cancer development. 
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3. Ethnic differences in excretion of butadiene-DNA 
adducts by current smokers 

Reprinted with permission from:  

Caitlin C. Jokipii Krueger, S. Lani Park, Guru Madugundu, Yesha Patel, Loic Le 

Marchand, Daniel Stram, Natalia Tretyakova. Carcinogenesis 2021, 42(5), 694-704. © 2021 The 

Authors 

Samples were provided by Dr. S. Lani Park and Dr. Loic Le Marchand. Statistical 

analyses were conducted by Yesha Patel under the guidance of Dr. Daniel Stram. Dr. Guru 

Madugundu and Caitlin C. Jokipii Krueger analyzed adduct levels in urine samples.  
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3.1 Introduction 

Butadiene (1,3-butadiene, BD) is classified as a known carcinogen in humans 283 and is among 

the most potent and abundant carcinogens in tobacco smoke. There are 20-75 µg of BD per cigarette 

in mainstream smoke and 205-361 µg per cigarette in side stream smoke 259, 269. In addition to 

tobacco smoke, BD is found in urban air, automobile emissions, smoke from wood burning, and in 

the synthetic polymer industries 124, 135, 136, 138. BD is a known carcinogen in laboratory animals, 

inducing neoplasms of the lung in mice at exposures as low as 6.25 ppm 270. Occupational exposure 

to BD has been associated with leukemia and possibly lung cancer 131, 132. In the U.S., risk of many 

smoking-related cancers differs by racial/ethnic group 284. Studies in the Multiethnic Cohort (MEC) 

have shown that, when accounting for risk factors including smoking, Native Hawaiians have a 

higher risk of lung cancer than whites and Japanese Americans 285. It is possible that these 

disparities, at least in part, are attributed to population differences in the metabolic activation and 

detoxification of tobacco smoke carcinogens such as BD, which leads to higher load of mutagenic 

DNA adducts in susceptible populations. 

BD is metabolized to DNA-reactive epoxides 3,4-epoxy-1-butene (EB), 1,2,3,4-

diepoxybutane (DEB), and 1,2-dihydroxy-3,4-epoxybutane (EBD) by cytochrome P450 

monooxygenases (Figure 1.7) 149, 245, 271. BD epoxides are detoxified by glutathione S transferases 

(particularly glutathione S-transferase theta 1, GSTT1) to form monohydroxybutenyl mercapturic 

acid (MHBMA) and dihydroxybutyl mercapturic acid (DHMBA) from EB, trihydroxylbutyl 

mercapturic acid (THBMA) from EBD, and bis-butanediol mercapturic acid (bis-BDMA) from 

DEB, which are excreted in urine (Figure 1.8) 164, 167, 168, 272.  

BD-mercapturic acids have previously been investigated as potential urinary biomarkers of 

tobacco smoke exposure to BD 162-164, 167, 168, 170, 173, 179-181, 206, 272-276. Urinary MHBMA levels 
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decreased 80-90% upon smoking cessation, confirming its association with smoking status 167, 181. 

In contrast, DHBMA levels were unchanged upon smoking cessation, suggesting that it was not 

associated with smoking status 167, 181. We previously reported that, after controlling for internal 

smoking dose as measured by nicotine equivalents (NE, the sum of total urinary nicotine (free + 

nicotine N-glucuronide), cotinine (free + nicotine N-glucuronide), and trans-3′-hydroxycotinine (3-

HC + its glucuronide)), MHBMA levels in Japanese American smokers were significantly lower 

than in Native Hawaiians and whites 183. These differences are consistent with the direction of lower 

smoking-related lung cancer risk and are primarily a result of the higher frequency of GSTT1 gene 

deletion in Japanese Americans 183. 

The epoxide metabolites of BD, if not detoxified, can react with nucleophilic DNA bases to 

form covalent BD-DNA adducts. Specifically, EB alkylates the N7 position of guanine in DNA to 

form N7-(1-hydroxy-3-buten-2-yl)guanine (EB-GII) adducts (Figure 1.10) 195, 214. Unlike BD-

mercapturic acids, which represent the metabolically inactivated dose of butadiene 183, BD-DNA 

adducts can be considered as mechanism-based biomarkers of exposure. They can serve as useful 

indicators of the biologically relevant dose of carcinogens as they represent the dose of carcinogen 

which is available for binding to DNA 157, 277. BD-DNA adducts are thought to be responsible for 

the carcinogenicity of BD, as they can lead to DNA polymerase errors during replication 278, 279. In 

addition, N7-guanine lesions are hydrolytically labile and are excreted in urine as free nucleobases, 

making them potential biomarkers of risk associated with BD exposure 13, 23, 214, 280. Workers 

occupationally exposed to BD (0.1-2.2 ppm of BD) excrete significantly higher concentrations of 

urinary EB-GII (1.25 ± 0.51 pg/mg creatinine) as compared to administrative controls (<0.01 ppm 

BD, 0.22 ± 0.08 pg/mg creatinine) 23.  
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In Chapter 2 of this Thesis, we described a high throughput, accurate quantitative 

nanoLC/ESI+-HRMS3 method for urinary EB-GII adducts in humans and validated their use as a 

biomarker of smoking-related exposure to BD. We showed that urinary EB-GII adducts are stable 

over time in human subjects 286. Additionally, we quantified urinary EB-GII in 17 individuals 

participating in a smoking cessation program 286. We found that EB-GII levels decrease by 34% 

from baseline (1.63 ± 0.64 pg/mL urine) to 1.07 ± 0.56 pg/m by day 3 following smoking cessation 

286. Low levels of EB-GII adducts were observed in unexposed animals and in non-smokers, 

indicating the presence of endogenous sources of EB-GII 23. In the present study, urinary EB-GII 

adducts were quantified in Native Hawaiian, Japanese American, and white smokers and non-

smokers (N = 205-210 per ethnic group) in an attempt to identify any ethnic differences in excretion 

of a mechanism-based biomarker of 1,3-butadiene-induced DNA damage.  

3.2 Materials and Methods 

Study population 

Our study population included current cigarette smokers and nonsmokers at the time of urine 

collections from three racial/ethnic groups. The study details for the smokers and non-smokers 183, 

287, 288 have been previously reported. In brief, all participants were from the state of Hawaii. For 

the smokers, the participants were selected at random from the Hawaii component of the 

Multiethnic Cohort study (MEC) or from the control groups of population-based case-control 

studies conducted in Hawaii 183, 287, 288. The non-smokers were selected at random from the Hawaii 

component of the Multiethnic Cohort study (MEC). Approximately 100 subjects in each 

racial/ethnic and smoking status group were selected. A total of 623 samples were analyzed for 

urinary EB-GII DNA adducts (207 Native Hawaiians, 205 Japanese Americans, and 211 whites).  
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Materials 

LC-MS grade water, methanol and acetonitrile were purchased from Fisher Scientific 

(Pittsburgh, PA). Strata X polymeric reversed phase SPE cartridges (30 mg/1 mL) were purchased 

from Phenomenex (Torrance, CA). EB-GII and 15N5-EB-GII standards were prepared as previously 

reported 211, 281. 96 well plates were purchased from Analytical Sales and Services Inc. (Ledgewood, 

New Jersey). All other chemicals and solvents were obtained from Sigma-Aldrich (Milwaukee, 

WI; St. Louis, MO) unless otherwise specified.  

Nicotine equivalents 

Nicotine equivalents (NE) were measured in the previous analysis of these subjects 288. In that 

study, total urinary nicotine (free + nicotine N-glucuronide), cotinine (free + nicotine N-

glucuronide) and trans-3′-hydroxycotinine (3-HC + its glucuronide), were measured by gas 

chromatography/mass spectrometry 289, 290. The sum of these metabolites (nicotine equivalents, NE) 

was used as a measure of total nicotine uptake as it accounts for over 80% of nicotine and its 

metabolites 291. The phenotypic measure of cytochrome P450 2A6 (CYP2A6) activity (the primary 

enzyme in nicotine metabolism) was quantified as total trans-3′-hydroxycotinine (nmol/mL)/total 

cotinine (nmol/mL) 292. 

Urine sample processing and EB-GII adduct enrichment 

Urinary EB-GII concentrations were determined using the high-throughput nanoLC/ESI+-

HRMS3 method previously developed in the Tretyakova laboratory23, 286. In brief, urine samples 

(200 μL) were centrifuged at 10,000g for 15 min to remove any particulate matter. The supernatants 

were spiked with 15N5-EB-GII (5 fmol, internal standard for mass spectrometry) and subjected to 

solid phase extraction (SPE) on Strata X cartridges (30 mg/1 mL; Phenomenex, Torrance, CA). 

SPE 96-well plates were conditioned with 2 mL of methanol, followed by 2 mL of Milli-Q water. 
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Urine samples were loaded onto prepared 96-well plates, and each well was washed with 1 mL of 

water, followed by 1 mL of 10% methanol in water. EB-GII and its internal standard were eluted 

with 60% methanol in water, dried under vacuum, and reconstituted with 102 μL of 0.4% formic 

acid in water containing 2′-deoxythymidine (dT) as an HPLC retention time marker (2.1 nmol).  

Offline HPLC purification of SPE-enriched EB-GII and its internal standard was achieved on 

an Agilent 1100 series HPLC system equipped with a UV detector and an automated fraction 

collector (Agilent Technologies, Santa Clara, CA). A Zorbax Eclipse XDB-C18 column (4.6 × 150 

mm, 5 μm; Agilent Technologies, Santa Clara, CA) was eluted at a flow rate of 1 mL/min with a 

gradient of 0.4% formic acid in Milli-Q water (A) and HPLC-grade acetonitrile (B). Solvent 

composition was maintained at 0% B for 5 min and then linearly increased to 3% B in 15 min and 

further to 40% B in 5 min. The solvent composition was returned to 0% acetonitrile in 5 min and 

held at 0% for 15 min for column equilibration. UV absorbance was monitored at 254 nm. dT was 

used as a retention time marker. Under these conditions, dT eluted at ∼17.4 min, and the retention 

time of EB-GII was ∼15.6 min. HPLC fractions containing EB-GII and its internal standard 

(14.1−16.1 min) were collected into 2 mL 96-well plates (Analytical Sales and Services Inc., 

Ledgewood, New Jersey), concentrated under vacuum, and reconstituted in LC/MS grade water 

containing 0.01% acetic acid (30 μL) for nanoHPLC/nanoESI+-HRMS3 analysis. The injection 

volume was 5 μL.  

NanoLC/ESI+-HRMS3 analysis of urinary EB-GII 

All nanoLC/ ESI+-HRMS3 analyses were conducted on an LTQ Orbitrap Velos instrument 

equipped with a nanospray source (Thermo Fisher Scientific Corp., Waltham, MA) interfaced with 

a Dionex UltiMate 3000 RSLCnano HPLC system (Thermo Fisher Scientific Corp., Waltham, MA) 

using previously described methodology 23, 286. Gradient elution was achieved using LC/MS-grade 
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water containing 0.01% acetic acid (A) and LC/MS-grade acetonitrile containing 0.02% acetic acid 

(B). Samples were loaded onto a nanoLC column (0.075 × 200 mm) manually packed with Synergi 

Hydro-RP 80 Å (4 μm) chromatographic packing (Phenomenex, Torrance, CA). Initial HPLC flow 

rate was maintained at 1 μL/min at 2% B for 5 min to enable sample loading onto the nano column, 

followed by a flow rate decrease to 300 nL/min at 2% B for 1 min. The percentage of solvent B 

was linearly increased to 25% B in 9 min and further to 50% B in 10 min at a flow rate of 300 

nL/min. The HPLC flow rate was increased to 1 μL/min, and solvent composition was returned to 

2% B in 1 min, followed by 5 min column equilibration. Under these conditions, EB-GII eluted as 

a sharp peak at 13 min.  

Tandem mass spectrometry analysis was performed by fragmenting the [M + H]+ ions of EB-

GII (m/z 222.1) via collision-induced dissociation (CID) in the linear ion trap portion of the 

instrument using the collision energy (CE) at 25 and an isolation width (IW) of 1.0 amu. MS/MS 

fragment ions at m/z 152.1 [Gua + H]+ were subjected to further fragmentation in the high collision 

dissociation (HCD) cell of the instrument using nitrogen as a collision gas (CE = 75 units, IW = 

1.0 amu). The resulting MS3 fragment ions at m/z 135.0301 ([Gua − NH3]+) and m/z 153.0411 ([Gua 

− NH3 + H2O]+) were detected in the mass range of m/z 50−270 using the Orbitrap mass analyzer 

(HRMS) at a resolution of 25,000. The 15N5 labeled internal standard ([15N5]-EB-GII) was detected 

using an analogous MS3 scan event consisting of fragmentation of m/z 227.1 ([M + H]+) to m/z 

157.1 ([15N5-Gua + H]+) and further to m/z 139.0183 ([15N5-Gua - NH3]+) and m/z 157.0283 ([15N5-

Gua - NH3 + H2O]+). Extracted ion chromatograms corresponding to the sum of m/z 135.0301 ([Gua 

− NH3]+) and m/z 153.0411 ([Gua − NH3 + H2O]+) were used for quantitation of EB-GII, whereas 

m/z 139.0183 ([15N5-Gua − NH3]+) and m/z 157.0283 ([15N5-Gua − NH3 + H2O]+) were used for 

quantitation of [15N5]-EB-GII. Mass accuracy was 5 ppm. A full scan event was also performed 
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over the mass range of m/z 100−500 at a resolution of 15,000 to monitor for any co-eluting matrix 

components. EB-GII amounts were determined by comparing the areas of the nanoLC/ESI+-

HRMS3 peaks corresponding to the analyte and its internal standard using standard curves 

generated by analyzing known analyte amounts. Method LOD and LOQ values were determined 

from the analysis of spiked non-smoker urine samples to be 0.25 fmol/mL and 0.5 fmol/mL urine, 

respectively. Intra- and interday precision was 13.1 and 10.6%, respectively. Method accuracy was 

between 83.9-115.4% for quantification of EB-GII through the dynamic range of the assay (0.1-10 

fmol) 23, 286.  

Genotyping 

Genotyping methods for GSTT1 gene deletion was achieved using the TaqMan copy number 

assay as previously reported 183. In brief, DNA was extracted from blood leukocytes using a 

QiaAmp DNA Blood extraction kit (Qiagen, Germantown MD). The samples were genotyped 

using a predesigned TaqMan GSTT1 copy number assay (Hs00010004_cn) and run on the 7900HT 

Fast Real-Time System (Life Technologies, Foster City, CA). Copy number counts were calculated 

using Life Technologies CopyCaller v2.0 software. Approximately 5% of blind duplicates were 

included for quality control. Test for Hardy Weinberg Equilibrium was met for all three populations 

(p > >0.05). 

Statistical methods 

EB-GII adduct levels were expressed as fmol/mL urine. Spearman’s partial correlation 

coefficients, adjusting for age, sex and race/ethnicity (for overall), were computed to examine the 

correlation between EB adducts, NE, monohydroxybutyl mercapturic acid (MHBMA), 

dihydroxybutyl mercapturic acid (DHBMA), and BD metabolite ratio 

MHBMA/[MHBMA+DHBMA], which were previously measured using an HPLC-ESI--MS/MS 
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method developed in the Tretyakova laboratory 183. Multivariable linear models regressed the 

urinary levels of EB-GII adducts on the following predictors: age at time of urine collection 

(continuous), race/ethnicity (when results were not stratified by race/ethnicity), smoking status 

(when results were not stratified by smoking status), BMI, batch and NE (natural log). To better 

meet model assumptions, all metabolite concentrations were transformed by taking the natural log. 

If large numbers of EB-GII values were at a detection limit (0.125 fmol/mL) in a given analysis, 

so that approximate lognormality was not achieved by transformation, we performed two 

supplementary analyses. The first was a logistic regression of a yes/no variable indicating whether 

the recorded EB-GII values were above or below the detection limit and the second a (log) linear 

regression model restricted to those with detectable levels. Both analyses used the same set of 

predictor variables as above. Consistency between these three analyses was assessed by checking 

that regression parameter estimates were in the same direction and whether they were statistically 

significant (p < 0.05). 

To examine ethnic/racial differences of EB-GII adducts in smokers, covariate-adjusted 

geometric means were computed for each ethnic/racial group at the mean covariate vector using 

the LS means procedure in SAS. We also examined whether the geometric means of BD adducts 

differed according to nicotine metabolism or GSTT1 gene deletion. Here, nicotine metabolism was 

quantified by the urinary CYP2A6 enzymatic activity ratio (measured by total trans-3′-

hydroxycotinine (nmol/mL)/total cotinine (nmol/mL)). This biomarker was stratified by tertile 

based on the overall population. GSTT1 gene deletion was modeled by the number of gene copies 

(2, 1, or 0), where 0 was the equivalent to no copies of the gene (i.e. gene deletion resulting in no 

enzymatic activity).  
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3.3 Results 

3.3.1 Study population 

Baseline demographic characteristics of the study population are presented in Table 3.1. 

Among 623 participants, 292 were non-smokers and 331 were current smokers at time of urine 

collection. The three racial/ethnic groups included were Native Hawaiian, white, and Japanese 

American. Racial/ethnic groups were approximately evenly distributed across each smoking status 

group. For smokers, additional measures including smoking frequency and measures of BD 

metabolites are also included.  

Native Hawaiian smokers (n=110) were the heaviest (median BMI=28.04 ± 5.87 kg/m2), 

followed by whites and Japanese Americans (26.92 ± 5.78 kg/m2 and 24.81 ± 4.14 kg/m2, 

respectively). Native Hawaiians and Japanese Americans reported smoking fewer cigarettes per 

day (mean cigarettes per day [CPD]=19.36 ± 9.26 and 20.02 ± 7.06, respectively) than whites 

(CPD=25.8 ± 11.41). Japanese Americans had the lowest CYP2A6 activity enzymatic ratio (0.86 

± 1.8) as compared to Native Hawaiians and whites (1.02 ± 0.84 and 1.32 ± 1.30, respectively). As 

previously reported for a larger group of smokers, half of whom were included in this current study 

183, urinary MHBMA levels were higher in whites and Native Hawaiians (6.7 [95%CI: 5.8-7.8] 

ng/mg Cr and 5.3 [95%CI: 4.6-6.2] ng/mg Cr, respectively), as compared to Japanese Americans 

(4.4 [95%CI: 3.8-5.1] ng/mg Cr) (Table 3.1) after adjusting for age, sex, BMI, and nicotine 

equivalents (NE). DHBMA levels did not differ between the three ethnic groups (p>0.15). The 

Pearson’s partial correlation (in smokers) between NE and MHBMA was statistically significant (r 

= 0.532, p <0.001).  
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Table 3.1. Demographic characteristics of study participants 

 Japanese 

Americans 

Native 

Hawaiians 
Whites 

N 205 207 211 

Age, mean (SD) 63.30 (7.26) 60.32 (9.85) 62.74 (7.36) 

Gender   
 

Males (%) 106 (51.71) 94 (45.41) 100 (47.39) 

Females (%) 99 (48.29) 113 (54.59) 111 (52.61) 

Smoking Status   
 

Smokers (%) 108 (52.68) 110 (53.14) 113 (53.55) 

Non-Smokers (%) 97 (47.32) 97 (46.86) 98 (46.45) 

EB-GII DNA Adducts 

(fmol/mL), mean (SD) 1.61 (3.20) 0.98 (1.50) 1.17 (2.19) 

BMI, mean (SD) (kg/m2) 24.81 (4.14) 28.04 (5.87) 26.92 (5.78) 

NE, mean (SD) (nmol/mL), 

Smokers only 30.65 (22.02) 

47.91 

(34.18) 54.97 (49.24) 

CPD, mean (SD), Smokers only 20.02 (7.06) 19.36 (9.26) 25.80 (11.41) 

CYP2A6 Activity, mean (SD), 

Smokers only 0.86 (1.80) 1.02 (0.84) 1.32 (1.30) 

MHBMA, mean (SD) (ng/mL), 

Smokers onlya 3.45 (3.12) 7.22 (7.56) 7.13 (8.68) 

DHBMA, mean (SD) (ng/mL), 

Smokers onlya 

342.68 

(268.84) 

448.49 

(405.41) 

437.25 

(455.13) 

Metabolic Ratio: MHBMA 

/[MHBMA + DHBMA]a 0.012 (0.010) 

0.017 

(0.012) 0.018 (0.015) 

a. Urinary MHBMA and DHBMA data was reported in our previous study 183). 
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3.3.2 Urinary excretion of EB-GII adducts of 1,3-butadiene  

To compare BD-DNA adduct load among the three ethnic groups, EB-GII levels were 

quantified in urine of Native Hawaiian, white, and Japanese American smokers and non-smokers. 

We found that when adjusting for sex, age, BMI, batch, and race/ethnicity, smokers excreted 

significantly higher levels of EB-GII adducts (0.98 [95%CI: 0.84-1.12] fmol/mL) than non-

smokers (0.19 [95%CI: 0.15-0.22] fmol/mL) (p = 5.8x10-34) (Table 3.2). This is consistent with our 

earlier study revealing a strong association of urinary EB-GII with smoking and a decline in urinary 

adduct levels upon smoking cessation 286.  

Among smokers, the highest concentration of urinary EB-GII adducts was found in Japanese 

Americans (1.35 [95%CI: 1.04-1.72] fmol/mL), with significantly lower levels in Native 

Hawaiians (0.68 [95%CI: 0.52-0.86] fmol/mL) and whites (0.73 [95%CI: 0.56-0.91] fmol/mL), 

after adjusting for sex, age, BMI, batch, and nicotine equivalents (Table 3.2). Urinary EB-GII 

adduct concentrations were significantly higher in Japanese American smokers than in white 

smokers (p = 4.8x10-5), while the amounts of urinary EB-GII in Native Hawaiian smokers were not 

significantly different from white smokers (p = 0.938). This pattern was not observed in non-

smokers, instead, urinary EB-GII adduct levels were fairly consistent across the racial/ethnic 

groups (ranging from 0.19-0.21 fmol/mL). These results reveal ethic differences in EB-GII adducts 

in current smokers, but not in non-smokers. 
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Table 3.2. Geometric means (95% confidence limits) for EB-GII (fmol/mL) by race/ethnicity and smoking status 

  N 
Geometric Mean 

Betad P-value Ng 
Geometric Mean 

Betad,g P-valueg 
(95% CI) (95% CI)g 

Non-smokersa             

Overall 290 0.19 (0.15 – 0.22) e   122 0.37 (0.28 – 0.46) h     

Native Hawaiians 97 0.21 (0.17 – 0.24) 0.098 0.355 42 0.44 (0.34 – 0.56) 0.047 0.789 

Japanese Americans 96 0.21 (0.17 – 0.23) 0.084 0.435 45 0.35 (0.26 – 0.43) -0.203 0.271 

Whites 97 0.19 (0.16 – 0.22) Reference 35 0.42 (0.32 – 0.54) Reference 

Smokersb             

Overall 331 0.98 (0.84 – 1.12)e   266 1.66 (1.39 – 1.95)h     

Native Hawaiians 110 0.68 (0.52 – 0.86) -0.071 0.664 79 1.39 (1.08 – 1.78) 0.066 0.664 

Japanese Americans 108 1.35 (1.04 – 1.72) 0.618 7.8x10-4 95 2.10 (1.65 – 2.65) 0.477 0.0034 

Whites 113 0.73 (0.56 – 0.91) Reference 92 1.31 (1.02 – 1.65) Reference 

Smokersc             

Overall  331 0.90 (0.76 – 1.03) f   266 1.60 (1.34 – 1.89) i     

Native Hawaiians 110 0.67 (0.51 – 0.84) -0.013 0.938 79 1.39 (1.07 – 1.76) 0.108 0.481 

Japanese Americans 108 1.45 (1.12 – 1.87) 0.766 4.8x10-5 95 2.22 (1.74 – 2.80) 0.578 6.8x10-4 

Whites 113 0.68 (0.52 – 0.85) Reference 92 1.24 (0.97 – 1.57) Reference 
a. The non-smoker analyses have been adjusted for sex, age, BMI, and batch  
b. The smoker analyses have been adjusted for sex, age, BMI, and batch 
c. The smoker analyses have been adjusted for sex, age, BMI, batch, and NE 
d. Estimated difference in geometric means compared to whites. 
e. P-value comparing smokers to non-smokers overall = 5.8x10-34  
f. For this analysis, it was assumed the non-smokers had NE = 0 nmol/mL. P-value comparing smokers to non-smokers overall = 1.9x10-22  
g. These analyses have been filtered to samples with EG-GII levels >0.125 fmol/mL (which is the limit of detection)  
h. P-value comparing smokers to non-smokers overall = 5.12x10-18  
i. For this analysis, it was assumed the non-smokers had NE = 0 nmol/mL. P-value comparing smokers to non-smokers overall = 6.0x10-14 
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3.3.3 Variation in urinary EB-GII by GSTT1 gene deletion or CYP2A6 
enzymatic activity ratio 

We next investigated whether population’s variation of urinary EB-GII levels can be explained 

by metabolic enzymes involved in BD biotransformation. As GSTT1-catalyzed glutathione 

conjugation is the major metabolic detoxification pathway for butadiene epoxides including EB 164, 

167, 272, we first investigated the relationship for GSTT1 gene deletion status with urinary EB-GII 

adduct levels overall and by racial/ethnic groups. The geometric means of urinary EB-GII adduct 

levels did not differ by GSTT1 genotype (p =0.2689, Table 3.3). This is different from our previous 

results for MHBMA, which was strongly correlated with GSTT1 copy number 183. 

As CYP2A6 monooxygenase along with CYP2E1 is involved in epoxidation of butadiene to 

form 3,4-epoxy-1-butene (EB) 149, 245, 271, we additionally investigated the association of CYP2A6 

enzymatic activity ratio with urinary EB-GII adduct levels overall and within each race/ethnicity. 

EB-GII adduct levels were not affected by CYP2A6 activity, although there was a suggestive 

positive increase of EB-GII adduct levels among Japanese Americans with higher CYP2A6 

enzymatic activity (Table 3.4). This could be explained by CYP2E1 compensating for any 

deficiency of CYP2A6 activity.  

 

  



 

86 

Table 3.3. Geometric means (95% confidence limits) for EB-GII (fmol/mL) stratified by GSTT1 

CNV and race/ethnicity among smokers 

GSTT1 gene deletion 

genotypea 
N 

Geometric Mean  

(95% CI) 
P-value 

Allb 323   
1/1 70 0.92 (0.68 – 1.22) 

0.2689 1/0 157 0.80 (0.65 – 0.96) 

0/0 96 1.02 (0.79 – 1.30) 

Whitesc 109   
1/1 32 0.81 (0.52 – 1.22) 

0.2385 1/0 46 0.67 (0.45 – 0.97) 

0/0 31 1.09 (0.68 – 1.70) 

Native Hawaiiansc 109   
1/1 27 0.96 (0.59 – 1.54) 

0.1537 1/0 59 0.66 (0.47 – 0.88) 

0/0 23 1.06 (0.63 – 1.77) 

Japanese Americansc 105   
1/1 11 1.28 (0.55 – 2.90) 

0.9537 1/0 52 1.42 (0.93 – 2.15) 

0/0 42 1.33 (0.84 – 2.07) 

a. The GSTT1 genotypes are coded as: 1/1 = 2 copies of gene; 1/0 = 1 copy of the gene;  0/0 = 

gene deletion 

b. The overall analyses have been adjusted for sex, age, BMI, NE, batch and race 

c. The race/ethnic specific analyses have been adjusted for sex, age, BMI, NE and batch 
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Table 3.4. Geometric means (95% confidence limits) for EB-GII (fmol/mL) stratified by tertiles of CYP2A6 activity and race/ethnicity among 

smokers 

Values of CYP2A6 

by tertilese 
N 

Geometric Mean  

(95% CI)a,b 
Betaa,b P-valuea,b P-trenda,b,c 

Geometric Mean 

(95% CI)d 
Betad P-valued P-trendd 

Alla 331                 

Tertile 1 110 0.71 (0.55 – 0.90) Reference 

0.081 

0.75 (0.57 – 0.95) Reference 

0.245 Tertile 2 111 1.00 (0.78 – 1.26) 0.340 0.056 1.00 (0.78 – 1.25) 0.290 0.101 

Tertile 3 110 0.99 (0.76 – 1.25) 0.327 0.073 0.93 (0.72 – 1.18) 0.223 0.227 

Whitesb 113         
Tertile 1 16 0.74 (0.37 – 1.42) Reference 

0.856 

0.87 (0.44 – 1.67) Reference 

0.616 Tertile 2 44 0.85 (0.56 – 1.25) 0.140 0.722 0.88 (0.58 – 1.28) 0.009 0.981 

Tertile 3 53 0.82 (0.37 – 1.42) 0.108 0.776 0.75 (0.51 – 1.08) -0.140 0.718 

Native Hawaiiansb 110  
Tertile 1 36 0.58 (0.38 – 0.86) Reference 

0.281 

0.61 (0.40 – 0.91) Reference 

0.465 Tertile 2 39 0.71 (0.47 – 1.04) 0.201 0.481 0.70 (0.46 – 1.02) 0.135 0.640 

Tertile 3 35 0.79 (0.51 – 1.18) 0.312 0.284 0.76 (0.49 – 1.14) 0.216 0.467 

Japanese 

Americansb 108  
Tertile 1 58 0.98 (0.69 – 1.37) Reference 

0.084 

0.99 (0.70 – 1.38) Reference 

0.100 Tertile 2 28 1.80 (1.10 – 2.90) 0.601 0.048 1.79 (1.09 – 2.89) 0.589 0.054 

Tertile 3 22 1.56 (0.90 – 2.68) 0.464 0.156 1.54(0.89 – 2.65) 0.443 0.178 

a. The overall analyses have been adjusted for sex, age, BMI, batch, and race/ethnicity. Beta values corresponds to the difference in EB-GII 

adducts (fmol/mL) for the second and third tertiles compared to the first. 
b. The race/ethnic specific analyses have been adjusted for sex, age, BMI, and batch  
c. A p-value for trend was calculated to determine if the noted shift from tertiles 1 to 3 is statistically significant  
d. In addition to the model adjustments from a & b above, these analyses have been further adjusted for NE for both the overall and race/ethnic 

specific results. Beta values corresponds to the difference in EB-GII adducts (fmol/mL) per change in tertile. 
e. CYP2A6 tertile range are as follows:  Tertile 1 (0.0412 - 0.495), N=110  | Tertile 2 (0.496 - 1.195), N=111 | Tertile 3 (1.200 - 18.148), 

N=110 
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3.3.4 Relationship between urinary EB-GII and 1,3 butadiene 
metabolites 

To compare the results for EB-derived urinary metabolites and DNA adducts in smokers, we 

evaluated the relationship between urinary EB-GII adducts quantified in this study and BD-

mercapturic acids (MHBMA and DHBMA) among the subjects with the available data previously 

reported by our group 183 (Table 3.5). After adjusting for age, sex, BMI, and batch, urinary 

MHBMA and DHBMA levels were significantly associated with EB-GII adduct concentrations. 

Specifically, for MHBMA, a 1 log-unit increase (approximately a 2.7-fold increase) was associated 

with a 0.20 log unit increase (approximately a 1.2-fold increase) of EB-GII adduct levels (p = 

4.1x10-3). This association was statistically significant in Native Hawaiians (p = 0.03) and whites 

(p = 0.02), but not in Japanese Americans (p = 0.28). For DHBMA, a 1 log-unit increase 

(approximately a 2.7-fold increase) was associated with a 0.68 log-unit increase (approximately a 

2.0-fold increase) of EB-GII adduct levels (p = 8.4x10-12), and this association was statistically 

significant in all three populations. When adjusting for internal smoking dose, measured by NE, 

the association was found no longer statistically significant for MHBMA (r = 0.07, p = 0.22), but 

remained for DHBMA, overall (p = 7.2x10-10). By race/ethnicity, this relationship was most 

significant in whites, followed by Native Hawaiians and Japanese Americans (p = 5.4x10-6,  

3.6x10-4, and 7.2x10-3, respectively, Table 3.5). These results indicate that urinary levels of BD-

mercapturic acids are not predictive of the extent of BD-DNA damage. We also examined the 

potential association between urinary adducts and NE. For all smokers as a whole, urinary EB-GII 

adducts were not correlated with NE (r=0.09, p = 0.10). By race/ethnicity, EB-GII adducts were 

found to be correlated with NE only in whites (r = 0.25, p = 0.009) and not the other racial/ethnic 

groups (p’s > 0.14). This indicates that in addition to smoking amounts, the levels of urinary EB-
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GII adducts could be affected by other biological factors such as DNA repair, adduct excretion, and 

further metabolism 69.  
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Table 3.5. Association between urinary BD adducts (EB-GII, fmol/mL) and BD metabolites (MHBMA and DHBMA), overall and by 

race/ethnicity among smokers 

  Overalla Native Hawaiiansb Japanese Americansb Whitesb 
 

 n Beta  P-value n Beta  P-value n Beta  P-value n Beta  P-value P-hetd 

MHBMA (ng/mL) 330 0.200 4.12E-03 110 0.265 0.03 108 0.124 0.284 113 0.311 0.022 0.199 

DHBMA (ng/mL) 329 0.682 8.44E-12 110 0.659 1.03E-04 108 0.489 9.28E-03 112 0.853 3.22E-07 0.200 

Metabolic Ratio: 

MHBMA /[MHBMA 

+ DHBMA] 

323 -0.154 0.049 109 -0.062 0.645 105 -0.086 0.494 109 -0.311 0.060 0.511 

MHBMA (ng/mL)c 330 0.126 0.112 110 0.227 0.127 108 0.104 0.397 113 0.179 0.290 0.449 

DHBMA (ng/mL)c 329 0.749 7.18E-10 110 0.731 3.64E-04 108 0.654 7.20E-03 112 0.956 5.37E-06 0.108 

Metabolic Ratio: 

MHBMA /[MHBMA 

+ DHBMA]c 

323 -0.175 0.024 109 -0.113 0.413 105 -0.082 0.515 109 -0.348 0.031 0.496 

a. The overall analyses have been adjusted for age, sex, BMI, batch and race. Beta values corresponds to the difference in EB-GII adducts (fmol/mL) per 

1-log unit increase in BD metabolites. 
b. The race/ethnic specific analyses have been adjusted for age, sex, BMI, and batch. Beta values corresponds to the difference in EB-GII adducts 

(fmol/mL) per 1-log unit increase in BD metabolites. 
c. In addition to the model adjustments from a & b above, these analyses have been further adjusted for NE for both the overall and race/ethnic specific 

results 
d. P-value for heterogeneity across the ethnic groups is reported  
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3.4 Discussion 

1,3-Butadiene is one of the most abundant carcinogens in tobacco smoke 259, 269 and has a 

relatively high cancer risk index as compared to other tobacco smoke carcinogens 259. Our 

laboratory has developed quantitative mass spectrometry methods for butadiene metabolites 167, 168, 

206 and DNA adducts in humans 22, 23, 86, 92 . These advanced methodologies have been previously 

used to investigate interindividual differences in butadiene metabolism 293, 294, to establish the 

correlation of these biomarkers with smoking 286 and ethnicity/genetic polymorphisms 163, 183. We 

found that GSTT1 copy number influenced BD metabolism and toxicity in human HAPMAP cells 

and could explain some of the ethnic differences in excretion of BD-mercapturic acid MHBMA 163, 

293, 294. Furthermore, the chemopreventive agent present in cruciferous vegetables 

(phenylethylisothiocyanate, PEITC) influenced the levels of BD-mercapturic acids in a nested 

study of current smokers by inducing glutathione-S-transferases 295. 

The present study was focused on quantifying urinary EB-GII, a butadiene-DNA adduct 

formed from butadiene monoepoxide (EB), in a multiethnic group of smokers and nonsmokers. 

Unlike BD metabolites MHBMA and DHBMA, which can be considered as biomarkers of 

exposure to butadiene 162-164, 167, 168, 170, 173, 179-181, 206, 272-276, urinary DNA adducts represent the 

biologically relevant dose of butadiene bound to genomic DNA and subsequently released through 

DNA repair and/or spontaneous hydrolysis (Figure 1.3) 280, 296. Therefore, BD-DNA adducts are 

considered a better biomarker of BD-associated cancer risk than previously employed BD-

mercapturic acids (which represent detoxified butadiene). EB-GII adducts have a half-life of 2.20 

± 0.12 days, due to their spontaneous depurination 13, 280. We previously reported the detection of 

urinary EB-GII adducts in laboratory animals treated with BD by inhalation and in current and 

former smokers, showing their association with smoking 23, 286.  
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Our new results reported here confirm the association of BD-DNA damage with smoking: EB-

GII adducts levels were significantly higher in urine of smokers than non-smokers (0.98 [95%CI: 

0.84-1.12] fmol/mL vs 0.19 [95%CI: 0.15-0.22] fmol/mL, p = 5.8x10-34, Table 3.2). This is 

consistent with previous reports that suggest that smoking is an important source of butadiene 

exposure and BD-DNA adduct formation 23, 163, 167, 181, 183, 286. We have previously shown that urinary 

EB-GII adduct levels decrease upon smoking cessation and are significantly higher in smokers as 

compared to non-smokers 23, 286. Butadiene metabolites MHBMA and THBMA have also been 

shown to decrease upon smoking cessation 167, 181.  

The main goal of our study was to investigate racial/ethnic differences in butadiene 

metabolism and DNA adduct formation in Japanese American, Native Hawaiian, and white 

smokers and non-smokers residing in Hawaii. While similar studies have been carried out in large 

multiethnic samples for butadiene metabolites 163, 183, this is the first attempt to quantify butadiene-

DNA adducts among these racial/ethnic groups and to evaluate the relationship of these adducts 

with butadiene metabolites across populations. Among smokers, Japanese Americans had the 

highest levels of urinary BD-DNA adducts (EB-GII), compared to white and Native Hawaiians 

(Table 3.2). In contrast, our earlier study of urinary BD metabolites (MHBMA and DHBMA) using 

the same population found that white smokers excreted the highest concentrations of BD-

mercapturic acids MHBMA, while Japanese American smokers excreted the lowest amounts of 

MHBMA 183. However, it should be noted that while BD-mercapturic acids are a measure of 

carcinogen exposure, urinary EB-GII adduct levels represent the amount of butadiene metabolite 

bound to DNA and subsequently excreted due to spontaneous hydrolysis and active repair of the 

resulting DNA lesions. More efficient repair of genomic butadiene-DNA adducts by Japanese 

American smokers may help explain higher levels of EB-GII adducts in their urine, despite their 
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overall lower risk of lung cancer due to smoking. This possibility will be investigated in our future 

studies by correlating the levels of genomic and urinary EB-GII adducts and identifying DNA 

repair mechanisms involved in their removal.  

Non-smokers from all three ethnic groups excreted low, but detectable levels of urinary EB-

GII adducts (Table 3.2). These levels did not vary by racial/ethnic group. While tobacco smoke is 

one of the major sources of BD exposure, lower levels of BD are present in automobile exhaust, 

wood burning smoke, and urban air 124, 135, 136, 138. Furthermore, in addition to DNA adducts forming 

from these environmental exposures to BD, EB-GII adducts may form endogenously. The 

contributions of endogenous EB-GII adducts to the overall adduct load are being examined in our 

ongoing laboratory animal studies utilizing stable isotope-labeling experiments to distinguish 

between endogenous and exogenous adducts. Additional analyses in cell culture are being 

conducted to identify potential metabolic and dietary sources of endogenous BD-DNA adducts.  

Unlike EB-mercapturic acids (MHBMA) 183, urinary EB-GII levels in smokers were not 

associated with GSTT1 gene deletion (Table 3.3). Conjugation of butadiene epoxides to glutathione 

through GSTT1 is a major metabolic detoxification pathway for EB, and previous studies reported 

that GSTT1 gene deletion partially explains ethnic differences in butadiene metabolite excretion 163, 

183. In an earlier study of Japanese Americans, whites, and Native Hawaiian smokers, GSTT1 gene 

deletion was significantly associated with MHBMA levels (p < 0.0001) 183. Another study among 

African American, white, and Native Hawaiian smokers utilized a genome wide association study 

to identify genetic determinants of BD metabolism and found that GSTT1 gene deletion explained 

7.3% of the variability in MHBMA levels 163. The observed lack of correlation between GSTT1 

status and urinary EB-GII adduct excretion can be explained by the influences of other factors such 

as DNA repair and nucleotide metabolism (see below).  
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Additionally, urinary EB-GII levels in current smokers were not influenced by variation in 

CYP2A6 enzymatic activity (Table 3.4). CYP2A6 enzymatic activity is associated with lung cancer 

risk 297 and is partially responsible for the epoxidation of butadiene 149. CYP2A6 enzymatic activity 

is highest among whites, followed by Native Hawaiians and lowest in Japanese Americans 298. The 

observed lack of correlation between urinary EB-GII and GSTT1 gene deletion or CYP2A6 

enzymatic activity ratio is not surprising because CYP2E1 plays a much more important role in 

metabolism of BD, and polymorphisms in the CYP2E1 gene are less common 149, 244. Furthermore, 

other genetic factors such as polymorphisms in DNA repair genes might have a stronger influence 

on urinary EB-GII adduct levels. For example, our cell culture studies revealed that NEIL1 

glycosylase plays a role in the removal of EB-GII adducts via the base excision repair pathway 86. 

In mouse embryonic fibroblasts deficient in base excision repair protein NEIL1-/-, EB-GII adduct 

levels were nearly 3-fold higher than in the isogenic strain (NEIL1+/+) 86. A genome wide 

association study for the three ethnic groups is now in progress to identify additional genes that 

may be contributing to the racial/ethnic differences observed in urinary EB-GII. 

Urinary levels of butadiene metabolites and butadiene-DNA adducts represent total BD 

exposure and the biologically relevant dose of butadiene bound to DNA, respectively. We found 

that BD metabolite DHBMA levels were significantly associated with urinary EB-GII adduct 

levels, while MHBMA levels were not associated with urinary EB-GII adduct levels if values were 

adjusted to smoking levels as defined by nicotine equivalents (NE) (Table 3.5). Our earlier study 

observed no association between GSTT1 gene deletion and DHBMA in Native Hawaiians, whites, 

and Japanese American smokers 183. It should be noted that while DHBMA levels correlate with 

occupational exposure to BD 299, they do not decrease significantly upon smoking cessation 181 and 

are only 1.4 fold higher in smokers as compared to non-smokers 178. Therefore, human exposure to 
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BD in cigarette smoke does not fully explain DHBMA levels, although the latter is significantly 

associated with urinary EB-GII adducts. Unlike DHBMA, MHBMA is strongly affected by 

smoking status as revealed in a smoking cessation study 181. The observed lack of correlation 

between BD-mercapturic acids and urinary BD-DNA adducts indicates that they are influenced by 

different genetic factors and provide distinct information in population studies.  

The main limitation of our study is the use of urinary adducts rather than adducts in genomic 

DNA to determine biologically relevant dose of BD bound to DNA. While our mass spectrometry 

methods for detection and quantitation of DNA adducts can be applied to either biological liquid, 

only human urine samples were available in the present study. Unlike genomic EB-GII adducts 

quantified in blood or oral DNA, urinary EB-GII adduct levels represent the amount of DNA 

lesions that are removed from the DNA backbone, either through active repair or via spontaneous 

hydrolysis. Therefore, urinary EB-GII adduct levels can be affected by the efficiency of EB-GII 

DNA adduct repair and their further metabolism, potentially leading to the lack of association 

between urinary EB-GII adduct levels and MHBMA, GSTT1 gene deletion, and CYP2A6 activity. 

We are currently developing a method for the quantification of EB-GII in oral DNA to investigate 

genomic levels of EB-GII in smokers.  

In conclusion, we found that urinary EB-GII adduct levels are greater in smokers than 

nonsmokers across all racial/ethnic groups and, among smokers, Japanese Americans had the 

highest urinary adduct levels. These findings warrant further investigation to quantify EB-GII 

adducts in genomic DNA and urine samples in the same smokers to investigate the relationship 

between excreted and persistent EB-GII adducts. Additional ongoing studies will utilize a genome 

wide association study to elucidate the role of DNA repair in EB-GII removal and to identify the 
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potential genetic polymorphisms in DNA repair genes that could affect urinary EB-GII adduct 

levels.  
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4. Association of urinary N7-(1-hydroxy-3-buten-2-yl) 
guanine adducts in current smokers with lung cancer 
development 

This work was conducted in collaboration with S. Lani Park, Yesha Patel, and Daniel O. 

Stram under the guidance of Natalia Tretyakova. Yesha Patel conducted statistical analyses for 

urinary DNA adducts under the guidance of Dr. Daniel O. Stram. S. Lani Park conducted 

statistical analyses for urinary metabolites. Caitlin C. Jokipii Krueger quantified urinary DNA 

adducts and metabolites in urine of lung cancer cases and smoker controls. 
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4.1 Introduction 

Lung cancer is the leading cause of cancer-related deaths in the United States98, with the 

majority of cases (82%) attributable to cigarette smoking257. Approximately 11-24% of smokers 

develop  lung cancer in their lifetime;300 with risk being modified by genetic factors298, ethnicity265, 

gender256, diet301, and co-occurring lung inflammation. Smoking cessation prior to age 40 is 

associated with a 90% decrease in risk of smoking associated death as compared to continued 

smoking302. However, former smokers are still at increased risk, with a hazard ratio of excess risk 

of death of 1.2302. Identifying smokers at an increased risk is critical for early-stage lung cancer 

prevention efforts. This requires sensitive, specific, and non-invasive biomarkers that can be used 

in general populations.  

Tobacco smoke is a complex mixture with over 7000 identified chemical compounds258. Of 

the 73 known human carcinogens in tobacco smoke, 1,3-butadiene (BD) is one of the most 

abundant (20-75 µg per cigarette in mainstream smoke and 205-361 µg per cigarette in side stream 

smoke)134, 259, 269. BD is classified as a Group 1 carcinogen by the International Agency for Research 

on Cancer based on the occupational risk and carcinogenicity in laboratory animals148. In addition 

to smoking, human exposure to BD occurs through automobile exhaust, wood burning smoke, and 

occupational exposures in the synthetic polymer industry124, 135, 136, 138. Workers occupationally 

exposed to BD (~1 ppm) are at an increased risk for lymphatic and hematopoietic cancers125-127 and 

possibly lung cancer131, 132. In laboratory animals, BD induces neoplasms of the lung in mice at 

exposures as low as 6.25 ppm240.  

BD is metabolically activated by cytochrome P450 monooxygenases (CYP) 2E1 and 2A6 to 

3,4-epoxy-1-butene (EB) (Figure 1.7)149, 245, 271. Cellular detoxification of EB occurs through GST-

catalyzed glutathione conjugation to form N-acetyl-S-(1-hydroxymethyl-2-propenyl)-L-cysteine 
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(MHBMA-1) and N-acetyl-S-(2-hydroxy-3-butenyl)-L-cysteine (MHBMA-2) together known as 

MHBMA and N-acetyl-S-(3,4-dihydroxybutyl)-L-cysteine (DHBMA) (Figure 1.8)164, 272. N-acetyl-

S-(4-hydroxy-2-buten-1-yl)-L-cysteine (MHBMA-3) was originally identified as an impurity 

resulting from synthesis or storage in acidic conditions166 but was present in fresh urine samples 

and classified as a potential novel metabolite of BD by Alwis et al. in 2012165. Urinary MHBMA 

has been shown to be associated with occupational exposure to BD206, smoking status181, and ethnic 

differences in lung cancer risk163, 183. Urinary MHBMA-3 levels increased with tobacco smoke 

exposure165, 186, but were not affected by race/ethnicity184. While not related to smoking status or 

ethnicity163, 181, 183, the concentrations of DHBMA are significantly higher in urine of workers 

occupationally exposed to BD206.  

The carcinogenic activity of BD is attributed to its ability to alkylate genomic DNA to form 

DNA adducts. EB forms covalent adducts at multiple nucleophilic sites of DNA (Figure 1.10). Of 

the BD DNA adducts, hydrolytically stable adducts such as 1,N6-(2-hydroxy-3-

hydroxymethylpropan-1,3-diyl)-2′-deoxyadenosine are thought to result in DNA polymerase errors 

during replication,157, 279, 303 while DNA-DNA crosslinks such as 1,4-bis-(guan-7-yl)-2,3-butane 

diol and 1-(guan-7-yl)-4-(aden-1-yl) -2,3-butane diol block DNA replication and induce error prone 

DNA repair217, 218, 304. Although N7-guanine monoadducts of BD such as EB-GII maintain base 

pairing with cytosine and are not expected to be mutagenic,13 they have been shown to serve as 

useful biomarkers of BD exposure due to their relatively high abundance as compared to other BD 

lesions and their excretion in urine23. Unlike blood and tissue, urine collection is non-invasive, and 

urine samples are readily available from epidemiological studies.  

In Chapters 2 and 3 of this Thesis, we reported that urinary EB-GII adducts (Figure 1.10) can 

be used as a biomarker of smoking-related BD exposure. Urinary EB-GII adducts demonstrated 
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good temporal stability in smokers, and their levels decreased immediately upon smoking cessation 

in Chapter 2286. In workers occupationally exposed to BD in a BD production facility, urinary EB-

GII were over 5-fold more abundant than in administrative controls23. EB-GII adducts have been 

quantified in urine samples available from large epidemiological studies, exhibiting ethnic 

differences between groups with differing lung cancer risk (Chapter 3)23, 305. Urinary DNA adducts 

represent DNA lesions that are released from DNA backbone via spontaneous hydrolysis or active 

repair and thus reflect the number of promutagenic lesions formed in genomic DNA. However, the 

association between urinary EB-GII and lung cancer is not clearly established. In order to test the 

hypothesis that urinary EB-GII adduct load is higher in smokers who subsequently develop lung 

cancer, the present study accurately quantified EB-GII, MHBMA, and DHBMA in urine of 

smokers who subsequently lung cancer and the corresponding smoker controls (N = 519) using 

high-throughput, quantitative, LC-HRMS/MS methodologies established in our laboratory206, 286. 

4.2 Materials and Methods 

Study Population 

The study population included current cigarette smokers from two ethnic groups: African 

American and white. All participants were selected from the Southern Community Cohort Study 

(SCCS), which provides an epidemiological investigation of racial disparities in cancer risk.306 In-

person baseline interviews were used to establish baseline characteristics of the study population, 

followed by biospecimen collection A total of 519 samples were analyzed for urinary EB-GII, 

MHBMA, and DHBMA (N = 260 cases, N = 259 controls). Participants were selected using a 

nested case-control study design among those who were current smokers at time of cohort entry 

(and spot urine collection). Lung cancer cases were ascertained from linkage to the 12 state cancer 

registries in the study area. Among the current smokers with urine available 264 incident lung 
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cancer cases occurred during study follow-up (end of follow-up=December 31, 2015). For this 

study one control for every case were selected at random among a subcohort of SCCS current 

smoking participants with urine, matched on age, sex, race/ethnicity and recruitment site. Written 

informed consent was obtained from all study participants. 

Materials 

LC-MS grade water, methanol and acetonitrile were purchased from Fisher Scientific 

(Pittsburgh, PA, USA). Strata X polymeric reversed phase SPE cartridges (30 mg/1 mL) were 

purchased from Phenomenex (Torrance, CA, USA). EB-GII and 15N5-EB-GII standards were 

prepared as previously reported 211, 281. MHBMA, MHBMA-d6, DHBMA, and DHBMA-d7 were 

purchased from Toronto Research Chemicals (North York, ON, Canada). 96 well plates were 

purchased from Analytical Sales and Services Inc. (Ledgewood, New Jersey, USA). All other 

chemicals and solvents were obtained from Sigma-Aldrich (Milwaukee, WI; St. Louis, MO, USA) 

unless otherwise specified.  

Urine sample processing and analyte enrichment  

Urine samples were processed as described previously, with a modification to the SPE method 

to additionally collect MHBMA and DHBMA from the same urine sample286. In brief, urine 

samples (200 µL) were centrifuged at 10,000 x g for 15 min to remove particulate matter, spiked 

with 5 fmol of 15N5-EB-GII, 37 ng of MHBMA1-d6, 11 ng of MHBMA2-d6, 25 ng of MHBMA3-

d6, and 60 ng of DHBMA-d7 (internal standards for mass spectrometry), and subjected to solid-

phase extraction (SPE) on Strata X 96-well plate cartridges (30 mg/mL; Phenomenex, Torrance, 

CA). The cartridges were conditioned with 2 mL of methanol, followed by 2 mL of water. Samples 

were loaded onto the cartridges, and MHBMA, DHBMA, and their internal standards were eluted 

with 1 mL of water. SPE eluates were collected into a 96 well plate, dried under nitrogen, and 
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stored at -20 °C until nanoLC/ESI+-HRMS/MS analysis. SPE cartridges were washed with 1 mL 

of 10% methanol in water. EB-GII and its internal standard were eluted with 1 mL of 60% methanol 

in water. To determine mercapturic acid recovery from SPE, synthetic urine (200 µL, in triplicate) 

was spiked with unlabeled MHBMA and DHBMA. MHBMA-d6 and DHBMA-d7 internal 

standards were added prior or immediately following SPE. Samples were then quantified as 

described below. SPE recovery was determined by comparing the standard:internal standard peak 

area ratios when internal standard was added before or after SPE.  

SPE eluates containing EB-GII and its internal standard were concentrated under nitrogen and 

subjected to offline high-performance liquid chromatography (HPLC) on an Agilent 1260 series 

HPLC system equipped with an automated fraction collector (Agilent Technologies, Santa Clara, 

CA) and a Zorbax Eclipse XDB-C18 column (4.6 x 150 mm, 5 µm; Agilent Technologies, Santa 

Clara, CA). Fractions containing EB-GII and its internal standard were collected, dried under 

nitrogen, and reconstituted in LC/MS-grade water containing 0.01% acetic acid (30 µL) for 

nanoLC/ESI+-HRMS/MS analysis.  

NanoLC/ESI+-HRMS/MS analysis of urinary EB-GII 

All nanoLC/ESI+-HRMS/MS analyses were conducted on Q Exactive Orbitrap instrument 

equipped with a nanospray source interfaced with a Dionex UlitMate 3000 RSLC nano HPLC 

system (Thermo Fisher Scientific Corp., Waltham, MA). The LC gradient has been previously 

described23, 286.  

Tandem mass spectrometry analyses were performed in the parallel reaction monitoring 

(PRM) mode. [M+H]+ ions of EB-GII (m/z = 222.0985) were fragmented using a normalized 

collision energy (NCE) of 30 and an isolation width of 1.0 amu. The resulting MS/MS fragment 

ions at m/z 152.0565 ([Gua+H]+) were detected in the mass range of m/z 50-270 using an orbitrap 
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mass analyzer at a resolution of 70,000. The 15N5-EB-GII internal standard was detected using an 

analogous MS/MS scan event consisting of fragmentation of m/z 227.0837 ([M+H]+) to m/z 

157.0418 ([15N5-Gua+H]+). Extracted ion chromatograms corresponding to m/z 152.0565 and m/z 

157.0418 were utilized for the quantification of EB-GII and 15N5-EB-GII, respectively. EB-GII 

amounts were determined by comparing the areas of the peaks corresponding to the analyte and its 

internal standard.  

Accuracy of the analytical method was determined by spiking synthetic urine with 0.2 fmol of 

EB-GII and 5 fmol of 15N5-EB-GII, followed by sample processing and analysis as described above. 

This sample was analyzed on each plate of sample analysis, and the accuracy range was determined 

from (Am/Aa*100%). Precision of the analytical method was determined by analyzing the same 

spiked synthetic urine samples and quality control samples (pooled smoker urine) included nine 

times on each plate and reported as percent coefficient of variation (% CV). Method LOD and LOQ 

were estimated as 3.3σ/S and 10σ/S, where S is the slope of the validation curve in synthetic urine 

and σ is the standard deviation of the slope307.  

HPLC/ESI--HRMS/MS analysis of urinary MHBMA and DHBMA 

SPE eluates containing MHBMA and DHBMA were reconstituted in LC/MS grade water 

containing 0.1% formic acid (30 µL) for nanoLC/ESI+-HRMS/MS analysis on an Agilent Pursuit 

3 Diphenyl (2.0x150 mm, 3µM) column equipped with an Agilent Metaguard Pursuit 3 Diphenyl 

guard column. The LC gradient has been previously described206.  

Tandem mass spectrometry analyses were conducted by fragmenting [M-H]- ions of MHBMA 

(m/z = 232.1) in the high collision dissociation (HCD) cell of the instrument using the normalized 

collision energy (NCE) of 25 and isolation width (IW) of 1.0 amu. The resulting fragment ion 

generated by the loss of N-acetyl cysteine (NaC) [M-NaC-H]- (m/z = 103.0223) was detected in the 
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mass range of m/z = 50-270 using the Orbitrap mass analyzer (HRMS) at a resolution of 70,000. 

MHBMA-d6 was detected using an analogous scan event consisting of fragmentation of m/z = 238.1 

to m/z = 109.0600. DHBMA was detected by fragmentation of m/z = 250.1 to m/z = 121.0329 with 

NCE of 35. DHBMA-d7 was detected through an analogous scan event consisting of fragmentation 

of m/z = 257.1194 to m/z = 128.0768. 

Accuracy of the analytical method was determined by spiking synthetic urine with 0.85 ng of 

MHBMA-1, 36 ng of MHBMA-1-d6, 0.35 ng of MHBMA-2, 11 ng of MHBMA-2-d6, 25 ng of 

DHBMA, and 60 ng of DHBMA-d7, followed by sample processing and analysis as described 

above. This QC sample was analyzed on each plate of sample analysis, and the accuracy range was 

determined from (Am/Aa*100%). Precision of the analytical method was determined by analyzing 

the same spiked synthetic urine samples and quality control samples (pooled smoker urine) 

included nine times on each plate and reported as percent coefficient of variation (%CV). Method 

LOD and LOQ were estimated as 3.3σ/S and 10σ/S, where S is the slope of the validation curve in 

synthetic urine and σ is the standard deviation of the slope307.  

Statistical Methods 

EB–GII adduct levels were expressed as fmol/ml urine. Pearson’s partial correlation 

coefficients, adjusting for age, sex and race/ethnicity (for overall), were computed to examine the 

correlation between EB adducts, TNE, MHBMA, DHBMA (among those with complete data). To 

examine the difference of EB–GII adducts, MHMBA or DHBMA by lung cancer case status or by 

racial/ethnic groups, covariate-adjusted geometric means were computed for lung cancer status or 

ethnic/racial group at the mean covariate vector using the LS means procedure in SAS. 

Multivariable linear models regressed the urinary levels of EB–GII adducts on the following 

predictors: age at time of urine collection (continuous), race/ethnicity (when results were not 
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stratified by race/ethnicity). To assess effects independent of internal smoking dose another model 

with TNE (natural log, continuous) was also included. To better meet model assumptions, EB 

adducts, TNE, MHBMA, DHBMA were transformed by taking the natural log. To assess the 

association between EB-GII, MHBMA, DHBMA and lung cancer we used unconditional logistic 

regression, adjusting for age, sex, race/ethnicity and TNE.  
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4.3 Results 

4.3.1 NanoLC/ESI+-HRMS/MS and HPLC/ESI--HRMS/MS method 
validation 

NanoLC/ESI+-HRMS/MS analysis of standard solutions containing 0.05-10 fmol of EB-GII 

and 5 fmol of 15N5-EB-GII in 30 µL of water (y = 0.9269x, R2 = 0.9997) and synthetic urine (y = 

0.8929x, R2 = 0.9999) produced linear standard curves. Method accuracy was determined to be 88-

123% for 0.2 fmol of EB-GII spiked in synthetic urine. Method precision (%CV) was determined 

to be 10% for 0.2 fmol of EB-GII spiked in synthetic urine and 20% for pooled smoker urine 

samples. Method LOD was 0.32 fmol/mL urine and method LOQ was 0.96 fmol/mL urine. SPE 

recovery for EB-GII has been previously reported as 75% in synthetic urine286. 

HPLC/ESI--HRMS/MS analysis of standard solutions containing 0.0009-3.14 ng MHBMA-1 

and 36 ng of MHBMA-1-d6 in synthetic urine (y = 0.9724x - 0.0085, R2 = 0.9995) and 0.0003-1.27 

ng of MHBMA-2 and 11 ng of MHBMA-2-d6 in synthetic urine (y = 0.9673x - 0.0031, R2 = 0.9997) 

produced linear standard curves. The same was true for DHBMA (0.025-100 ng, 60 ng DHBMA-

d7) in synthetic urine (y = 0.9054x - 0.0296), R2= 0.9999). Method accuracy was 99-118% for 0.85 

ng of MHBMA-1, 98-116% for 0.35 ng of MHBMA-2, and 90-118% for 25 ng of DHBMA spiked 

in synthetic urine. Method precision (%CV) was determined to be 6% for 0.85 ng of MHBMA-1, 

5% for 0.35 ng of MHBMA-2 and 9% for 25 ng of DHBMA spiked into synthetic urine and 14% 

for MHBMA-1 and 12% for DHBMA in pooled smoker urine samples. MHBMA-2 was not 

detected in pooled smoker urine samples. MHBMA-3 was not detected in pooled smoker samples 

or any subjects in this study. Method LOD was 0.11 ng/mL urine for MHBMA-1, 0.10 ng/mL urine 

for MHBMA-2, and 0.04 ng/mL urine for DHBMA. Method LOQ was 0.34 ng/mL urine for 
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MHBMA-1, 0.29 ng/mL urine MHBMA-2, and 0.13 ng/mL urine for DHBMA. SPE recovery in 

synthetic urine was 41%, 48%, and 27% for MHBMA-1, MHBMA-2, and DHBMA, respectively.  

4.3.2 Study Population 

The baseline demographic characteristics of the study population are presented in Table 4.1. 

Among the 519 participants, 260 were lung cancer cases and 259 were smoker controls. These 

smokers did not have lung cancer at the time of study enrollment and urine sample collection. The 

median age at enrollment was 53 for the controls and 54 for the lung cancer cases. The median age 

of lung cancer diagnosis among the cases was four years after study enrollment, at age 58. The two 

racial/ethnic groups included were African Americans and whites. The samples from 287 African 

Americans and 210 white smokers were approximately evenly distributed between cases and 

controls. For lung cancer cases, additional information regarding age at diagnosis is also included. 

Lung cancer cases reported smoking higher numbers of cigarettes per day (CPD) than controls 

[median CPD 20 (10-20) and 10 (6-20), respectively] and had higher levels of total nicotine 

equivalents (TNE) than controls [median TNE 82.9 (48.1-122.6) and 37.8 (24.7-65.2), 

respectively].  
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Table 4.1. Demographics for study participants 

 Cases Controls 

 Median 
25-75th  

percentile 
Median 

25-75th  

percentile 

N 260  259  

Age at Enrollment (years) 54 49-60 53 48-60 

Age at Diagnosis (years) 58 54-65 - - 
     

Sex N % N % 

Males 130 50.0 129 49.8 

Females 130 50.0 130 50.2 

Race/Ethnicity     

AA 144 55.4 143 55.2 

Whites 105 40.4 105 40.5 

Other 11 4.2 11 4.3 

Menthol users, Y 127 48.8 148 57.1 
     

 Median 
25-75th 

percentile 
Median 

25-75th 

percentile 

BMI (kg/m2) 25.2 22.2 - 29.1 27.2 23.3-31.4 

TNE 82.9 48.1 - 122.6 37.8 24.7 - 65.2 

Cigarettes per day 20 10 - 20 10 6 - 20 

packyears 30 16.5 - 47.0 20 10 - 35 

creatinine 101.1 50.5 - 162.07 93.99 47.55 - 144.91 
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4.3.3 Urinary excretion of EB-GII in lung cancer cases and controls 

To examine possible association of urinary EB-GII adducts with cancer, they were quantified 

in smokers who subsequently developed lung cancer and the corresponding smoker controls who 

did not develop lung cancer (260 cases and 259 controls). Smokers included in the study belonged 

to two racial/ethnic groups with varying risks of lung cancer development: African American and 

white. We employed the isotope dilution nanoLC-ESI+-HRMS/MS method described in Chapter 2 

of this Thesis because it enables sensitive and accurate quantification of low levels of EB-GII in 

human urine (LOD = 0.25 fmol/mL urine)305. 

When adjusting for age and sex, there were no statistical differences in the levels of urinary 

EB-GII excreted by African American and white smokers (p = 0.259, Table 4.2). However, when 

the EB-GII values were adjusted for total nicotine equivalents (TNE) to account for smoking dose, 

African Americans excreted significantly lower levels of urinary EB-GII [1.84 (95% CI: 1.71-1.94) 

fmol/mL urine] than whites [2.08 (95% CI: 1.91-2.26) fmol/mL urine, p = 0.031] (Table 4.2). This 

is consistent with previous results from our laboratory showing higher levels of urinary EB-GII in 

whites as compared to African Americans23.  
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Table 4.2. Geometric means for EB-GII (fmol/mL urine) by lung cancer incidence 

Ethnicity N Geometric Mean (95% CI) P-value Nd Geometric Meand (95% CI)d P-valued 

Overalla 519 2.07 (1.82 - 2.36)  519 2.04 (1.86 - 2.23)  

Cases 260 2.59 (2.24 - 3.00) 
1.22E-09 

260 1.93 (1.74 - 2.15) 
0.071 

Controls 259 1.65 (1.43 - 1.91) 259 2.14 (1.93 - 2.38) 

African Americansb 287 1.86c (1.68 - 2.06)  287 1.84e (1.71 - 1.97)  

Cases 144 2.54 (2.24 - 2.89) 
1.96E-09 

144 1.88 (1.70 - 2.08) 
0.705 

Controls 143 1.47 (1.30 - 1.67) 143 1.93 (1.75 - 2.14) 

Whitesb 210 2.04c (1.81 - 2.31)  210 2.08e (1.91 - 2.26)  

Cases 105 2.50 (2.07 - 3.00) 
0.011 

105 1.89 (1.66 - 2.15) 
0.045 

Controls 105 1.80 (1.49 - 2.16) 105 2.28 (2.01- 2.59) 

Bold values denote statistical significance 
aThe analyses have been adjusted for age, sex, and race/ethnicity  
bThe analyses have been adjusted for age and sex 
cP-value comparing African Americans to whites overall = 0.259 
dThese analyses have been additionally adjusted for TNE 
eP-value comparing African Americans to whites overall = 0.031 



 

111 

Urinary EB-GII levels were quantified in the urine of smokers with lung cancer and matched 

controls (260 cases and 259 controls). When adjusting for age, sex, and race/ethnicity, lung cancer 

cases excreted significantly higher levels of urinary EB-GII [2.59 (95% CI: 2.24-3.00) fmol/mL 

urine] than matched controls [1.65 (95% CI: 1.43-1.91) fmol/mL urine, p = 1.22E-09] (Table 4.2). 

This trend was consistent within each racial/ethnic group when adjusting for age and sex, with 

levels of urinary EB-GII significantly higher in African American cases as compared to controls (p 

= 1.96E-09) and white lung cancer cases as compared to controls (p = 0.011). Upon further 

adjustment for total nicotine equivalents (TNE), there were no statistically significant differences 

in urinary EB-GII excretion between lung cancer cases and controls (p = 0.071, Table 4.2).  

We further examined the associations of EB-GII with lung cancer incidence. When adjusting 

for age, sex, BMI, and race/ethnicity, the OR was 1.91 (95% CI: 1.52-2.40, p = 2.06E-08), 

indicating elevated cancer risk with higher excretion of urinary EB-GII adducts (Table 4.3). These 

results are consistent within each ethnic group (OR = 2.60 (1.81-3.73, p = 2.25E-07) for African 

Americans and 1.49 (1.10-2.03, p = 0.01) for whites), showing a stronger effect of butadiene 

exposure in African American smokers. Upon further adjustment for TNE, the OR (0.71 (0.50-

1.01) was no longer statistically significant (p = 0.054) (Table 4.3). These results indicate that 

urinary EB-GII is a biomarker of lung cancer risk upon exposure to BD in tobacco smoke. 
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Table 4.3. Associations of log-transformed EB-GII with lung cancer incidence 

Predictor N_cases N_controls OR (95% CI) P-value ORc (95% CI)c P-valuec 

Overalla                 

Log-EBGII 260 259 1.91 (1.52 - 2.40) 2.06E-08 0.71 (0.50 - 1.01) 0.054 

African Americansb                 

Log-EBGII 144 143 2.60 (1.81 - 3.73) 2.25E-07 0.80 (0.48 - 1.34) 0.398 

Whitesb                 

Log-EBGII 105 105 1.49 (1.10 - 2.03) 0.010 0.67 (0.41 - 1.11) 0.120 

Bold values denote statistical significance 
a The analyses have been adjusted for age, sex, log-BMI and race/ethnicity 
b The analyses have been adjusted for age, sex, and log-BMI 
c The analyses have been additionally adjusted for log-TNEyrs 
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4.3.4 Urinary excretion of BD metabolites in lung cancer cases and 
controls 

To compare the abundance of urinary BD metabolites in lung cancer cases vs controls, urinary 

MHBMA-1, MHBMA-2, and DHBMA were quantified in the same subjects. Urinary MHBMA-3 

was not detected in any subjects. 191 subjects had undetectable levels of MHBMA-1 and MHBMA-

2. These subjects were randomly distributed by race/ethnicity and cancer status, so they were 

removed from analyses regarding MHBMA. Baseline characteristics of study participants among 

those with detectable MHBMA is presented in Table 4.4.  

When adjusted for age, sex, log-BMI, and race/ethnicity, urinary MHBMA was significantly 

elevated in lung cancer cases [1.45 (95% CI: 1.22-1.71) ng/mL urine] as compared to smoking 

controls [0.84 (95% CI: 0.70-1.00) ng/mL urine, P < 0.0001, Table 4.5). This trend was consistent 

within each racial/ethnic group when adjusting for age, sex, and log-BMI, with African American 

lung cancer cases significantly elevated over controls (p =0.0006) and white lung cancer cases 

significantly elevated over controls (p = 0.006). Upon further adjustment for TNE, these differences 

were no longer statistically significant (Table 4.5).  

When separately investigating the MHBMA isomers (Figure 1.8), we observe the same trends 

among overall lung cancer cases and smoker controls. Urinary levels of MHBMA-1 and MHBMA-

2 are significantly higher in lung cancer cases as compared to smoking controls (p =0.0007, p = 

0.0352 respectively, Table 4.5). Among ethnic groups, African American lung cancer cases have 

higher MHBMA-1 and MHBMA-2 as compared to controls (p = 0.0139, p = 0.0201 for MHBMA-

1 and MHBMA-2, respectively), while only MHBMA-1 is elevated in white smokers as compared 

to controls (p = 0.0143, p = 0.4053 for MHBMA-2). Upon adjustment for TNE, neither of the two 
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MHBMA isomers are significantly associated with lung cancer incidence if analyzed separately 

(Table 4.5).  

Urinary DHBMA (adjusted for age, sex, log-BMI, and race/ethnicity) is significantly elevated 

in lung cancer cases [117.62 (95% CI: 103.35-133.85) ng/mL urine] as compared to smoker 

controls [85.04 (95% CI: 74.69-96.82) ng/mL urine, p = 0.0006, Table 4.6). This difference is also 

significant in African American smokers (p = 0.0011) but not among white smokers (p = 0.0774). 

Further adjustment for TNE results in insignificant differences between lung cancer cases and 

controls overall and among each racial/ethnic group, indicating that tobacco smoke exposure to BD 

is associated with lung cancer incidence. 

We further investigated the associations between lung cancer incidence and urinary BD 

metabolites. When adjusting for age, sex, BMI, and race/ethnicity, the OR was 1.32 (95% CI: 1.12-

1.57, p = 0.0015) for MHBMA-1, 1.08 (95% CI: 1.02-1.14, p = 0.0142) for MHBMA-2, 1.63 (95% 

CI: 1.30-2.05, p <0.0001) for MHBMA, and 1.37 (95% CI: 1.14-1.64, p = 0.0007) for DHBMA 

(Table 4.7). This indicates elevated cancer risk with increased levels of excreted BD metabolites. 

This trend is consistent within each ethnic group, with the exception of the association between 

MHBMA-2 and lung cancer incidence in white smokers (p = 0.3464). Upon adjustment for TNE, 

elevated levels of BD metabolites were no longer associated with elevated lung cancer risk.   
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Table 4.4. Demographics for study participants with detectable MHBMA. 

 Controls Cases 

  Mean SE Median 
(25-75% 

interquartile range) 
Mean SE Median 

(25-75% 

interquartile range) 

N 155   
 171   

 

 

   

(25-75% 

interquartile range)    

(25-75% 

interquartile range) 

Age at Enrollment (years) 53.67 0.61 53.00 48.0 – 59.0 53.98 0.59 54.00 48.0 – 59.0 

Age at Diagnosis (years)    
 58.73 0.59 58.00 53.0 – 65.0 

 
   

 
   

 

Sex N   
 N   

 

Males 71   
 89   

 

Females 84   
 82   

 

Race/Ethnicity    
 

   
 

AA 89   
 97   

 

Whites 62   
 69   

 

Other 4       5       

  Mean SE Median 
(25-75% 

interquartile range) 
Mean SE Median 

(25-75% 

interquartile range) 

BMI 28.45 0.52 27.65 23.65 – 31.62 25.85 0.43 25.24 22.31 – 28.72 

Creatinine 108.84 5.91 97.06 56.63 – 142.64 117.45 6.31 104.28 54.32 – 159.75 

EB-GII 2.13 0.13 1.59 1.05 – 2.64 3.22 0.19 2.77 1.61 – 3.92 

MHBMA 1.43 0.14 0.85 0.45 – 1.83 2.63 0.31 1.53 0.7 – 3.07 

MHBMA-1 1.23 0.12 0.73 0.37 – 1.46 2.28 0.29 1.24 0.59 – 2.67 

MHBMA-2 0.20 0.03 0.06 0.0 – 0.28 0.35 0.04 0.18 0.0 – 0.46 

DHBMA 145.21 9.47 116.62 65.24 – 180.43 193.27 14.30 149.28 60.81 – 251.67 
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TNE 50.36 2.72 39.87 28.84 – 61.08 97.30 5.05 84.76 48.41 – 122.58 

CYP2A6 5.06 0.32 4.16 2.36 – 6.27 6.76 0.42 5.20 3.19 – 8.61 

NNAL 1.73 0.12 1.37 0.79 – 2.13 2.98 0.22 2.18 1.45 – 3.59 

3HPMA 4195.75 325.35 2918.83 1397.55 – 5392.48 7483.17 595.14 5075.62 2104.55 – 10304.64 

2HPMA 472.14 69.74 301.36 159.09 – 469.56 589.06 53.49 379.11 184.13 – 709.56 

CEMA 567.70 35.27 438.99 276.54 – 742.64 996.24 61.51 772.79 456.74 – 1238.98 

8isoPGF2alpha 1.45 0.10 1.17 0.67 – 2.0 1.69 0.11 1.35 0.76 – 2.08 
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Table 4.5. Geometric means for MHBMA-1, MHBMA-2, MHBMA, and DHBMA (ng/mL urine) by lung cancer incidence 

Ethnicity N Geometric Mean (95% CI) P-value Nc Geometric Meanc (95% CI)c P-valuec 

MHBMA-1         

Overalla 323 0.808 0.67 – 0.98 

0.0007  

323 0.825 0.69 – 0.98 
 

0.6367  
Cases 169 1.141 0.87 – 1.49 169 0.865 0.67 – 1.12 

Controls 154 0.572 0.43 – 0.76 154 0.788 0.6 – 1.03 

African Americansb 186 0.758 0.59 – 0.98 
0.0139 

  

186 0.744 0.59 – 0.94 
 

0.6319  
Cases 97 1.040 0.73 – 1.48 97 0.701 0.5 – 0.98 

Controls 89 0.553 0.39 – 0.79 89 0.791 0.56 – 1.11 

Whitesb 129 0.861 0.63 – 1.17 
0.0143 

  

129 0.915 0.69 – 1.21 
  

0.2762  
Cases 68 1.251 0.83 – 1.89 68 1.067 0.73 – 1.56 

Controls 61 0.592 0.38 – 0.92 61 0.784 0.52 – 1.18 

MHBMA-2          

Overalla 323 0.009 0.01 – 0.01 

0.0352  

323 0.009 0.01 – 0.01 
 

0.9306  
Cases 169 0.015 0.01 – 0.03 169 0.009 0 – 0.02 

Controls 154 0.006 0 – 0.01 154 0.010 0 – 0.02 

African Americansb 186 0.019 0.01 – 0.03 
0.0201 

  

186 0.018 0.01 – 0.03 
 

0.8847  
Cases 97 0.037 0.02 – 0.08 97 0.019 0.01 – 0.04 

Controls 89 0.009 0 – 0.02 89 0.017 0.01 – 0.04 

Whitesb 129 0.004 0 – 0.01 
0.4053 

  

129 0.005 0 – 0.01 
  

0.8015  
Cases 68 0.006 0 – 0.02 68 0.004 0 – 0.01 

Controls 61 0.003 0 – 0.01 61 0.005 0 – 0.01 
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MHBMA          

Overalla 323 1.103 0.98 – 1.24 

<.0001  

323 1.126 1.03 – 1.24 

 

0.7912  

Cases 169 1.447 1.22 – 1.71 169 1.110 0.97 – 1.27 

Controls 154 0.841 0.7 – 1 154 1.142 0.99 – 1.32 

African Americansb 186 1.127 0.96 – 1.32 
0.0006 

  

186 1.107 0.98 – 1.25 
 

0.2297  
Cases 97 1.490 1.2 – 1.86 97 1.022 0.85 – 1.22 

Controls 89 0.852 0.68 – 1.07 89 1.200 1 – 1.44 

Whitesb 129 1.080 0.89 – 1.31 
0.006 

  

129 1.145 0.99 – 1.33 

 0.4840 Cases 68 1.405 1.09 – 1.82 68 1.207 0.99 – 1.48 

Controls 61 0.830 0.63 – 1.09 61 1.086 0.87 – 1.35 

Bold values denote statistical significance 
aThe analyses have been adjusted for age, sex, log-BMI, and race/ethnicity  
bThe analyses have been adjusted for age, sex, and log-BMI 
cThese analyses have been additionally adjusted for TNE 
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Table 4.6. Geometric means for DHBMA (ng/mL urine) by lung cancer incidence 

Ethnicity N Geometric Mean (95% CI) P-value Nc Geometric Meanc (95% CI)c P-valuec 

Overalla 510 100.009 91.34 – 109.5 

0.0006  

510 100.255 92.73 – 108.39 

0.1711  Cases 255 117.615 103.35 – 133.85 255 94.389 84.04 – 106.01 

Controls 255 85.038 74.69 – 96.82 255 106.485 94.75 – 119.67 

African Americansb 283 136.693 121.1 – 154.29 
0.0011 

  

283 134.856 121.5 – 149.68 
0.2064 

  
Cases 142 166.867 140.68 – 197.92 142 125.558 107.74 – 146.33 

Controls 141 111.976 94.46 – 132.73 141 144.842 124.49 – 168.53 

Whitesb 206 73.169 63.47 – 84.36 
0.0774 

  

206 74.532 65.94 – 84.24 

0.4298 Cases 103 82.899 67.98 – 101.09 103 70.958 59.72 – 84.31 

Controls 103 64.581 52.93 – 78.79 103 78.285 65.81 – 93.13 

Bold values denote statistical significance 
aThe analyses have been adjusted for age, sex, log-BMI, and race/ethnicity  
bThe analyses have been adjusted for age, sex, and log-BMI 
cThese analyses have been additionally adjusted for TNE 
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Table 4.7. Associations of log-transformed MHBMA, MHBMA1, MHBMA2, and DHBMA with lung cancer incidence 

  Model 1 Model 2 

Predictor N_cases N_controls OR (95% CI) P-value N_cases N_controls OR (95% CI) P-value 

MHBMA-1           

Overall 169 154 1.32 1.112 – 1.568 0.0015 169 154 0.99 0.839 – 1.169 0.9078 

African Americans 97 89 1.23 1.004 – 1.502 0.0451 97 89 0.98 0.79 – 1.213 0.8468 

Whites 68 61 1.47 1.092 – 1.99 0.0113 68 61 1.08 0.797 – 1.464 0.6210 

MHBMA-2 
     

  
   

  

Overall 169 154 1.08 1.015 – 1.141 0.0142 169 154 1.00 0.932 – 1.067 0.9347 

African Americans 97 89 1.10 1.013 – 1.188 0.0220 97 89 1.02 0.927 – 1.114 0.7291 

Whites 68 61 1.04 0.954 – 1.142 0.3464 68 61 0.97 0.878 – 1.08 0.6149 

MHBMA 
     

  
   

  

Overall 169 154 1.63 1.305 – 2.047 0.0000 169 154 0.79 0.575 – 1.087 0.1485 

African Americans 97 89 1.71 1.235 – 2.361 0.0012 97 89 0.71 0.45 – 1.131 0.1513 

Whites 68 61 1.55 1.118 – 2.135 0.0083 68 61 0.94 0.598 – 1.489 0.8028 

DHBMA 
     

  
   

  

Overall 255 255 1.37 1.144 – 1.645 0.0007 255 255 0.75 0.591 – 0.944 0.0145 

African Americans 142 141 1.64 1.231 – 2.178 0.0007 142 141 0.84 0.592 – 1.202 0.3464 

Whites 103 103 1.22 0.955 – 1.568 0.1104 103 103 0.72 0.515 – 0.998 0.0488 

Bold values denote statistical significance 

Model 1: adjusted for age, sex, log-BMI 

Model 2: adjusted for age, sex, log-BMI, TNE 
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4.3.5 Associations between urinary BD-DNA adducts, metabolites, 
and other tobacco smoke biomarkers 

We next evaluated the relationship between BD-induced DNA adducts (EB-GII) and BD 

metabolites MHBMA-1, MHBMA-2, and DHBMA. As MHBMA metabolites and EB-GII are 

formed from the same metabolite of BD (3,4-epoxy-1-butene (EB), Figures 1.8 and 1.10 in Chapter 

1), we expected that their urinary levels would be correlated with each other. We found that urinary 

EB-GII, upon adjustment for age, sex, and log-BMI, and racial/ethnic group, was associated with 

MHBMA-1, MHBMA-2, MHBMA, and DHBMA (p < 0.0001 for each comparison, Table 4.8. 

Upon further adjustment for TNE, these associations remained statistically significant with the 

exception of MHBMA-2 (Table 4.8). 

Additional biomarkers of smoking and CYP2A6 activity (TNE, CPD, NNAL, 3HPMA, 

2HPMA, CEMA, and 8isoPGF2a) were quantified in these same subjects. We found that urinary 

EB-GII, when adjusted for age, sex, and race/ethnicity, was strongly associated with TNE (r = 

0.65727, p < 0.0001), NNAL (r = 0.50095, p <0.0001), CEMA (r = 0.58917, p < 0.0001), and 

8isoPGF2a (r = 0.50011, p < 0.0001), moderately associated with CYP2A6 activity (r = 0.4233, p 

< 0.0001) and 2-HMPA (r = 0.47484, p < 0.0001), and weakly associated with 3-HPMA (r = 

0.29288, p < 0.0001). We did not observe an association between urinary EB-GII and cigarettes 

per day.  
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Table 4.8. Associations of log-transformed MHBMA and DHBMA with urinary EB-GII 

 Model 1 Model 2 

 N Beta SE P-value N Beta SE P-value 

log MHBMA (ng/mL urine) 323 0.45 0.03 <0.0001 323 0.27 0.04 <0.0001 

log MHBMA-1 (ng/mL urine) 323 0.18 0.02 <0.0001 323 0.07 0.02 0.001 

log MHBMA-2 (ng/mL urine) 323 0.05 0.01 <0.0001 323 0.00 0.01 0.673 

log DHBMA (ng/mL urine) 510 0.37 0.03 <0.0001 510 0.14 0.03 <0.0001 

Bold values denote statistical significance 

Model 1: adjusted for age, sex, log-BMI 

Model 2: adjusted for age, sex, log-BMI, TNE 
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Urinary DHBMA was additionally associated with TNE (r = 0.473, p <0.0001), CYP2A6 

activity (r = 0.361, p < 0.0001), NNAL (r = 0.296, p < 0.0001), 3-HMPA (r = 0.773, p <0.0001), 

2-HMPA (r = 0.642, p < 0.0001), CEMA (r = 0.586, p < 0.0001), and 8isoPGF2a (r = 0.475, p 

<0.0001). Similar results were observed for MHBMA, associated with TNE (r = 0.708, p <0.0001), 

NNAL (r = 0.412, p < 0.0001), 3-HMPA (r = 0.619, p <0.0001), 2-HMPA (r = 0.672, p < 0.0001), 

CEMA (r = 0.648, p < 0.0001), and 8isoPGF2a (r = 0.319, p <0.0001).  These associations between 

BD biomarkers and additional biomarkers of tobacco smoke exposure confirm tobacco smoke as a 

major source of exposure to 1,3-butadiene in smokers. 

4.4 Discussion 

Smoking is the major risk factor for lung cancer development. Identifying smokers at an 

increased risk for lung cancer allows for early intervention by targeting high risk individuals to 

smoking cessation programs and chemoprevention therapy. Among tobacco smoke carcinogens, 

BD is one of the most abundant and has a high cancer risk index259. Our laboratory has previously 

utilized BD-DNA adducts and BD-mercapturic acids as biomarkers of BD exposure and cancer 

risk23, 163, 183, 305 and to investigate inter-individual differences and ethnic differences in BD 

metabolite and adduct formation293, 294. MHBMA is associated with lung cancer incidence185. 

However, the association between urinary BD DNA adducts and lung cancer incidence has not 

been investigated.  

Unlike BD metabolites MHBMA and DHBMA, which can be considered as biomarkers of 

exposure to and detoxification of butadiene, urinary DNA adducts are mechanism-based 

biomarkers, representing the biologically relevant dose of butadiene available for binding to 

genomic DNA. DNA lesions are directly involved in the etiology of cancer by causing mispairing 

during DNA replication17. Among BD-DNA lesions, N7-guanine adducts such as EB-GII are the 
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most abundant and are frequently used as representative biomarkers of total DNA damage22, 23, 93, 

195, 286. EB-GII lesions are hydrolytically labile and are excreted in the urine following spontaneous 

hydrolysis or active repair (Figure 1.3), allowing for their use as non-invasive biomarkers of risk 

associated with BD exposures. We have previously quantified urinary EB-GII in a multiethnic 

cohort of smokers, demonstrating that adduct levels differ between ethnic groups with different 

lung cancer risk305. However, the association of EB-GII with lung cancer remained unknown.  

The present study is the first to directly examine the relationship between urinary BD DNA 

adducts and lung cancer incidence. Adducts levels were determined in 260 smokers who 

subsequently developed lung cancer and 259 matched controls who did not develop the disease. 

Significantly higher levels of urinary EB-GII adducts were observed in lung cancer cases as 

compared to controls (Table 4.2). The OR per unit increase in log-EB-GII was 1.91, indicating an 

almost 2-fold increase in the risk of lung cancer incidence upon a 1 log unit increase in EB-GII 

levels. Importantly, the risk of cancer incidence with increasing urinary EB-GII differs by 

racial/ethnic group. Among African American smokers, the OR is 2.60 while the OR is 1.49 among 

white smokers per unit increase in log-EB-GII (Table 4.3), suggesting that the risk of lung cancer 

upon increasing exposure to BD is greater in African Americans as compared to whites. However, 

upon adjusting adduct values for smoking dose (total nicotine equivalents, TNE), the differences 

in EB-GII levels between lung cancer cases and controls were no longer significant, indicating that 

both biomarkers reflect the levels of tobacco smoke exposure.  

We additionally observed significantly higher levels of urinary MHBMA and DHBMA in lung 

cancer cases as compared to controls. The OR for MHBMA was 1.32 and 1.37 for DHBMA (Table 

4.7). The increased excretion of butadiene metabolites in lung cancer cases was consistent for each 

isomer of MHBMA (MHBMA-1 and MHBMA-2) and racial/ethnic group, with the exception of 
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MHBMA-2 in whites. Upon adjustment for smoking dose in the form of TNE, no associations were 

seen between butadiene metabolites and lung cancer incidence. This suggests that the increase in 

risk upon increasing butadiene metabolite levels can be explained by tobacco smoke exposure, as 

both the butadiene biomarkers and TNE are associated with cancer incidence. Therefore, butadiene 

metabolites MHBMA and DHBMA can be utilized as biomarkers of lung cancer risk in African 

American and white smokers. 

One limitation of our study is that MHBMA 1 and 2 could not be quantified in a large number 

of smokers. This was due to the limited amounts of urine available, necessitating the use of the 

same urine sample (200 µL) for quantification of all four biomarkers. To quantify all four 

biomarkers, the urine samples were loaded onto SPE cartridges as described previously in Chapter 

2 for EB-GII. MHBMA and DHBMA were eluted from the cartridges immediately following 

sample loading with 1 mL of H2O. The cartridges were then washed with 10% MeOH and EB-GII 

was eluted with 60% MeOH. With this methodology, sample recovery of MHBMA through SPE 

was reduced to 41% for MHBMA-1 and 48% for MHBMA-2, as compared to our previously 

reported recovery of 92%206. When sufficient sample quantities are available, separate 

quantification of BD mercapturic acids and DNA adducts is recommended for optimal sensitivity. 

MHBMA-3 (Figure 1.8) was not observed in smoker urine in this study population. Since the 

initial report of MHBMA-3 as a butadiene metabolite in 2012165,  MHBMA-3 has been quantified 

in several human studies165, 186, 187. The initial methodology identifying MHBMA-3 employed a 

rapid HPLC gradient and was used for the simultaneous quantification of 28 volatile organic 

compound (VOC) metabolites165. In contrast, the methodology reported in the present study was 

specifically focused on the metabolites of BD and utilized column cooling to 5 °C in order to 

achieve better retention and separation of the MHBMA isomers and impurities on the column. Our 
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experiments revealed three distinct peaks in smoker urine corresponding to the m/z = 232.1 → 

103.0223 transition for the detection of MHBMA. The first two co-elute with the internal standards 

for MHBMA 1 and 2, while the third peak elutes over a minute later than the internal standard for 

MHBMA-3 and exhibits a distinct MS/MS fragment profile as compared to MHBMA 1 and 2. The 

primary fragment for MHBMA 1 and 2 in smoker urine is m/z = 103.0223, representing the loss of 

the N-acetyl cysteine group. However, for the third peak, the primary observed fragment is N-acetyl 

cysteine at m/z = 162.0230. It is likely that the peak identified by Alwis et al165 as MHBMA3 is the 

same species as observed in this study. Based on the MS/MS fragmentation pattern we hypothesize 

that this species is a mercapturic acid metabolite in human urine. It is possible that this species 

arises from rearrangement of one of the MHBMA isomers. Further studies are warranted for 

structural identification of this unknown mercapturic acid.  

Urinary levels of BD DNA adduct EB-GII were associated with BD metabolites MHBMA 

and DHBMA in this study population (p < 0.0001). Our previous work has shown moderate 

associations between EB-GII, MHBMA, and DHBMA in smokers305. The moderate strength of the 

association can be attributed to the fact that urinary butadiene metabolites and DNA adducts 

represent distinct information regarding biological effects of butadiene exposure. While the 

mercapturic acids represent the amount of butadiene dose that is detoxified and excreted, EB-GII 

adducts reflect the fraction of butadiene dose that is bioactivated and bound to genomic DNA 

(Figure 1.8, Figure 1.10). Urinary EB-GII, because it is representative of the extent of BD-DNA 

damage and has the highest OR (1.91), can be considered a superior biomarker of lung cancer risk. 

We additionally found that urinary EB-GII is associated with other biomarkers of exposure to 

tobacco smoke. Specifically, urinary EB-GII was strongly associated with tobacco specific 

biomarkers total nicotine equivalents (TNE) and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol 
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(NNAL). TNE is the sum of nicotine and its metabolites and is utilized as a biomarker of smoking 

dose and nicotine exposure308. NNAL is a metabolite of tobacco specific carcinogen 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and is associated with racial/ethnic 

differences in lung cancer risk309. Urinary EB-GII was additionally strongly associated with 

CEMA, a biomarker of exposure to acrylonitrile that is elevated in smokers as compared to non-

smokers310 and 8-iso-PGF2a, a biomarker of inflammation that is elevated in smokers311. EB-GII 

was moderately associated with CYP2A6 activity. CYP2A6 is responsible for the metabolism of 

nicotine to cotinine and further to trans-3′-hydroxycotinine (3-HCOT). Activity of CYP2A6 in 

smokers is measured by quantifying the ratio of 3-HCOT to cotinine and is a biomarker of lung 

cancer risk in smokers297. EB-GII was additionally moderately associated with 3-HPMA, a 

biomarker of acrolein that is increased in smokers312. Finally, we observed a weak association 

between urinary EB-GII and 2-HPMA, a metabolite of propylene oxide that is increased in 

smokers313.  Similarly, BD-mercapturic acids MHBMA and DHBMA were associated with other 

biomarkers of tobacco smoke. The observed associations between BD-derived biomarkers and 

other independently measured biomarkers of tobacco smoke are consistent with smoking being a 

major source of human exposure to 1,3-butadiene.  

In summary, this study suggests that urinary BD biomarkers EB-GII, MHBMA, and DHBMA 

are associated with incidence of lung cancer, with higher odds ratios and significantly increased 

urinary EB-GII levels observed in African American subjects. These results suggest that this 

population of smokers is more susceptible to BD-induced lung cancer. In agreement with our 

results, previous studies in the Multiethnic Cohort Study show that African Americans are at a 

higher risk of smoking induced lung cancer264, 265. Additionally, BD-derived biomarkers were 

associated with other measures of exposure to tobacco smoke and no longer predicted lung cancer 
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risk if adjusted for smoking dose. This is consistent with smoking representing a major source of 

human exposure to 1,3-butadiene and indicates that the risk for lung cancer is directly related to 

the amounts smoked. Previous studies have shown that biomarkers of smoking dose, such as TNE 

and cigarettes per day, are associated with lung cancer incidence297, 314. Tobacco smoke carcinogen 

metabolites, including MHBMA, are additionally associated with lung cancer incidence185. Our 

results in the present study confirm this association between smoking amount and lung cancer 

incidence.   
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5. Stable Isotope Labeling to Quantify Endogenous and 
Exogenous Sources of N7-(1-hydroxy-3-buten-1-yl) 
Guanine Adducts In Vivo 

This work was conducted in collaboration with Erik Moran, Amanda Degner, Dominic 

Najjar, and Katelyn M. Tessier under the guidance of Natalia Tretyakova. Amanda Degner, 

Dominic Najjar and Caitlin C. Jokipii Krueger optimized the genomic DNA extraction 

methodology. Erik Moran extracted genomic DNA from tissues and quantified genomic EB-GII. 

Katelyn M. Tessier conducted statistical analysis. Caitlin C. Jokipii Krueger optimized existing 

analytical methodologies for the stable isotope labeling and quantified urinary adducts and 

metabolites. 
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5.1 Introduction 

Over the course of a lifetime, humans are exposed to a wide variety of electrophilic chemicals. 

These exposures do not only occur through external/environmental sources, but also include 

endogenous molecules formed through normal metabolism, inflammation, oxidative stress, and 

other biological processes4, 100. The collective exposure to both exogenous and endogenous 

electrophiles is known as the exposome4, 99, where the endogenous exposome focuses on the DNA 

damage arising from exposure to physiologically generated molecules100. Endogenous DNA 

damage is prevalent in mammalian cells, with total numbers of spontaneously produced DNA 

lesions estimated to be greater than 40,000 per cell100.  

Because of their ability to induce cancer-causing mutations, carcinogen-DNA adducts are 

commonly used as mechanism-based biomarkers in risk assessment. DNA adducts represent the 

biologically relevant dose of carcinogen that is available for binding to DNA and other cellular 

biomolecules. However, in some cases, endogenous and exogenous DNA adducts are structurally 

identical, making it challenging to distinguish between internal and external exposures. For 

example, N7-methylguanine adducts can form both endogenously via reactions of guanine bases 

of DNA with endogenous cofactor, S-adenosylmethionine (SAM), and upon exposure to 

exogenous methylating agents such as anticancer agent temozolomide315 and environmental agent 

methyl chloride316. Stable isotope labeling in combination with mass spectrometry is a powerful 

tool that can be used to accurately quantify exogenous and endogenous DNA adducts.79, 102, 106-108, 

113-116, 122, 317. In this approach, cultured cells or animals are treated with a stable isotope labeled 

carcinogen. DNA adducts originating from this treatment will contain the isotope label, while any 

endogenously forming adducts will be unlabeled and can be readily distinguished by mass 

spectrometry. Using this approach, the Swenberg laboratory evaluated exogenous and endogenous 
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formaldehyde adducts in laboratory animals79, 106, 107, 113-116. Formaldehyde is a known human 

carcinogen formed endogenously and present in environmental sources such as tobacco smoke and 

automobile exhaust. In the nasal epithelium of F344 rats exposed to [13CD2]-formaldehyde, 

endogenous N2-hydroxymethyl-dG adducts were more prevalent than the exogenous adducts until 

exposure concentrations reached 10 ppm113. In the nose, peripheral blood mononuclear cells, bone 

marrow, and livers of non-human primates exposed to 1 or 6 ppm of [13CD2]-formaldehyde, 

endogenous dG-Me-Cys DNA protein crosslink adducts were more prevalent than those forming 

from the exogenous exposures79. In F344 rats exposed to low levels of [14C]-ethylene oxide 

(0.0001-0.1 mg/kg), endogenous N7-(2-hydroxyethyl)guanine adducts were far more prevalent 

than any forming from the exogenous exposure103. In contrast, liver DNA of laboratory rats exposed 

to 1100 ppm [13C2]-vinyl chloride contained greater amounts of exogenous 7-(2-oxyethyl)guanine 

than the corresponding endogenous adducts102, 122. Acetaldehyde derived N2-ethylidene-dG adducts 

were produced mostly from exogenous exposure to [13C2]-acetaldehyde when human 

lymphoblastoid cells were treated with > 50 µM levels of the electrophile108 .  

As discussed in Chapter 1.4 of this Thesis, human carcinogen 1,3-butadiene (butadiene, BD)  

is metabolically activated to 3,4-epoxy-1-butene (EB, Figure 1.7)318, which can be detoxified via 

conjugation with glutathione to form mercapturic acids MHBMA and DHBMA (Figure 1.8)164, 167, 

168, 272. BD-mercapturic acids are considered detoxification metabolites and are excreted in urine. If 

not detoxified, EB can react at nucleophilic sites in DNA to form DNA adducts such as EB-GII 

(Figure 1.10) 195, 214. Due to the destabilization of the glycosidic bond resulting from N7-alkylation, 

these adducts are spontaneously released from the DNA backbone (t1/2 = 2.20 ± 0.12 days) and 

excreted in urine13, 23, 280. EB-GII adducts are not thought to be responsible for the carcinogenic 
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effects of BD due to their instability and the ability to pair with the correct base (cytosine) but are 

highly abundant and can be used as biomarkers of risk associated with exposure to BD13, 214, 280.  

Urinary MHBMA, DHBMA, and EB-GII have each been previously evaluated as human 

biomarkers of exposure to 1,3-butadiene. Urinary levels of all three urinary biomarkers are higher 

in smokers as compared to non-smokers178, 305. The concentrations of MHBMA and EB-GII in urine 

significantly decreased upon smoking cessation181, 286. In contrast, the concentrations of DHBMA 

were unaffected by smoking status, suggesting that it can be formed from another source181, 286. In 

epidemiological studies conducted in a multiethnic cohort of smokers, DHBMA levels differed 

between ethnic groups163 and were positively associated with daily alcohol consumption183. 

Importantly, EB-GII [0.19 (95% CI: 0.15-0.22) fmol/mL urine], MHBMA (<2 µg/L urine), and 

DHBMA (289 (Range: 19.4-2500) µg/L urine) have been observed in the urine of non-smokers 

with no known exposures to BD180, 286.  

Urinary excretion of endogenous adducts and metabolites of BD by unexposed individuals can 

complicate the use of these biomarkers in risk assessment, as they can no longer be specifically 

linked to exogenous exposure to the carcinogen. If endogenous concentrations of these species are 

comparable to exogenous values, the observed inter-individual differences in biomarker levels 

could be due to differences in endogenous formation, rather than exogenous exposure and 

metabolism. In this situation, the biomarker may still represent risk, but not risk specific to the 

exogenous exposure. Therefore, it is important to quantify the relative contributions of endogenous 

and exogenous EB-GII, MHBMA, and DHBMA to total biomarker amounts. 

Our laboratory has previously developed high-throughput mass spectrometry-based 

methodologies for accurate quantification of MHBMA, DHBMA, and EB-GII in human urine206, 

286 and EB-GII in genomic DNA92. In the present study, stable isotope labeling in combination with 
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high resolution mass spectrometry methods were employed to quantify endogenous and exogenous 

urinary BD-metabolites and BD-DNA adducts in urine and tissues of laboratory rats exposed to 

BD-d6. Using these methodologies, endogenous and exogenous metabolites and adducts were 

readily distinguishable due to the presence of an isotope label, affording accurate quantification of 

background and induced levels of BD-DNA adducts and metabolites. 

5.2 Materials and Methods 

Chemicals and materials 

LC-MS grade water and acetonitrile were purchased from Fisher Scientific (Pittsburg, PA). 

Strata X polymeric reversed phase SPE cartridges (30 mg/1 mL) were purchased from Phenomenex 

(Torrance, CA). Oasis HLB reversed-phase cartridges (30 mg) were purchased from Waters 

(Milford, MA). MHBMA, DHBMA, and d7-DHBMA standards were purchased from Toronto 

Research Chemicals (Toronto, ON, Canada). EB-GII and 15N5-EB-GII standards were synthesized 

as previously reported211, 281. All other chemicals and solvents were purchased from Sigma-Aldrich 

(St. Louis, MO) unless otherwise specified.  

Animal treatments with d6-BD and sample collection 

All animal treatments were conducted at the Lovelace Biomedical Research Institute 

(Albuquerque, NM). Forty Sprague-Dawley rats (aged 23-78 weeks) were used in this study. The 

rats were selected at random and matched by body weight into 4 groups of 10 animals (5 male and 

5 female) per group (Table 5.1). Animals of different ages were included to investigate the effects 

of age on the biomarkers measured in this study, as age could affect the formation of both 

endogenous and exogenous DNA adducts and metabolites319, 320. Prior to exposure, animals were 

conditioned in metabolism cages for 24 h. Animals were exposed to BD-d6 gas using a flow past 

nose-only inhalation chamber for 6 h/day for 7 days. The exposure concentrations were 0.3, 0.5, 
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and 3 ppm. The control group was exposed to filtered air for 6 h/day for 7 days using a flow past 

exposure chamber. At the conclusion of exposures on day 7, animals were placed into metabolism 

cages for 18 h. Urine was collected and stored at -80 °C prior to analysis. Animals were euthanized 

by intraperitoneal injection of barbiturate based sedative Euthasol, and euthanasia was confirmed 

by pneumothorax. Following confirmation of death, necropsy was performed to collect liver, 

pancreas, mammary glands (female only), heart, lungs, and blood samples. These tissues were 

selected as they are sites for tumor formation upon butadiene exposure of rats147. Tissue samples 

were flash frozen in liquid nitrogen and stored at -80 °C until DNA extraction.  
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Table 5.1 Design of the animal study and characteristics of study animals 

Variable  All mice (N=40) Controls (N=10) 0.3 ppm (N=10)  0.5 ppm (N=10)   3.0 ppm (N=10)  P-value1 

Age (weeks)                 

0.788 

  

  

    Mean (SD)   38.42 (17.77)   40.79 (19.90)   36.06 (16.60)   35.29 (15.49)   41.56 (20.54)  

    Median (Range)   23.36 (23.29, 

78.29)  

 38.29 (23.29, 

78.29)  

 23.36 (23.29, 

60.86)  

 23.29 (23.29, 

53.29)  

 38.36 (23.29, 

78.29)  

Gender, n (%)                  

>0.999 

  

  

    Female  20 (50.0%)   5 (50.0%)   5 (50.0%)   5 (50.0%)   5 (50.0%)  

    Male   20 (50.0%)   5 (50.0%)   5 (50.0%)   5 (50.0%)   5 (50.0%)  

Weight (grams)                 

0.994 

  

  

    Mean (SD)   508.33 (173.50)   508.97 (188.34)   521.47 (203.57)   500.92 (165.21)   501.95 (161.03)  

    Median (Range)   501.35 (263.10, 

957.20)  

 481.70 (305.70, 

852.70)  

 546.95 (300.90, 

957.20)  

 489.25 (263.10, 

768.50)  

 512.25 (291.90, 

768.20)  
1Student’s t-tests or Kruskal Wallis tests were used for continuous variables, and Chi-square tests were used for categorical variables. 
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HPLC-ESI--HRMS/MS analysis of urinary MHBMA and DHBMA 

Urine samples were processed as previously described206, with the exception that MHBMA-

d0 (27 ng) was used as an internal for quantification of MHBMA-d6. The previously described 

HPLC-ESI--MS/MS method206 was adapted for use with a Dionex UlitMate 3000 RSLCnano HPLC 

system (Thermo Fisher Scientific Corp., Waltham, MA) fitted with a 5 µL injection loop and 

interfaced to a Q Exactive Orbitrap instrument (Thermo Fisher Scientific Corp., Waltham, MA). 

DHBMA eluted as a sharp peak at 7.2 min, while MHBMA eluted as two peaks at 10.7 and 11.5 

minutes corresponding to MHBMA-1 and MHBMA-2 (Figure 1.8).  

Tandem mass spectrometry analyses were conducted by fragmenting [M-H]- ions of 

MHBMA-d0 (m/z 232.1) in the high collision dissociation (HCD) cell of the instrument using the 

normalized collision energy (NCE) of 25 and isolation width (IW) of 1.0 amu. The resulting 

fragment ions [M-NaC-H]- (m/z 103.0223) were detected in the mass range of m/z 50-270 using an 

Orbitrap Q Exactive mass analyzer (HRMS) operated at a resolution of 70,000. MHBMA-d6 was 

detected using an analogous scan event consisting of fragmentation of m/z 238.1 →109.0600. 

DHBMA was detected by fragmenting the ions at m/z 250.1 ([M-H]-) to m/z 121.0329 with 

normalized collision energy (NCE) of 35. DHBMA-d5 and DHBMA-d7 were detected through 

analogous scan events consisting of fragmentation of m/z 255.1 → 126.0643 and m/z 257.1194 

→128.0768, respectively.  

Internal QC samples (pooled rat urine) were included after every 10 samples on 96-well plates. 

Statistical analyses were conducted to determine coefficient of variation (CV). The %CV of urinary 

MHBMA-d6 (ng/mL urine) and DHBMA-d5 (ng/mL urine) were 4.4% and 6.4%, respectively. 

Method LOD and LOQ were estimated as 3.3σ/S and 10σ/S, where S is the slope of the validation 

curve in synthetic urine and σ is the standard deviation of the slope307. Method LOD was 0.11 
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ng/mL urine and 0.04 ng/mL urine and method LOQ was 0.32 ng/mL urine and 0.13 ng/mL urine 

for MHBMA and DHBMA, respectively.  

NanoLC-ESI+-HRMS/MS analysis of urinary EB-GII 

Urine samples were processed as previously described23, 286, 305. The previously described 

nanoLC-ESI+-HRMS3 method was adapted for use with a Dionex UlitMate 3000 RSLCnano HPLC 

system (Thermo Fisher Scientific Corp., Waltham, MA) fitted with a 5 µL injection loop and 

interfaced to a Q Exactive Orbitrap (Thermo Fisher Scientific Corp., Waltham, MA) equipped with 

a nanospray source. EB-GII (Figure 1.10) eluted as a sharp peak at 17 min.  

Tandem mass spectrometry analysis was conducted by fragmenting [M+H]+ ions of EB-GII 

(m/z  222.1) in the HCD cell of the instrument using the NCE of 30 and IW of 1.0 amu. The resulting 

fragment ion [Gua+H]+ (m/z  152.0565) was detected in the mass range of m/z  50-270 using the 

Orbitrap mass analyzer (HRMS) at a resolution of 70,000. The d6-labeled adducts originating from 

BD-d6 treatment were detected using a second MS/MS scan event consisting of fragmentation of 

m/z =228.1 ([M+H]+) to m/z 152.0565 ([Gua+H]+). The 15N5 labeled internal standard was detected 

using an third MS/MS scan event consisting of fragmentation of m/z 227.1 ([M+H]+) to m/z 

157.0418 ([15N5-Gua+H]+). EB-GII and EB-GII-d6 amounts were determined by comparing the 

peak areas of extracted ion chromatograms corresponding to the analyte and internal standard using 

standard curves generated by analyzing known analyte amounts.  

Internal QC samples (pooled rat urine) were included after every 10 samples on 96 well 

plates. Statistical analyses were conducted to determine coefficient of variation (CV). The %CV 

of urinary EB-GII-d6 (fmol/mL urine) was 8.5%. Method LOD and LOQ were estimated as 

3.3σ/S and 10σ/S, where S is the slope of the validation curve in synthetic urine and σ is the 
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standard deviation of the slope307. Method LOD was 0.32 fmol/mL urine and method LOQ was 

0.96 fmol/mL urine. 

NanoLC-ESI+-HRMS/MS analysis of genomic EB-GII 

DNA was isolated from frozen rat tissues based on a previously described method92, with the 

following modifications to enhance purity. Briefly, 200 mg of tissue was homogenized into 6 mL 

of cell lysis solution using a TissueRuptor II (Qiagen, Hilden, Germany), followed by the addition 

of 30 µL of Puregene Proteinase K solution (Qiagen, Hilden, Germany). Samples were incubated 

overnight to achieve cell lysis, followed by incubation with 30 µL of Puregene RNase A solution 

(Qiagen, Hilden, Germany) for 2 h for RNA digestion. Proteins were precipitated with 2 mL of 

Protein Precipitation Solution (Qiagen, Hilden, Germany), followed by centrifugation at 2000 x g 

for 15 min. DNA was precipitated with 10 mL of isopropyl alcohol and stored at -20 °C overnight, 

followed by centrifugation at 2000 g to pellet DNA. DNA was reconstituted in 1 mL of 10 mM 

Tris-HCl, pH 7.5 and subjected to a second incubation with 30 µL of RNase A solution (Qiagen, 

Hilden, Germany) for 2 h. RNase A was precipitated via the addition of 750 µL of Protein 

Precipitation Solution (Qiagen, Hilden, Germany), followed by centrifugation at 2000 x g for 15 

minutes. 1.75 mL of 24:1 chloroform/isoamyl alcohol (Sigma Aldrich, St. Louis, MO, USA) was 

added to each sample, vortexed for 20 seconds, and centrifuged at 3100 x g for 15 minutes. The 

upper layer containing DNA was removed, and DNA was precipitated with the addition of 

isopropyl alcohol (4 mL). DNA was washed with 70% ethanol in water (1 mL) and 100% ethanol 

(1 mL).  

DNA samples (250 µg) were concentrated under reduced pressure, spiked with 5 fmol of 15N5-

EB-GII (internal standard for mass spectrometry), and brought to final volume of 100 µL with 

water. The sample solution was heated at 70 °C for 1 h and filtered through 10K Nanosep spin filter 
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(Pall, Port Washington, NY, USA). The filtrates were combined with 5 µL of a 0.1 mg/mL solution 

of dA (HPLC retention time marker) and subjected to offline HPLC cleanup on an Agilent 1260 

series HPLC system equipped with a fraction collector and UV detector (Agilent Technologies, 

Santa Clara, CA, USA). A Supelcosil LC-18-DB column (250 mm x 4.6 mm, 5 µm, Phenomenex, 

Torrance, CA, USA) was eluted at a flow rate of 1 mL/min with a gradient of 0.4% formic acid in 

water (A) and acetonitrile (B). Solvent composition began at 0% B and was linearly increased to 

10% B over 6 min, 12% B over 6 min, and 60% B over 18 min. The solvent composition was held 

at 60% B for 1 min, returned to 0% B over 1 min, and maintained at 0% B for 8 min. Under these 

conditions, dA eluted at 8 min, and the fraction containing EB-GII and its internal standard was 

collected between 8.9 and 10 min (1.1 mL). Samples were dried under reduced pressure and 

subjected to a second offline HPLC cleanup step as previously described286. Fractions containing 

EB-GII and its internal standard were dried under nitrogen, reconstituted in 15 µL of 0.01% acetic 

acid in water, and subjected to nanoLC-ESI+-HRMS/MS analysis as described above for urinary 

EB-GII.  

Statistical Methods 

Baseline characteristics and biomarker levels were summarized for all rats and by dose level 

using descriptive statistics. To investigate the association between exposure levels and baseline 

characteristics, Student’s t-tests or Kruskal Wallis tests were used for continuous variables; Chi-

square tests were used for categorical variables. Lab values that were less than the limit of detection 

(LOD) were imputed with the LOD. To investigate the effect of various covariates on lab outcomes, 

left-censored linear regression models using maximum likelihood estimation method and linear 

regression models using least squares estimation method were used. If results were similar, linear 

regression models using least squares estimation method were presented. Lab outcomes were log 
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transformed and presented as ratios of geometric means (GM) and 95% confidence intervals (CI). 

All reported p-values are two-sided and a significance level of 0.05 was used. Statistical analyses 

were performed using R (version 4.1.2, R Core Team) and SAS (version 9.4, SAS Institute Inc., 

Cary, North Carolina). 

5.3 Results 

5.3.1 Urinary excretion of endogenous and exogenous MHBMA and 
DHBMA 

To compare the levels of endogenous and exogenous urinary BD metabolites, MHBMA, 

MHBMA-d6, DHBMA, and DHBMA-d5 were quantified in rats exposed to 0-3 ppm BD-d6. 

DHBMA-d5, rather than DHBMA-d6, was observed due to the loss of one deuterium upon alcohol 

dehydrogenase mediated oxidation of EB-diol to HMVK during the formation of DHBMA from 

BD-d6 (Figure 1.8). Endogenous and exogenous biomarkers were distinguished based on their 

molecular weight, as the addition of each deuterium adds 1.0063 mass units (Table 5.2). Figure 2 

shows representative chromatograms from control animals exposed to filtered air and animals 

exposed to 0.5 ppm BD-d6. In control animals, only the endogenous DHBMA peak was observed 

(Figure 5.1a). In BD treated animals, both endogenous and exogenous DHBMA and exogenous 

MHBMA were detected (Figures 5.1b and 5.1d). As expected, deuterated metabolites were not 

observed in unexposed animals.  

Urinary concentrations of MHBMA-d6 increased upon increasing BD-d6 exposure levels (0.13 

± 1.70, 138.39 ± 1.44, 101.74 ± 1.98, and 904.61 ± 1.58 ng/mL urine at 0, 0.3, 0.5, and 3 ppm BD 

respectively, Table 5.3). A similar trend was observed with DHBMA-d5 (0.04 ± 1.00, 155.11 ± 

1.42, 125.90 ± 2.02, and 1188.50 ± 1.40 ng/mL urine at 0, 0.3, 0.5, and 3 ppm BD respectively, 

Table 5.3). These results indicate that at low ppm exposures (3 ppm), BD derived mercapturic acid 
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levels correlate with exposure level. However, at sub ppm exposures, urinary concentrations of BD 

derived mercapturic acids do not correlate with exposure level, with higher metabolite levels at 0.3 

ppm as compared to 0.5 ppm (Table 5.3), although this difference is not statistically significant. 

This lack of association with dose at these low exposures could be explained by differences in urine 

concentrations among the animals.  

The levels of endogenous DHBMA were 566.76 ± 1.58 ng/mL urine (Table 5.3). There were 

no statistically significant differences in endogenous DHBMA concentrations between the 

treatment groups (p = 0.48, Table 5.4), indicating that endogenous DHBMA formation is unaffected 

by BD exposure. Additionally, endogenous DHBMA was not associated with age (p = 0.19), gender 

(p = 0.89), or weight (p = 0.85, Table 5.4). In the two lower treatment groups (0.3 and 0.5 ppm), 

the concentrations of endogenous DHBMA were 4.3-fold greater than exogenous DHBMA-d5 

originating from BD-d6. In the highest treatment group (3 ppm), exogenous DHBMA-d5 was 2.4-

fold more abundant than endogenous DHBMA. This provides further evidence for endogenous 

sources contributing significantly to the overall level of urinary DHBMA, providing possible 

explanation for the poor association of this biomarker with smoking status181, 286. 
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Table 5.2. PRM transitions employed for nanoLC-ESI+-HRMS/MS analysis of endogenous (d0) 

and exogenous metabolites and DNA adducts of 1,3-butadiene (d6) 

Analyte Precursor Ion Fragment Ion 

EB-GII 222.1 152.0565 

EB-GII-d6 228.1 152.0565 

MHBMA 232.1 103.0223 

MHBMA-d6 238.1 109.0600 

DHBMA 250.1 121.0329 

DHBMA-d5 255.1 126.0643 
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Figure 5.1. Representative nanoLC-ESI+-HRMS/MS traces of BD-mercapturic acid. (a) DHBMA 

in control urine (b) DHBMA in exposed urine (c) MHBMA in control urine and (d) MHBMA in 

exposed urine 
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Table 5.3. Quantitative results for nanoLC-ESI+-HRMS/MS quantification of urinary metabolites and DNA adducts of 1,3-butadiene.  

Results are shown as geometric means (geometric standard deviation, GSD).  

Biomarker  Exposure Level, ppm BD-d6 

 All 0 0.3 0.5 3 

MHBMA  

(ng/mL urine) 

Exogenous 40.33 (28.19) 0.13 (1.70) 138.39 (1.44) 101.74 (1.98) 904.61 (1.58) 

Endogenous 0.00 (NA) 0.00 (NA) 0.00 (NA) 0.00 (NA) 0.00 (NA) 

DHBMA  

(ng/mL urine) 

Exogenous 35.45 (49.87) 0.04 (1.00) 155.11 (1.42) 125.90 (2.02) 1188.50 (1.40) 

Endogenous 566.76 (1.58) 591.58 (1.90) 671.43 (1.34) 541.32 (1.56) 490.17 (1.34) 

Ratio 0.06 (52.21) 0.00 (1.90) 0.23 (1.50) 0.23 (1.67) 2.42 (1.24) 

EB-GII  

(fmol/mL urine) 

Exogenous  51.37 (20.89)   0.25 (1.00)   124.60 (1.46)   143.86 (1.51)   912.17 (1.29)  

Endogenous  0.56 (2.03)   0.50 (1.64)   0.76 (2.57)   0.41 (1.70)   0.63 (1.80)  

Ratio  91.57 (20.85)   0.50 (1.64)   163.83 (2.40)   354.05 (1.89)   1450.62 (1.71)  
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Table 5.4. Associations of endogenous urinary DHBMA and EB-GII with exposure concentration and animal age, gender, and weight.  

 DHBMA EB-GII 

 Ratio of GMs (95% CI) P-value Ratio of GMs (95% CI) P-value 

Dose     

    0 Reference 0.478 Reference 0.224 

    0.3 1.13 (0.72, 1.78) 1.49 (0.76, 2.92)  

    0.5 0.94 (0.61, 1.45) 0.79 (0.40, 1.54)  

    3.0 0.81 (0.53, 1.25) 1.29 (0.66, 2.51)  

Age 1.01 (0.996, 1.02) 0.186 0.99 (0.97, 1.01) 0.338 

Gender  0.890  0.659 

    Female 0.96 (0.50, 1.83) 1.24 (0.46, 3.38)  

    Male Reference Reference  

Starting weight 1.00 (0.998, 1.002) 0.849 1.00 (0.997, 1.003) 0.981 
1Linear regression was used to investigate the effect of covariates on outcomes. Outcomes were log transformed 

and presented as ratio of geometric means and 95% CIs. 
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5.3.2 Urinary excretion of endogenous and exogenous urinary EB-GII 

In order to determine the relative contributions of endogenous and exogenous sources to total 

urinary BD-DNA adduct levels, EB-GII (endogenous adducts) and EB-GII-d6 (exogenous adducts) 

were quantified in animals exposed to BD-d6. Figure 5.2a shows a representative chromatogram 

for EB-GII quantification in control animals exposed to filtered air. Only endogenously formed 

unlabeled EB-GII adducts were observed in unexposed animals. Figure 5.2b shows a representative 

chromatogram from an animal in the 0.5 ppm BD treatment group, revealing a distinct peak 

corresponding to exogenously formed EB-GII carrying the d6 isotope label.  

The concentrations of endogenous EB-GII were 0.56 ± 2.03 fmol/mL urine (Table 5.3), and 

there were no statistically significant differences between the treatment groups (p = 0.22, Table 

5.4). Additionally, endogenous EB-GII levels were not associated with age, gender, or weight 

(Table 5.4). In contrast, exogenous EB-GII-d6 increased in a dose dependent manner (0.25 ± 1.00, 

124.60 ± 1.46, 143.86 ± 1.51, and 912.17 ± 1.29 fmol/mL urine at 0, 0.3, 0.5, and 3 ppm BD 

respectively, Table 5.3). At each treatment level, the concentrations of exogenous adducts were 

over 160-fold higher than the levels of endogenously formed EB-GII adducts (Table 5.3). These 

results indicate that while endogenous EB-GII adducts are present in urine, their quantities are 

small enough to be unlikely to affect risk assessment based on urinary EB-GII quantification. 

Therefore, urinary EB-GII can be considered a specific biomarker of exposure to butadiene. 
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Figure 5.2. Example EB-GII chromatograms. (a) control rat urine and (b) exposed rat urine 
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5.3.3 Quantification of genomic endogenous and exogenous EB-GII 

Genomic EB-GII and EB-GII-d6 were also quantified in DNA isolated from tissues of BD-d6 

exposed animals (liver, lung, heart, and pancreas). Endogenous EB-GII adducts were observed in 

each tissue, and their levels were unaffected by BD-d6 treatment in the lung, heart, and pancreas. 

(Table 5.5, Table 5.6). Endogenous EB-GII adduct levels in the liver were affected by BD-d6 

treatment, decreasing with increasing levels of BD-d6 treatment (Table 5.6, p = 0.04). This is likely 

due to the low levels and variable formation of endogenous EB-GII (Table 5.5). In the heart, 

endogenous adduct levels were associated with age (p = 0.02) and weight (p = 0.02). Endogenous 

adduct levels in the pancreas were associated with age (p = 0.03) (Table 5.6). Endogenous adduct 

levels were highest in the heart (0.13 ± 2.07 adducts/109 nucleotides) followed by the liver (0.06 ± 

2.18 adducts/109 nucleotides), pancreas (0.05 ± 6.33 adducts/109 nucleotides), and lung (0.03 ± 1.44 

adducts/109 nucleotides) (Table 5.5).  

Exogenous EB-GII-d6 adducts were absent in genomic DNA of control animals (Table 5.5) 

and were formed in a dose-dependent manner in each tissue type investigated. In the liver, adduct 

levels were 0.27 ± 2.85 (0.3 ppm BD-d6), 0.28 ± 2.21 (0.5 ppm BD-d6), and 1.02 ± 2.69 adducts/109 

nucleotides (3 ppm BD-d6). In the lung, adduct levels were 0.09 ± 1.27 (0.3 ppm BD-d6), 0.18 ± 

1.18 (0.5 ppm BD-d6), and 1.24 ± 1.21 adducts/109 nucleotides (3 ppm BD-d6). In the heart, adduct 

levels were 0.16 ± 1.40 (0.3 ppm BD-d6), 0.28 ± 1.16 (0.5 ppm BD-d6), and 1.75 ± 1.26 adducts/109 

nucleotides (3 ppm BD-d6). In the pancreas, adduct levels were 0.69 ± 1.69 (0.3 ppm BD-d6), 0.92 

± 1.57 (0.5 ppm BD-d6), and 7.37 ± 2.08 adducts/109 nucleotides (3 ppm BD-d6). 
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Table 5.5. Quantitative analysis of genomic EB-GII adducts in tissues of rats treated with BD-d6. 

Results are shown as geometric means (GSD). 

Tissue 
Exposure Level (ppm BD-d6) 

 All 0 0.3 0.5 3 

Liver 

Exogenous 0.00 (NA) 0.00 (NA) 0.27 (2.85) 0.28 (2.21) 1.02 (2.69) 

Endogenous 0.06 (2.18) 0.06 (1.91) 0.10 (2.07) 0.06 (1.41) 0.04 (2.47) 

Ratio 0.00 (NA) 0.00 (NA) 2.67 (2.10) 4.77 (2.11) 28.81 (3.08) 

Lung 

Exogenous 0.00 (NA) 0.00 (NA) 0.09 (1.27) 0.18 (1.18) 1.24 (1.21) 

Endogenous 0.03 (1.44) 0.03 (1.65) 0.03 (1.40) 0.03 (1.27) 0.03 (1.41) 

Ratio 0.00 (NA) 0.00 (NA) 2.91 (1.48) 5.30 (1.35) 38.03 (1.51) 

Heart 

Exogenous 0.00 (NA) 0.00 (NA) 0.16 (1.40) 0.28 (1.16) 1.75 (1.26) 

Endogenous 0.13 (2.07) 0.13 (1.46) 0.12 (2.74) 0.15 (2.47) 0.11 (1.35) 

Ratio 0.00 (NA) 0.00 (NA) 1.30 (3.40) 1.88 (2.69) 15.63 (1.48) 

Pancreas 

Exogenous 0.00 (NA) 0.00 (NA) 0.69 (1.69) 0.92 (1.57) 7.37 (2.08) 

Endogenous 0.05 (6.33) 0.04 (31.83) 0.06 (1.85) 0.05 (1.97) 0.05 (2.40) 

Ratio 0.00 (NA) 0.00 (NA) 12.37 (2.25) 19.84 (2.33) 157.51 (3.16) 
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Table 5.6. Associations of endogenous genomic EB-GII with exposure concentration and animal age, gender, and weight. 

Tissue Liver Lung Heart Pancreas 

 Ratio of GMs  

(95% CI) 

P-value Ratio of GMs  

(95% CI) 

P-value Ratio of GMs  

(95% CI) 

P-value Ratio of GMs  

(95% CI) 

P-value 

Dose  0.043  0.974  0.843  0.981 

    0 Reference  Reference  Reference  Reference  

    0.3 1.70 (0.85, 3.40) 1.00 (0.70, 1.44)  0.81 (0.43, 1.56)  0.93 (0.17, 5.03)  

    0.5 1.00 (0.50, 1.99) 1.07 (0.75, 1.54)  1.05 (0.55, 2.00)  0.83 (0.15, 4.43)  

    3.0 0.60 (0.31, 1.20) 1.03 (0.72, 1.47)  0.88 (0.47, 1.67)  1.16 (0.22, 6.16)  

Age 1.00 (0.98, 1.02) 0.930 1.00 (0.99, 1.01) 0.410 0.98 (0.96, 0.997) 0.024 0.95 (0.91, 0.99) 0.026 

Gender  0.778  0.900  0.095  0.436 

    Female 1.16 (0.40, 3.31) 0.97 (0.56, 1.68)  2.29 (0.86, 6.12)  2.71 (0.21, 

35.19) 

 

    Male Reference Reference  Reference  Reference  

Starting weight 1.00 (0.997, 1.003) 0.950 1.00 (0.998, 1.002) 0.919 1.004 (1.001, 1.007) 0.016 1.01 (1.00, 

1.013) 

0.153 

1Linear regression was used to investigate the effect of covariates on outcomes. Outcomes were log transformed and presented as ratio of geometric 

means and 95% CIs. 
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The ratios of exogenous to endogenous EB-GII adducts varied by butadiene dose and tissue 

type. Exogenous adducts amounts were greater than the endogenous adducts in the liver (2.67, 4.77, 

and 28.81 fold), lung (2.91, 5.30, and 38.03 fold), heart (1.30, 1.88, and 15.63 fold), and pancreas 

(12.37, 19.84, and 157.51 fold) at 0.3, 0.5, and 3 ppm BD-d6 exposure, respectively (Table 5.5). 

These results indicate that at sub ppm exposure levels (0.3 and 0.5 ppm), endogenous EB-GII 

represents a substantial contribution to the overall adduct load in the liver, lung, and heart. In 

contrast, endogenous EB-GII do not substantially contribute to the overall adduct levels in the 

pancreas.  

5.3.4 Associations between urinary metabolites and DNA adducts of 
1,3-butadiene 

In order to examine the correlations between various urinary biomarkers of exposure to BD, 

linear regression analyses were conducted for each metabolite and urinary EB-GII-d6. Urinary 

MHBMA-d6 and DHBMA-d5 were significantly associated with urinary EB-GII-d6 (p < 0.001, 

Table 5.7). We did not observe associations between any of the exogenous biomarkers and the age, 

gender or weight of the animals (Table 5.7). These results indicate that, in laboratory animals, 

urinary MHBMA, DHBMA, and EB-GII provide similar information.  

5.3.5 Associations between urinary and genomic DNA adducts 

EB-GII adducts initially form in genomic DNA and are excreted in urine following 

spontaneous hydrolysis or DNA repair. To determine whether urinary EB-GII adducts can be used 

as a non-invasive biomarker for genomic EB-GII, we conducted linear regression analyses for 

urinary and genomic EB-GII-d6 quantified in various tissues. Urinary EB-GII-d6 was significantly 

associated with genomic EB-GII-d6 in the liver, lung, heart and pancreas (p < 0.001, Table 5.8). 
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These results indicate that urinary EB-GII measurements can be used to estimate the levels of 

exogenous genomic EB-GII in studies where invasive tissue collections are not feasible.  
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Table 5.7. Linear regression analyses for urinary biomarkers of exposure to 1,3-butadiene 

 MHBMA-d6 DHBMA-d5 EB-GII-d6 

 Ratio of GMs (95% CI) P-value Ratio of GMs (95% CI) P-value Ratio of GMs (95% CI) P-value 

Model with dose 

Dose  <0.001  <0.001  <0.001 

    0 Reference Reference Reference 

    0.3 1043.58 (613.38, 1775.49) 3877.72 (2495.25, 6026.13) 498.41 (367.11, 676.67) 

    0.5 767.23 (457.06, 1287.89) 3147.56 (2048.14, 4837.13) 575.44 (423.85, 781.26) 

    3.0 6821.66 (4063.87, 11450.92) 29712.48 (19334.14, 45661.79) 3648.68 (2687.46, 4953.69) 

Model with dose, age, gender and starting weight 

Dose  <0.001  <0.001  <0.001 

    0 Reference Reference Reference 

    0.3 1070.54 (609.27, 1881.05) 3887.46 (2490.70, 6067.53) 507.97 (368.36, 700.49) 

    0.5 783.40 (454.67, 1349.79) 3172.53 (2064.35, 4875.61) 583.63 (424.31, 802.76) 

    3.0 6763.13 (3934.21, 11626.21) 28999.16 (18903.72, 44486.03) 3614.60 (2631.52, 4964.94) 

Age 1.00 (0.99, 1.02) 0.513 1.01 (0.99, 1.02) 0.364 1.00 (0.995, 1.01) 0.373 

Gender  0.720  0.136  0.524 

    Female 0.87 (0.38, 1.95) 0.62 (0.33, 1.17) 0.86 (0.54, 1.38) 

    Male Reference Reference Reference 

Starting weight 0.995 (0.997, 1.002) 0.668 0.999 (0.997, 1.001) 0.442 0.9996 (0.998, 1.001) 0.588 

Model with exogenous urinary EB-GII-d6 

Urinary  

EB-GII-d6 

1.01 (1.003, 1.008) <0.001 1.01 (1.004, 1.009) <0.001   

1Left-censored linear regression models using maximum likelihood estimation method and linear regression models using least squares estimation method 

were used to investigate the effect of covariates on outcomes. Results were similar between the two methods, so linear regression results using least squares 

estimation are presented. Outcomes were log transformed and presented as ratios of geometric means and 95% CIs. 
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Table 5.8. Linear regression of log transformed biomarkers with log transformed  

urinary EB-GII-d6 

Biomarker Tissue R p-value1 

MHBMA-d6 
Urine 

0.99 <0.001 

DHBMA-d5 0.99 <0.001 

EB-GII-d6 

Liver 0.72 <0.001 

Lung 0.73 <0.001 

Heart 0.83 <0.001 

Pancreas 0.91 <0.001 
1Linear regression was used to investigate the associations between urinary EB-GII-d6 

and other exogenous biomarkers. Results are presented as correlation coefficients (R) 
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5.4 Discussion 

While disease risk is often attributed to genetics, environmental factors represent a much larger 

contribution to risk of disease development98. The exposome, a term first described in 2005 to 

describe the life-course environmental exposures, has been characterized as general external 

exposures, specific external exposures, and internal exposure99. Low level environmental exposures 

to BD occur through inhalation of automobile exhaust, urban air, and wood burning smoke. Higher 

specific external exposures are observed in smokers and workers in the polymer industry189, 269. 

Low levels of EB-GII adducts have been detected in unexposed laboratory animals (14.5-87.0 

pg/mL urine)23 and non-smokers with no known external exposures to BD (0.19 (95% CI: 0.15-

0.22) fmol/mL urine, Chapter 3)305. The presence of BD-DNA adducts originating from internal 

exposures in humans complicates risk assessment and raises questions about the relative 

contributions of environmental, dietary, and endogenous sources of DNA damage to cancer 

development.  

Our study is the first to accurately quantify endogenous and exogenous metabolites and 

adducts commonly used as biomarkers of exposure to BD. We employed animals treated with 

isotopically labeled BD-d6 and high resolution mass spectrometry to accurately quantify the 

contribution of endogenous and exogenous MHBMA, DHBMA, and EB-GII to the overall 

biomarker levels in biological samples. Previous studies have utilized these metabolites and adducts 

as biomarkers of tobacco smoke exposure to BD and BD associated cancer risk in humans23, 163, 178, 

181, 183, 286, 305. These studies attribute these biomarkers as arising from BD exposure and metabolism. 

However, the presence of endogenous sources of these biomarkers may complicate data 

interpretation as the biomarkers are not only representative of the metabolism of exogenous 

exposure.  
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Our isotope labeling study indicates that DHBMA and, to a smaller extent, EB-GII can form 

endogenously and are excreted in urine, while the only source of MHBMA is inhalation exposure 

to 1,3-butadiene. This explains why urinary MHBMA is strongly affected by smoking status while 

DHBMA is unaffected by smoking cessation181. As mentioned above, BD is present in cigarette 

smoke (16-75 µg/cigarette in mainstream smoke, 205-361 µg/cigarette in sidestream smoke)269, 

therefore smoking represents a major source of human exposure to this carcinogen.  Our results 

indicate that urinary MHBMA can be used as an accurate biomarker of exposure to BD. 

The ratio of exogenous to endogenous DHBMA varied between 0.23 and 2.42 depending on 

BD exposure concentration. The endogenous metabolite was more prevalent at the low exposure 

levels (0.3 and 0.5 ppm) while the exogenous metabolite only become more prevalent at the highest 

exposure level (3 ppm) (Table 5.3). This indicates that at human exposure levels to BD (~1 ppm 

for occupationally exposed workers, 16-361 µg/cigarette), endogenous DHBMA represents a 

significant contribution to measured DHBMA. This helps explain previous reports that DHBMA 

levels in smokers were unaffected by smoking cessation and did not vary among groups with 

different risks of lung cancer development163, 181, 183. Overall, our results indicate that DHBMA is 

not an appropriate biomarker for use in assessing risk from exposure to BD.   

EB-diol is a metabolic precursor of DHBMA (Figure 1.8). EB-Diol can be further metabolized 

to 3,4-epoxy-1,2-butanediol (EBD) by cytochromes P450 2E1 and 2A6. Previous studies have 

quantified the mercapturic acid metabolite of EBD, trihydroxybutyl mercapturic acid (THBMA), 

and the EBD-DNA adduct N7-2,3,4-trihydroxybutyl guanine (THBG) in smokers and non-

smokers22, 167. THBMA concentrations were significantly higher in smokers (21.6 ± 10.2 ng/mg 

creatinine) as compared to non-smokers (13.7 ± 7.9 ng/mg creatinine, P < 0.01) and decreased by 

25-50% post-smoking cessation. THBG levels were not statistically different between smokers 
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(8.20 ± 5.12 adducts/109 nucleotides) and non-smokers (7.08 ± 5.29 adducts/109 nucleotides), and 

smoking cessation did not result in decreased THBG adducts22. THBMA and THBG detected in 

non-smokers and after smoking cessation in these studies, along with substantial levels of 

endogenous DHBMA observed in the present work, suggest endogenous sources for EB-diol164, 167. 

Carbohydrate catabolism is a possible endogenous source of EB-diol22, 162, 167, and therefore 

DHBMA.  

We did not observe any associations between endogenous DHBMA and age, gender, or weight 

in this study (Table 5.4). This indicates that other factors, such as dietary sources, may be more 

likely to influence endogenous formation EB-Diol and DHBMA. However, endogenous EB-GII 

was associated with age in the heart and pancreas and with weight in the heart. This suggests that 

metabolic processes that are associated with weight and aging may be involved in the formation of 

endogenous genomic EB-GII DNA adducts. Further studies are underway to identify potential 

metabolic and dietary precursors of butadiene DNA adducts in cultured human cells.  

The contributions of endogenous EB-GII to total urinary adduct levels were low to negligible.  

Even in the lowest treatment group (0.3 ppm), exogenous EB-GII were over 160-fold more 

prevalent than the endogenous adducts (Table 5.4). This is in contrast to our results in Chapter 3, 

showing 5-fold greater levels of urinary EB-GII in smokers as compared to non-smokers305 and in 

Chapter 2, showing a 34% decrease in urinary EB-GII following smoking cessation286. One possible 

explanation for this discrepancy is that non-smokers could be exposed to BD in secondhand tobacco 

smoke, wood burning smoke, and automobile exhaust, as the laboratory animals are not exposed to 

any of these environmental sources of BD. While endogenous adducts are formed in animals, they 

represent a very small portion of the adduct load and are unlikely to affect risk assessment using 
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urinary EB-GII. Therefore, urinary EB-GII can be considered an accurate biomarker of external 

exposure to BD. 

Urinary MHBMA-d6 and DHBMA-d5 were highly correlated with urinary EB-GII-d6 (Table 

5.7). These results indicate that urinary DNA adducts and metabolites of EB-GII represent similar 

BD exposure information, when uncomplicated by the presence of the endogenous biomarkers. 

This is consistent with our previous studies in smokers, where we observed that MHBMA and 

DHBMA were associated with EB-GII. However, upon further adjustment for nicotine equivalents 

as a measure of smoking dose, only the correlation with DHBMA remained305.  

Previous reports321, 322 and reviews323, 324 have questioned the use of urinary DNA adducts in 

risk assessment because they can potentially originate from free nucleotides and RNA rather than 

genomic DNA. However, our results indicate that urinary and genomic DNA adducts are highly 

correlated. Urinary EB-GII-d6 was strongly associated with genomic EB-GII-d6 in the liver, lung, 

heart, and pancreas (Table 5.8). Previous studies in our laboratory have utilized urinary EB-GII as 

a biomarker of BD exposure in smokers and occupationally exposed workers23, 286, 305. In such large-

scale epidemiological studies, urine is more readily available than genomic DNA. The strong 

correlation between urinary and genomic EB-GII adducts in rats reported here could be 

extrapolated to suggest that urinary EB-GII measured in humans is a non-invasive surrogate for 

genomic EB-GII, further validating the use of urinary EB-GII as a sensitive and specific biomarker 

of BD exposure in humans. This association should be investigated in future studies in humans 

where sufficient quantities of urine and genomic DNA are available for the same subjects.  

In summary, this study for the first time accurately measured endogenous and exogenous BD-

DNA adducts and metabolites in laboratory rats exposed to isotopically labeled BD. We quantified 

the contribution of endogenous adducts and metabolites to the overall load, showing that MHBMA 
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and EB-GII are sensitive and specific biomarkers of BD exposure, while DHBMA cannot be used 

as a biomarker of exogenous BD exposure due to the high endogenous levels of the metabolite. 

Our results reveal a strong association between urinary and genomic DNA adducts, validating 

urinary EB-GII as a non-invasive surrogate biomarker for genomic BD DNA damage. These 

findings support future use of urinary EB-GII and MHBMA as biomarkers of BD exposure and 

warrant further investigation to identify the sources of endogenous formation of DHBMA and EB-

GII.  
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6. DEB-FAPy-dG Adducts of 1,3-Butadiene: Formation in 
Diepoxybutane Treated DNA  

Adapted with permission from:  

Suresh S. Pujari, Caitlin C. Jokipii Krueger, Christopher Chao, Spencer Hutchins, 

Alexander K. Hurben, Gunnar Boysen, and Natalia Tretyakova. Chem. Eur. J. 2022, 28, 

e2021032. © 2021 Wiley-VCH GmbH 

Dr. Suresh S. Pujari, with the assistance of Christopher Chao and Alexander Hurben, 

synthesized and characterized the authentic standards of DEB-FAPy-dG. Gunnar Boysen 

conducted preliminary cell treatments and quantification of DEB-FAPy-dG. Caitlin Jokipii 

Krueger developed and validated the mass spectrometry method, treated CT DNA with DEB, and 

quantified the adducts by mass spectrometry. Spencer Hutchins assisted with CT DNA treatments 

and adduct quantification.  

Additional data included in this chapter generated by Caitlin Jokipii Krueger includes the 

treatment of MEF cells and nuclei with DEB, preparation of the nuclear protein extract, 

development of the DEB-FAPy-dG repair assay, and quantification of the adducts in cells, nuclei, 

and repair assay samples by mass spectrometry. Cell treatments and sample preparation was 

assisted by Spencer Hutchins and Danielle Chew-Martinez. 

  



 

161 

6.1 Introduction 

1,3-Butadiene (BD) is a known human carcinogen commonly found in automobile exhaust136, 

wood burning smoke135, and is widely used in the rubber and plastic industries127. BD is one of the 

most abundant carcinogens present in cigarette smoke134. It induces leukemia and lymphoma, as 

well as tumors of the lung, ovary, liver, and mammary gland, in laboratory animals270. Furthermore, 

BD causes chromosomal abnormalities and increases the risk of lymphatic and hematopoietic 

cancer in occupationally exposed workers125, 126, 149.  

BD is metabolically activated by cytochrome 450 monooxygenases CYP2E1 and 2A6 to a 

reactive epoxide 3,4-epoxy-1-butene (EB)149, 271. EB can be further epoxidized to form 1,2,3,4-

diepoxybutane (DEB) or hydrolyzed by epoxide hydrolase (EH) to form 1-butene-3,4-diol (EB-

diol)149, 271. 1,2-dihydroxy-3,4-epoxybutane (EBD) can be formed via two alternative pathways:  

oxidation of EB-diol and hydrolysis of DEB, with the former pathway predominating (Figure 

1.7)149, 271. EB, DEB, and EBD are genotoxic and can induce point mutations and deletions; among 

the three, DEB is by far the most genotoxic and mutagenic153, 157.  BD-derived epoxides can enter 

cell nuclei and react with genomic DNA to form covalent DNA adducts at guanine and adenine 

bases233. BD-DNA adducts can cause polymerase errors during DNA replication, potentially 

leading to mutations and cancer152, 279, 303, 325.  

The N7-position of guanine in DNA is the favored reactive site for simple alkylating agents 

such as BD-derived epoxides86, 280, 326, 327. N7-guanine adducts retain the ability to pair with 

cytosine86, 280, 327, but are hydrolytically labile due to the presence of a positive charge on the 

alkylated base13, 280, 326, 328. These adducts undergo two competing reactions: spontaneous 

depurination to release N7-alkylguanine bases (favored under acidic conditions) and imidazole ring 

opening to give the formamidopyrimidine (FAPy) lesions (preferred under basic conditions, Figure 
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6.1)327. Imidazole ring scission and alkyl-FAPy formation alters the molecular shape and base 

pairing preferences of the parent nucleobase, leading to mispairing during DNA replication329-332. 

Alkyl-FAPy lesions are relatively stable and can accumulate in cells over time326, 327, 333 and have 

been shown to play a major role in genotoxicity of the liver carcinogen aflatoxin B1334. Structurally 

related unsubstituted FAPy adducts can be formed by a free radical mechanism upon exposure to 

reactive oxygen species (ROS)333, 335, 336. FAPy adducts can be repaired through base excision repair 

mechanism mediated by 8-oxoguanine glycosylase (OGG1), endonuclease III-like protein 

(NTHL1), and endonuclease 8-like protein (NEIL1)337. 

Previously, we reported the synthesis and structural characterization of N6-(2-deoxy-D-

erythro-pentofuranosyl)-2,6-diamino-3,4-dihydro-4-oxo-5-N-(2-hydroxy-3-buten-1-yl)-

formamidopyrimidine (EB-FAPy-dG) adducts in DNA exposed to butadiene monoepoxide86. EB-

FAPy-dG lesions were detected in EB-treated calf thymus DNA and in murine cells in culture 

(MEF), with higher adduct numbers observed in cells deficient in NEIL1, a DNA repair gene 

involved in base excision repair38, 39, 338. In the present work, we describe the first structural 

characterization of the corresponding adducts of butadiene derived diepoxide (DEB), N6-[2-deoxy-

D-erythro-pentofuranosyl]-2,6-diamino-3,4-dihydro-4-oxo-5-N-1-(oxiran-2-yl)propan-1-ol-

formamidopyrimidine (DEB-FAPy-dG) (Figure 6.2). DEB-FAPy-dG adducts were detected in 

DEB-treated calf thymus DNA (CT DNA) using isotope dilution liquid chromatography-high 

resolution tandem mass spectrometry. To our knowledge, this is the first report of DEB-derived 

FAPy adducts, which are hypothesized to play a role in genotoxicity of DEB. 
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Figure 6.1. Mechanism of apurinic site and formamidopyrimidine formation upon alkylation of 

deoxyguanosine by DEB.  
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6.2 Materials and Methods 

Synthesis of N6-[2-deoxy-D-erythro-pentofuranosyl]-2,6-diamino-3,4-dihydro-4-oxo-5-N-1-

(oxiran-2-yl)propan-1-ol-formamidopyrimidine (DEB-FAPy-dG) 

2-amino-7-(2-hydroxy-2-(oxiran-2-yl)ethyl)-9-((2R,4S,5R)-4-hydroxy-5-

(hydroxymethyl)tetrahydrofuran-2-yl)-6-oxo-6,9-dihydro-1H-purin-7-ium (3) 

2′-Deoxyguanosine (1 g, 3.74 mmol) was suspended in freshly prepared 10 mM Tris-HCl 

buffer (30 mL, pH 7.2) and 1,2,3,4-diepoxybutane (DEB) (643 mg, 584 µL, 7.48 mmol) was added 

dropwise over 10 min. The resulting emulsion was stirred overnight at 37°C. The reaction mixture 

was filtered to remove the unreacted 2′-deoxyguanosine, and the mother liquor was concentrated 

and diluted with water (10 ml). The mixture was further chilled at -80°C for overnight and the 

formed precipitate (unreacted started material) was filtered out. Further, the reaction mixture was 

purified by preparative HPLC using Sunfire C-18 OBD Prep column, (250 x 19 mm, 14 ml/min 

flow rate) on an Agilent 1100 HPLC system by the following method. Buffer A: Water, Buffer B: 

ACN. The solvent composition was changed linearly from 3 to 7% B in 8 min, further to 8% B in 

3 min, and held at 8% B for 9 min. Under these conditions, N7-(2-hydroxy-2-(oxiran-2-yl)ethyl)-

dG (3) eluted as a broad peak at 8.2 min (130 mg, 10%). It should be noted that under our reaction 

conditions, the 3,4- epoxy ring of DEB-FAPy-dG remained intact. The epoxide ring could be 

opened upon extended treatment of adduct 3 with 1 M NaOH to give trihydroxybutyl-FAPy-dG 

(compound 6) (Figure 6.2). ESI+MS/MS: m/z 354.25 [M]+ → 238.25 [M-dR+H]+. The UV spectrum 

of dG monoepoxide (λmax) 274 nm at pH 7.0) is reminiscent of other N7-alkylguanosines, 

including N7-EB-dG. 1H-NMR (D2O, 500 MHz) δ 6.30-6.33 (m, 1H, C1′-H), 4.71-4.75 (m, 1H, 

CH2), 4.51-4.54 (m, 1H, CH2), 4.42-4.47 (m, 1H, C3′-H), 4.11-4.13 (m, 1H, CH), 4.01-4.05 (m, 1H, 

C4′-H), 3.77-3.81 (m, 1H, C5′-H), 3.71-3.72 (m, 1H, C5′-H), 3.21-3.23 (m, 1H, CH2), 2.86-2.88 
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(m, 1H, CH), 2.80-2.81 (m, 1H, CH2), 2.66-2.71 (m, 1H, CH2-α), 2.54-2.59 (m, 1H, CH2-β). 13C-

NMR (D2O, 500 MHz) 163.88, 162.66, 149.41, 108.88, 87.88, 86.14, 86.05, 70.37, 68.47, 61.88, 

61.05, 61.01, 53.17, 51.64, 44.43, 39.39. 

N6-[2-deoxy-D-erythro-pentofuranosyl]-2,6-diamino-3,4-dihydro-4-oxo-5-N-1-(oxiran-2-

yl)propan-1-ol-formamidopyrimidine (4) 

N7-alkylated-dG monoepoxide (3, 27 mg) was dissolved in 1M NaOH (3ml) and stirred at 

room temperature for 1hr. The reaction mixture was further cooled in ice bath for 5 min and 

immediately neutralized with 20% AcOH to pH 7.0. The reaction mixture was concentrated under 

reduced pressure and purified by preparative HPLC using Sunfire C-18 OBD Prep column, (250 x 

19 mm, 14 ml/min flow rate) on an Agilent 1100 HPLC system by the following method. Buffer 

A: Water, Buffer B: ACN. The solvent composition was changed linearly from 3 to 7% B in 8 min, 

further to 8% B in 3 min, and held at 8% B for 9 min. Under these conditions, DEB-FAPy-dG (4) 

eluted as multiple peaks at 7.02, 8.11 and 8.5 min (130 mg, 10%). UV-Vis λmax: 272 nm (pH = 7.0), 

271 nm (pH = 1.0), and 265 nm (pH = 12.0). ESI+MS/MS: m/z 372.26 [M+H]+→ m/z 256.08 [M-

dR+H]+ and m/z 372.26 [M+H]+→ m/z 238.17 [M-dR-H2O+H]+. 1H-NMR (D2O, 500 MHz) δ 

8.06-8.12 (m, 2H), 7.79-7.84 (m, 2H), 5.13-5.19 (m, 2H), 4.63-4.66 (m, 1H), 4.54-4.59 (m, 1H), 

4.44-4.46 (m, 1H), 4.36-4.39 (m, 1H), 4.17-4.22 (1H, m), 3.99-4.06 (m, 1H), 3.95-3.97 (m, 1H), 

3.79-3.88 (m, 4H), 3.68-3.74 (m, 3H), 3.63-3.68 (m, 3H), 3.56-3.62 (m, 1H), 3.52-3.56 (m, 3H), 

3.47-3.52 (m, 4H), 3.40-3.47 (m, 3H), 3.34-3.40 (m, 1H), 3.07-3.10 (m, 1H), 2.98-3.06 (m, 2H), 

2.73-2.79 (m, 3H), 2.64-2.72 (m, 3H), 2.29-2.38 (m, 1H). 13C-NMR (D2O, 500 MHz) 169.12, 

168.81, 167.58, 166.99, 162.85, 160.98, 154.80, 95.08, 91.46, 83.68, 77.26, 68.19, 68.10, 67.94, 

67.69, 67.68, 67.63, 67.60, 67.59, 67.53, 67.38, 67.01, 54.34, 53.90, 53.73, 53.33, 47.76, 44.97, 

44.79, 44.65, 44.52.  
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Figure 6.2. Synthesis of DEB-FAPy-dG (6) from 2′-deoxyguanosine (1). 
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Treatment of Calf Thymus DNA with DEB 

To determine dose-dependence of DEB-FAPy-dG at high pH, calf thymus DNA (1 mg in 1 

mL of 10 mM Tris-HCl buffer, pH 7.5) was treated with 10 µM, 50 µM, 100 µM, 250 µM, 500 

µM, 1mM, 5 mM, or 10 mM DEB at 37 °C for 24 h. The unreacted DEB was extracted with diethyl 

ether (1 mL) and the DNA was precipitated with cold ethanol (2 mL). The DNA was washed with 

cold 70% EtOH (1 mL) and cold 100% EtOH (1 mL). DNA was reconstituted in 1 mL of 1N NaOH 

(pH 12) and incubated for 1 h at room temperature. The solution was neutralized with 1M HCl, 

followed by ethanol precipitation and washed as described above. DNA was reconstituted in 200 

µL of 10 mM Tris-HCl, pH 7.5. 

To determine dose-dependence of DEB-FAPy-dG at physiological pH, calf thymus DNA was 

treated with 500 µM, 1 mM, 5 mM, or 10 mM DEB at 37 °C for 24 h. The unreacted DEB was 

extracted with diethyl ether, and the DNA was precipitated and washed as described above. DNA 

was reconstituted in 500 µL of 10 mM Tris-HCl, pH 7.5 and incubated at 37 °C for 72 h. 

To determine pH dependence of DEB-FAPy-dG formation, calf thymus DNA was treated with 

5 mM DEB at 37 °C for 24 h. The unreacted DEB was extracted with diethyl ether, and the DNA 

was precipitated and washed as described above. DNA was resuspended in 200 µL Tris-HCl 

adjusted to pH 7.5, 10, 11, or 12 and incubated at room temperature for 1 h. DNA was precipitated 

and washed as described above, reconstituted in 500 µL of 10 mM Tris-HCl, pH 7.5 and incubated 

at 37 °C for 72 h.  

Treatment of MEF Cells with DEB 

NEIL1-/- and wild type (NEIL1+/+) MEF cells were grown in 150 mm tissue culture dishes with 

DMEM media supplemented with 10% fetal bovine serum in an atmosphere of 5% carbon dioxide, 

95% air at 37 °C until approximately 80% confluent. Cells were treated with 0 µM, 100 µM, or 250 
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µM DEB for 24 h at 37 °C. Cells were washed twice with phosphate buffered saline (PBS) to 

remove DEB. Cells were treated with trypsin to release from the plate, harvested, and washed twice 

with PBS. DNA was extracted from cells as previously described22. Extracted DNA was incubated 

at 37 °C for 72 h to allow for formamidopyrimidine formation and processed for analysis as 

described below.  

Treatment of MEF Nuclei with DEB 

NEIL1-/- and wild type (NEIL1+/+) MEF cells were cultured as described above. Cells were 

harvested via trypsinization, washed twice with PBS, and re-suspended in 1 mL ice-cold cell lysis 

buffer (25 mM Tris-HCl (pH 7.5), 0.1% (vol/vol) Triton X-100, 85 mM KCl). The samples were 

centrifuged at 2,300 g for 5 min at 4 °C. The resulting pellet containing the nuclei was treated with 

250 µM DEB in cell lysis buffer for 1 h at 37 °C. Following the treatment, the samples were 

centrifuged at 2,300 g for 5 min at 4 °C, and the DEB containing supernatant was removed. Nuclei 

were washed once with cell lysis buffer to remove any remaining DEB. Nuclei were lysed with 0.5 

mL of 2% SDS in 20 mM Tris-HCl (pH 7.5), and DNA was extracted as previously described22. 

Extracted DNA was incubated at 37 °C for 72 h to allow for formamidopyrimidine formation and 

processed for analysis as described below. 

Preparation of Nuclear Protein Extract 

Nuclear protein extracts were prepared as previously described339. In brief, human 

fibrosarcoma cells (HT1080) were grown in DMEM media supplemented with 10% fetal bovine 

serum in 150 mm tissue culture dishes in an atmosphere of 5% carbon dioxide, 95% air at 37 °C 

until confluent. Cells were collected from 15 confluent dishes, washed three times with ice-cold 

phosphate-buffered saline, and resuspended in 2 mL of buffer A [10 mM Tris (pH 7.4) containing 

10 mM KCl, 10 mM MgCl2, 1 mM DTT]. Cells were incubated on ice for 15 min, after which 
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phenylmethanesulfonyl fluoride (PMSF) was added to a final concentration of 1 mM. Cells were 

transferred to a Dounce homogenizer and mechanically disrupted by 20 strokes. The mixture was 

centrifuged at 1500 g for 8 min to collect the nuclei. The nuclei were resuspended in 2 mL of buffer 

B (buffer A supplemented with 350 mM NaCl, 1 mM PMSF, and cOmplete Mini protease inhibitor 

cocktail (Roche Diagnostics GmbH, Mannheim, Germany) and incubated on ice for 60 min. The 

lysed nuclei were then centrifuged at 21,000 g for 30 min at 4 °C. Glycerol was added to 10% of 

the final concentration of the supernatant, and a 20 µL aliquot was removed for protein quantitation. 

β-mercaptoethanol was added to a concentration of 10 mM, the nuclear extract was snap-frozen in 

a dry ice/ethanol bath, and stored at -80 °C. The total protein concentration was measured using the 

Bradford assay (3.23 mg/mL). Frozen HEK293T extracts were kindly supplied by Dr. Colin 

Campbell at the University of Minnesota.  

Base Excision Repair Assays with Human Fibrosarcoma Nuclear Extracts 

CT DNA was treated with 5 mM DEB for 24 h, followed by incubation at pH 12 for 1 h as 

described above to generate DEB-FAPy-dG containing DNA. Repair assays were performed with 

15 µg of DEB-FAPy-dG containing CT DNA in 10 mM HEPES (pH 7.4) buffer containing 100 

mM KCl, 1 mM EDTA, 1 mM EGTA, and 0.1 mM DTT in a total volume of 200 μL. Following 

the addition of nuclear protein extract (50 μg), repair mixtures were incubated at 37 °C for 15, 30, 

75, 120, or 180 min. Control samples were incubated without nuclear protein extract added. Heat 

inactivated controls contained 50 ug of nuclear protein extract that had been heated to 100 °C for 1 

h. Following incubation, DNA was precipitated via the addition of 600 µL ice-cold isopropyl 

alcohol and centrifuged at 15,000 g at 4 °C for 15 min to pellet the precipitated DNA. The 

supernatant was removed, the DNA was resuspended in 100 µL of 10 mM Tris-HCl (pH = 7.5). 75 

µL of Protein Precipitation Solution (Qiagen) was added, samples were vortexed for 30 seconds, 
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and centrifuged at 2000 g for 15 min to remove remaining nuclear protein extract. The DNA 

containing supernatant was further subjected to chloroform/isoamyl alcohol extraction. 175 µL of 

24:1 chloroform:isoamyl alcohol (Sigma Aldrich) was added to each sample, vortexed for 30 

seconds, and centrifuged at 2000 g for 15 min to separate the liquid layers. DNA was precipitated 

by the addition of 600 µL ice-cold isopropyl alcohol and centrifuged at 15,000 g at 4 °C for 15 min 

to pellet the precipitated DNA. DNA was processed for nanoLC-ESI+-HRMS/MS analysis 

detection of DEB-FAPy-dG as described below.  

Enzymatic Hydrolysis of DNA and Sample Preparation 

DNA (100 µg) was spiked with 350 fmol of 15N3-DEB-FAPy-dG as an internal standard for 

mass spectrometry and enzymatically digested in the presence of 120 mU phosphodiesterase I, 105 

mU phosphodiesterase II, 35 U DNase, and 22 U alkaline phosphatase in 200 µL of 10 mM Tris-

HCl/15 mM MgCl2 at 37°C for 18 h.  

DNA digests were subjected to ultrafiltration through Nanosep 10K filters to remove the 

enzymes and purified by solid-phase extraction on Hypercarb Hypersep SPE cartridges (100 mg/1 

mL). SPE cartridges were conditioned with 2 mL of methanol, followed by 2 mL of water. DNA 

samples (200 µL) were loaded under neutral pH, washed with 1 mL of water and 1 mL of 30% 

methanol, and then eluted with 70% methanol in water. SPE fractions were dried under vacuum 

and reconstituted in 15 µL of 0.05% formic acid in water for nanoLC-ESI+-HRMS/MS analysis.  

nanoLC-ESI+-HRMS/MS Analysis of DEB-FAPy-dG 

Quantitative analyses of DEB-FAPy-dG were conducted by nanoLC-ESI+-HRMS/MS using 

a Q Exactive Orbitrap mass spectrometer (Thermo Scientific, Waltham, MA) interfaced with a 

Dionex Ulitmate 3000 RSLC nanoHPLC system (Thermo Scientific, Waltham, MA). Samples 

were loaded onto a nanoLC column (0.075 mm x 200 mm) manually packed with Synergi Hydro 
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RP 80Å (4 µm) chromatographic packing (Phenomenex, Torrance, CA). Gradient elution was 

achieved using LC/MS-grade water containing 0.05% formic acid (A) and LC/MS grade 

acetonitrile (B). The initial solvent composition was maintained at 0% B (at 300 nL/min) for 7.5 

minutes. The percentage of solvent B was linearly increased to 80% over 9.5 minutes and held at 

80% B for 5.5 minutes. Solvent B was returned to 0% over 0.5 minutes, followed by an 11 min 

column equilibration. Under these conditions, DEB-FAPy-dG and its internal standard eluted at 

14.5 minutes.  

Electrospray ionization was achieved at a spray voltage of 4000 V and a capillary temperature 

of 275 °C. Tandem mass spectrometry analysis was performed in the parallel reaction monitoring 

mode by fragmenting [M+H]+ ions of DEB-FAPy-dG (m/z 372.1) in the high collision dissociation 

(HCD) cell of the instrument using the collision energy (CE) of 20 and an isolation width of 1.0 

amu. The resulting fragment ions at m/z 238.0935 were detected using the Orbitrap mass analyzer 

(HRMS) at a mass resolution of 70,000. The 15N3 labeled internal standard was detected using an 

analogous MS/MS scan event consisting of fragmentation of m/z 375.1 ([M+H]+). Extracted ion 

chromatograms corresponding to m/z 238.0935 ([M – dR – H2O]+) were used for quantitation of 

DEB-FAPy-dG, whereas fragment ions at m/z 241.0846 ([15N3–M – dR – H2O]+) were used for 

quantitation of the 15N3 labeled internal standard. DEB-FAPy-dG amounts were determined by 

comparing the areas of the nanoLC/ESI+-HRMS/MS peaks corresponding to the analyte and its 

internal standard. 
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Optimized sample preparation and nanoLC-ESI+-HRMS/MS for simultaneous analysis of 

DEB-FAPy-dG and THB-FAPy-dG 

The nanoLC-ESI+-HRMS/MS method described above was modified in order to enable 

simultaneous quantification of both DEB-FAPy-dG and THB-FAPy-dG. DNA samples were 

digested and processed as discussed above, with minor changes to the SPE protocol to better retain 

THB-FAPy-dG. The second SPE wash step was changed from 30% MeOH to 10% MeOH, as 

significant amounts of THB-FAPy-dG eluted from the cartridges at 30% MeOH. The HPLC 

method was modified to improve THB-FAPy-dG peak shape as follows. HPLC solvents were 

LC/MS-grade water containing 0.05% formic acid (A) and LC/MS grade acetonitrile containing 

0.05% formic acid (B). The initial solvent composition was maintained at 0% B and 800 nL/min 

for 7 minutes. The flow rate was dropped to 300 nL/min over 0.5 min. The percentage of solvent 

B was linearly increased to 50% over 6.5 min and held at 50% B for 2 minutes. Solvent B was 

further increased to 80% over 1 min and held for 5.5 min. Solvent B was returned to 0% and the 

flow increased to 800 nL/min over 0.5 minutes, followed by an 11 min column equilibration. Under 

these conditions, DEB-FAPy-dG and THB-FAPy-dG eluted between 14.5-15.0 min. The 

electrospray voltage was lowered from 4000 V to 3000 V, and the capillary temperature was 

decreased from 275 °C to 250 °C. Tandem mass spectrometry analysis was performed as discussed 

above for DEB-FAPy-dG. THB-FAPy-dG was detected using an analogous MS/MS scan event 

consisting of fragmentation of m/z 390.1 ([M+H]+) to m/z 256.1040 ([M – dR – H2O]+)  
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6.3 Results 

6.3.1 Development and validation of nanoLC-ESI+-HRMS/MS method 
for the detection and quantification of DEB-FAPy-dG 

Synthetic standards of DEB-FAPy-dG and 15N3-DEB-FAPy-dG were used to develop a 

nanoLC-ESI+-HRMS/MS method for the detection and quantification of DEB-FAPy-dG in CT 

DNA, cells, and nuclei treated with DEB. 100 µg of DNA was spiked with 350 fmol of 15N3-DEB-

FAPy-dG, subjected to enzymatic hydrolysis, and enriched via SPE. We investigated DEB-FAPy-

dG retention on multiple SPE cartridges (Isolute ENV+ (40 mg/1 mL, Biotage, Charlotte, NC), 

Strata X polymeric C18 (30 mg/1 mL, Phenomenex, Torrance, CA) and Hypercarb Hypersep (100 

mg/1 mL, Thermo Scientific, Waltham, MA) and found that Hypercarb Hypersep was the only 

stationary phase that retained DEB-FAPy-dG (SPE recovery 58%). SPE fractions containing DEB-

FAPy-dG and 15N3-DEB-FAPy-dG were concentrated under vacuum and reconstituted in water for 

nanoLC-ESI+-HRMS/MS analysis. 

During nanoLC-ESI+-HRMS/MS method development for DEB-FAPy-dG, several HPLC 

stationary phases including Hypercarb (Thermo Scientific, Waltham, MA), Synergi Polar RP 

(Phenomenex, Torrance, CA) and Synergi Hydro RP (Phenomenex, Torrance, CA) were tested 

with a variety of solvent systems (5 mM ammonium formate, 0.1% formic acid, and 0.05% formic 

acid with acetonitrile) and various solvent gradients. The best HPLC peak shape and retention were 

achieved on a Synergi Hydro RP column with a gradient of 0.05% formic acid and acetonitrile. 

With this method, DEB-FAPy-dG eluted as a complex peak at 14.87 min (Figure 6.3).  
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Figure 6.3. Representative nanoLC-ESI+-HRMS/MS traces of DEB-FAPy-dG in CT DNA 

treated with 50 µM DEB. 
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NanoLC-ESI+-HRMS/MS analyses were conducted on an Orbitrap Q Exactive mass 

spectrometer interfaced with a Dionex Ultimate 3000 nano LC system (Thermo Fisher Scientific, 

Waltham, MA, USA). Instrument resolution was set for 70,000 to allow for excellent selectivity. 

Quantitative analysis of DEB-FAPy-dG was conducted in the parallel reaction monitoring mode 

using mass transitions corresponding to the loss of deoxyribose sugar (m/z 372.1509 [M+H]+ → 

256.1037 [M−dR+H]+) and a loss of 2′-deoxyribose and water (m/z 372.1509 [M+H]+ → 238.0923 

[M+H−dR−H2O]+) (Figure 6.3). The 15N3-labeled internal standard was monitored using the 

corresponding signals at m/z 375.2349 [M+H]+ → 241.0845 [M+H−dR−H2O]+ and m/z 375.2349 

[M+H]+ → 259.0952 [M+H- dR]+ (Figure 6.3). The MS/MS transition corresponding to the neutral 

loss of both deoxyribose and water provided greater sensitivity and was thus chosen for quantitative 

analyses, while the second transition was used for confirmation purposes. 

The quantitative nanoLC-ESI+-HRMS/MS method for DEB-FAPy-dG was validated by 

spiking known amounts of analyte (12.5-500 fmol) and internal standard (350 fmol) into calf 

thymus DNA. A linear correlation was observed between the spiked and calculated amounts of 

analyte, with an R2 value of 0.9992 (Figure 6.4).  
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Figure 6.4. Method validation curve for DEB-FAPy-dG  
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6.3.2 Formation of DEB-FAPy-dG in DEB treated CT DNA 

To determine whether DEB-FAPy-dG adducts can form in DNA, calf thymus DNA was 

treated with increasing amounts of DEB (10 µM to 10 mM). High diepoxide concentrations were 

chosen in order to facilitate adduct detection. DEB-treated DNA was subjected to enzymatic 

hydrolysis to 2′-deoxynucleosides, followed by enrichment by solid phase extraction on Hypercarb 

Hypersep cartridges (Thermo Scientific).  

DEB-FAPy-dG formation was investigated at different pH. Aliquots of treated CT DNA were 

taken and either analyzed directly (physiological pH) or treated with NaOH (pH 12) to induce 

imidazole ring opening. Samples treated at high pH to induce ring opening exhibited a 

concentration dependent formation of DEB-FAPy-dG, with adduct numbers ranging from 0.7 to 

428.0 DEB-FAPy-dG adducts per 106 nucleotides (Figure 6.5a). However, DEB-FAPy-dG lesions 

were also observed at physiological pH, with amounts approximately 1300-lower than at pH 12 

(Figure 6.5b). 

In order to establish pH dependence for DEB-FAPy-dG adduct formation, CT DNA was 

treated with 5 mM DEB at 37 °C for 24 h and subsequently incubated at pH 7.5, 10, 11, and 12 at 

room temperature for 1 h. DEB-FAPy-dG adducts were observed in all samples, although the 

amounts were much greater in samples incubated at higher pH (pH 12) (Figure 6.6). This indicates 

that while DEB-FAPy-dG adducts can form at lower pH, the higher abundance only at pH 12 is 

consistent with their preferred formation under basic conditions. 
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Figure 6.5. Dose-dependent formation of DEB-FAPy-dG under (a) basic (pH 12) and (b) 

physiological (pH 7.5) conditions.  
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Figure 6.6. pH-dependent formation of DEB-FAPy-dG in CT DNA treated with 5 mM DEB. 
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6.3.3 Attempted quantitation of DEB-FAPy-dG adducts in DEB treated 
cells and nuclei 

To test the ability of the newly developed method to detect DEB-FAPy-dG adducts in cells, 

mouse embryonic fibroblast cells were treated for 24 h with 0-250 µM DEB. In a separate 

experiment, nuclei were treated with 0-250 µM DEB for 1 h. DNA extracted from treated cells and 

nuclei was incubated for 72 hours at 37 °C following the treatment to facilitate the formation of 

formamidopyrimidine adducts. We were unable to detect the formation of DEB-FAPy-dG adducts 

in either the treated cells or nuclei. We additionally investigated the presence of the epoxide ring 

opened adduct, THB-FAPy-dG (Figure 6.2, 6), but failed to detect it in any samples.  

6.3.4 Investigation of DEB-FAPy-dG repair by human fibrosarcoma 
nuclear extract 

To investigate the ability of nuclear protein extracts to repair DEB-FAPy-dG adducts in DNA, 

CT DNA was treated with DEB to generate DEB-FAPy-dG adducts and incubated with nuclear 

protein extract to facilitate repair. DEB-FAPy-dG adduct levels were quantified by our mass 

spectrometry method. We saw no significant differences in the level of DNA adducts in the DEB 

control and heat inactivated control samples as compared to any of the nuclear protein extract 

incubation timepoints (Figure 6.7a). We additionally investigated nuclear protein extracts from 

different sources and varied extract amounts. DEB containing CT DNA was incubated with varying 

concentrations of extracts from different sources for 3 h. There was no difference in DEB-FAPy-

dG adducts levels among samples treated with fresh or frozen nuclear extract from HT1080 cells, 

or frozen extract from HEK293T cells (Figure 6.7b). 
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Figure 6.7. (a) Time dependent repair of DEB-FAPy-dG adducts by nuclear protein extract and 

(b) extract source dependent repair of DEB-FAPy-dG adducts by nuclear protein extract.  
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6.4 Discussion 

1,3-butadiene is a known human carcinogen, inducing lymphatic and hematopoietic cancer in 

occupationally exposed workers125-127. Metabolic activation of BD produces reactive epoxides EB, 

EBD, and DEB which can alkylate nucleophilic sites in DNA, specifically N7-guanine149, 233, 271. 

While N7-guanine adducts are not expected to be mutagenic, they can be converted to the stable 

imidazole ring opened formamidopyrimidine adducts, resulting in mispairing during DNA 

replication329-332. Our group has previously reported the synthesis and detection of EB-FAPy-dG 

adducts in CT DNA and mouse embryonic fibroblast cells86. We observed that NEIL1-/- MEF cells 

were more sensitive to treatment with EB and contained higher levels of EB-FAPy-dG adducts, 

suggesting EB-FAPy-dG as a substrate for NEIL186. 

In the present study, we report the first synthesis of N6-[2-deoxy-D-erythro-pentofuranosyl]-

2,6-diamino-3,4-dihydro-4-oxo-5-N-1-(oxiran-2-yl)propan-1-ol-formamidopyrimidine (DEB-

FAPy-dG). Collectively, our mass spectrometry, NMR, and UV spectroscopy results for synthetic 

DEB-FAPy-dG are consistent with the structure of DEB-FAPy-dG shown in Figure 6.1. Although 

the molecule was isolated as a mixture of isomers which were difficult or impossible to separate, 

this represents the structural complexity of DEB-FAPy-dG adducts hypothesized to form in cells. 

All three stereoisomers of DEB (S,S, R,R and meso) are produced metabolically upon oxidation of 

1,3-butadiene by liver enzymes such as P450 2E1149, 271. 

DEB-FAPy-dG formation was significantly elevated at high pH. While adduct formation was 

observed in a dose-dependent manner at physiological pH, the amounts were approximately 1300-

fold lower than at pH 12 (Figure 6.5). When investigating pH dependence of adduct formation, 

only at pH 12 does the level of DEB-FAPy-dG adducts observed increase relative to the adduct 

levels at pH 7.5 (Figure 6.6). This is consistent with the mechanism of DEB-FAPy-dG adduct 
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formation presented in Figure 6.1, where basic conditions are required for imidazole ring opening 

to generate the formamidopyrimidine.  

We additionally evaluated the formation of DEB-FAPy-dG adducts in NEIL1-/- and wild type 

(NEIL1+/+) mouse embryonic fibroblast cells treated with 0-250 µM DEB. We were unable to detect 

the formation of DEB-FAPy-dG adducts in these systems. We initially hypothesized that the second 

epoxide ring opens up to form a triol. However, we were additionally unable to detect the 

corresponding THB-FAPy-dG adduct that would form from the epoxide opening. We then 

extracted nuclei from the cells to treat the nuclei directly with DEB, ensuring the DEB was reaching 

the nucleus. Unfortunately, we again did not detect any DEB-FAPy-dG or THB-FAPy-dG adducts 

in treated nuclei. It is likely that these adducts form in quantities below our method’s limit of 

detection (12.5 fmol in 100 µg of DNA (0.04 adducts/106 nucleotides)), and improvements in the 

analytical methods sensitivity would allow for adduct detection in cells.  

Since NEIL1 is known to repair many alkyl-FAPy adducts, we hypothesized that DEB-FAPy-

dG could be a substrate for this repair pathway. To test this hypothesis, we investigated the repair 

of DEB-FAPy-dG by human fibrosarcoma nuclear extracts that have active base excision repair 

based on our previous work with other DNA adducts339. However, we were unable to detect any 

repair in calf thymus DNA containing DEB-FAPy-dG, as the levels of DEB-FAPy-dG adducts 

remained unchanged upon incubation with nuclear protein extract for 15 - 180 min. The use of 

fresh or frozen nuclear protein extracts from different cell lines (HT1080 or HEK293T) did not 

impact the levels of DEB-FAPy-dG detected in repair assay samples. It is possible that our failure 

to detect DEB-FAPy-dG repair is a result of continued formation of these adducts from N7-DEB-

dG during the incubation period (Figure 6.1). Our future efforts are to synthesize the 
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phosphoramidite of DEB-FAPy-dG, incorporate it into an oligonucleotide, and investigate the 

effects of DEB-FAPy-dG on repair, replication, and transcription.  

In terms of their biological effects, ring open alkyl-FAPy adducts are expected to hinder DNA 

synthesis and/or to mispair during DNA replication329, 340-343. For instance, Me-FAPy-dG adducts 

block DNA polymerases α, β, and hPol δ/PCNA332. However, Me-FAPy-dG adducts were bypassed 

by TLS polymerases η, κ, hRev1/Pol ζ and polymerases η, κ, leading to misinsertion and -1 deletion 

products332. AFB1-FAPy adducts have been shown to be a potent block to DNA synthesis, even 

when DNA polymerase of lowered replication fidelity was used (MucAB)334. AFB1-FAPy-G 

adducts caused G → T transversions along with G → T mutations in the ras oncogene, making 

them the ultimate lesions responsible for mutagenesis and genotoxicity of aflatoxin344-347. In light 

of these findings, we expect the newly discovered DEB-FAPy-dG lesions, despite their low 

abundance in cells, will exhibit potent mutagenetic and cytotoxic properties.  

In summary, we have successfully synthesized and structurally characterized novel DEB-

FAPy-dG and 15N3-DEB-FAPy-dG adducts. A sensitive isotope dilution nanoLC-ESI+-MS/MS 

methodology was developed for the detection and quantitation of DEB-FAPy-dG lesions in DNA. 

We investigated the formation of DEB-FAPy-dG lesions in CT-DNA treated with DEB, the most 

genotoxic and carcinogenic metabolite of 1,3-butadiene, and observed concentration dependent 

adduct formation, which was enhanced at high pH. However, DEB-FAPy-dG adducts could not be 

detected in cultured human cells treated with DEB, suggesting that they are either formed in low 

amounts or are rapidly repaired. Further studies are underway to construct DNA strands containing 

site specific DEB-FAPy-dG adducts in order to establish their effects on DNA replication, 

transcription, and repair. These future studies will establish whether DEB-FAPy-dG and THB-

FAPy-dG could contribute to genotoxicity and mutagenicity of BD.  
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7. Summary and Conclusions 

Lung cancer is the leading cause of cancer related deaths in the United States, with an 

estimated 236,740 new cases and 130,180 deaths in 2022256. About 82% of lung cancer cases are 

attributable to cigarette smoking257 and 11-24% of smokers will develop lung cancer in their 

lifetime258. This risk additionally differs by ethnic group; Japanese Americans and Latinos have a 

lower risk of lung cancer development as compared to whites, and Native Hawaiians and African 

Americans have a greater risk as compared to whites265. Among the 70 carcinogens in tobacco 

smoke, 1,3-butadiene is one of the most abundant and has the highest cancer risk index259. 

BD is metabolically activated by cytochrome P450s to three reactive epoxides: EB, EBD, and 

DEB (Figure 1.7). These epoxides can be detoxified through glutathione conjugation to form 

mercapturic acid metabolites MHBMA, DHBMA, THBMA, and bis-BDMA (Figure 1.8). These 

urinary metabolites have been used as biomarkers of exposure to BD163, 167, 168, 183, 195, 206. However, 

as they are detoxification products, they provide information on carcinogen exposure, not risk 

associated with exposure. If not detoxified, BD epoxides can form covalent adducts at nucleophilic 

sites in DNA, leading to mutations and carcinogenesis (Figure 1.10). These DNA adducts represent 

the biologically relevant dose of BD and are therefore the focus of this dissertation.  

In Chapter 2 of this thesis, urinary BD-DNA adduct EB-GII was validated as a non-invasive 

biomarker of exposure to BD. A highly sensitive and specific nanoLC-ESI+-HRMS3 methodology 

previously reported by our group for the detection and quantitation of EB-GII in human urine23 was 

updated to utilize 96-well plate sample processing for high-throughput analysis. EB-GII adducts 

were quantified every two months in 19 smokers over the course of one year. We found that the 

intraclass correlation coefficient for EB-GII (fmol/mL urine) was 59%, indicating that EB-GII 

adducts are more variable between individuals than within a single individual, validating the use of 
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a single measurement as representative of the overall EB-GII levels in an individual. EB-GII 

adducts were additionally quantified in 17 smoking cessation study participants. We observed a 

34% reduction in EB-GII levels within three days post-smoking cessation (Figure 2.4), suggesting 

smoking as a major source of exposure to 1,3-butadiene and EB-GII adduct formation.   

In Chapter 3, we utilized the new high-throughput method developed in Chapter 2 to 

investigate racial/ethnic differences in urinary EB-GII. We found that EB-GII adducts levels were 

significantly higher in urine of smokers than non-smokers (0.98 [95%CI: 0.84-1.12] fmol/mL vs 

0.19 [95%CI: 0.15-0.22] fmol/mL, p = 5.8x10-34, Table 3.2), confirming their association with 

smoking status. We additionally observed racial/ethnic differences, with Japanese American 

smokers excreting significantly higher levels of urinary EB-GII as compared to white and Native 

Hawaiian smokers (Table 3.2). Considering the relatively lower risk for lung cancer in Japanese 

Americans, the higher level of urinary EB-GII in this group could be explained by more efficient 

repair of genomic butadiene-DNA adducts. Urinary EB-GII adduct levels were not associated with 

GSTT1 gene deletion or CYP2A6 activity variation (Tables 3.3 and 3.4). This lack of association 

with genetic factors involved in the bioactivation and detoxification of BD further suggests that 

differences in urinary EB-GII are influenced by other genetic factors such as DNA repair. Our 

group has previously shown that EB-GII adduct levels are significantly increased in mouse 

embryonic fibroblasts deficient in base excision repair protein NEIL1-/-, as compared to the isogenic 

strain (NEIL1+/+) 86. We also observed a lack of correlation between urinary DNA adducts and 

metabolites of BD, indicating that they provide distinct information in epidemiological studies.  

We expanded our studies in Chapters 2 and 3 to investigate associations between urinary EB-

GII and lung cancer incidence in Chapter 4. We found that urinary EB-GII levels were significantly 

elevated in lung cancer cases [2.59 (95% CI: 2.24-3.00) fmol/mL urine] as compared to matched 
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smoker controls [1.65 (95% CI: 1.43-1.91) fmol/mL urine, p = 1.22E-09, Table 4.2]. The odds ratio 

for urinary EB-GII and lung cancer incidence was 1.91 (Table 4.3), indicating a nearly 2-fold 

increase in lung cancer risk upon a 1-log unit increase in urinary EB-GII. We additionally observed 

racial/ethnic differences in the lung cancer risk upon exposure to BD, with a higher OR in African 

Americans (2.60) than in whites (1.49). Urinary MHBMA and DHBMA were significantly elevated 

in lung cancer cases as compared to controls. The associations between butadiene biomarkers and 

lung cancer incidence were no longer significant after adjusting for smoking dose (TNE), 

suggesting that EB-GII, MHBMA, and DHBMA are biomarkers of lung cancer risk upon exposure 

to 1,3-butadiene in tobacco smoke.  

In Chapters 2 and 3, we observed low but detectable amounts of urinary EB-GII in non-

smokers, suggesting the potential of endogenous formation. In Chapter 5, we utilized stable isotope 

labeling to quantify endogenous and exogenous EB-GII, MHBMA, and DHBMA levels in 

laboratory rats treated with low ppm levels (0, 0.3, 0.5, 3.0 ppm) of butadiene-d6. Exogenous 

urinary EB-GII-d6 increased in a dose dependent manner (0.25 ± 1.00, 124.60 ± 1.46, 143.86 ± 

1.51, and 912.17 ± 1.29 fmol/mL urine at 0, 0.3, 0.5, and 3 ppm BD-d6 respectively, Table 5.3). 

Similar trends were observed for exogenous MHBMA-d6 (0.13 ± 1.70, 138.39 ± 1.44, 101.74 ± 

1.98, and 904.61 ± 1.58 ng/mL urine) and exogenous DHBMA-d5 (0.04 ± 1.00, 155.11 ± 1.42, 

125.90 ± 2.02, and 1188.50 ± 1.40 ng/mL urine at 0, 0.3, 0.5, and 3 ppm BD-d6 respectively, Table 

5.3). Endogenous urinary EB-GII (0.56 ± 2.03 fmol/mL urine) and DHBMA (566.76 ± 1.58 ng/mL 

urine) were unaffected by BD-d6 dose, while endogenous MHBMA was not detected in any 

samples. Due to their extremely low levels of endogenous formation, urinary EB-GII and MHBMA 

were highly specific biomarkers of exogenous exposure to butadiene. However, high levels of 

DHBMA are formed endogenously, therefore it cannot be considered as a specific biomarker of 
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exposure to butadiene. Additionally, we observed associations between urinary exogenous EB-GII 

and genomic exogenous EB-GII (Table 5.8), indicating that urinary adducts can be used as a non-

invasive surrogate biomarker of genomic EB-GII DNA damage.  

Finally, in Chapter 6, we developed an isotope dilution mass spectrometry-based methodology 

for the detection and quantification of a novel BD-DNA adduct, DEB-FAPy-dG. Unlike the N7-

guanine adducts discussed in the previous chapters of this thesis, alkyl-FAPy adducts are 

hydrolytically stable and are hypothesized to exhibit mutagenic and cytotoxic properties due to 

their interference with DNA replication. Using the newly developed methodology, DEB-FAPy-dG 

was quantified in calf thymus DNA treated with 10 µM to 10 mM DEB. At high pH, adduct levels 

increased from 0.7 to 428.0 DEB-FAPy-dG adducts per 106 nucleotides. At physiological pH, 

DEB-FAPy-dG adducts were detected in much lower quantities (Figure 6.5). However, our 

attempts to detect the formation of DEB-FAPy-dG in DEB treated cells and nuclei or to observe 

repair of DEB-FAPy-dG in calf thymus DNA were unsuccessful.  

In summary, the research in this thesis utilized urinary EB-GII as a biomarker of smoking 

exposure and lung cancer risk in humans. We observed racial/ethnic differences in urinary EB-GII 

among groups with differing risks of lung cancer development and increased urinary EB-GII in 

smokers who subsequently developed lung cancer. This work was the first to show the association 

between urinary butadiene biomarkers and lung cancer incidence. Stable isotope labeling in 

laboratory rats revealed MHBMA and EB-GII to be sensitive and specific biomarkers of exogenous 

butadiene exposure, while DHBMA was strongly affected by endogenous exposure and is not a 

suitable biomarker of butadiene exposure. Finally, a novel isotope dilution mass spectrometry 

method was developed and validated for BD-DNA adduct DEB-FAPy-dG. This new methodology 

can be further applied to investigate formation of this adduct in cultured cells and animals.   
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8. Future Directions 

8.1 Quantification of EB-GII adducts in genomic DNA of 
smokers 

In Chapter 3 of this thesis, we quantified urinary EB-GII adducts in smokers belonging to 

three ethnic groups with varying risks of lung cancer development: Japanese Americans, whites, 

and Native Hawaiians. We observed significantly higher levels of EB-GII in urine of Japanese 

American smokers (1.35 [95%CI: 1.04-1.72] fmol/mL) as compared to whites (0.73 [95%CI: 0.56-

0.91] fmol/mL, p = 4.8x10-5, Table 3.2). The higher levels of urinary adduct excretion among 

Japanese Americans which does not correlate with their lower lung cancer risk may be 

representative of more efficient DNA adduct repair. Previous studies from our laboratory have 

demonstrated the involvement of base excision repair glycosylase NEIL1 in the repair of EB-GII 

adducts in cells86. In the most studied NEIL1 SNP, r4462560, the C/G genotype has been associated 

with survival in glioma348 and lower risk of radiation-induced esophageal toxicity and radiation 

pneumonitis in cancer patients receiving radiation therapy349. The C/G genotype is the most 

prevalent genotype in Japanese (53%) but is less prevalent in Europeans (37%)350.  

We hypothesize that genetic variation in DNA repair, specifically NEIL1, is involved in the 

racial/ethnic differences observed in urinary EB-GII. We propose to quantify EB-GII in urine and 

genomic DNA from the same smokers to investigate the relationship between the excreted and 

persistent adducts. Genomic DNA from smokers can be obtained non-invasively through the 

collection of saliva samples. We have developed a method for DNA extraction from saliva samples 

which yields an average of 40 µg of DNA per 2 mL saliva sample. In a preliminary study involving 

saliva samples from 11 non-smokers and 8 smokers, genomic EB-GII was detected in 3 smokers 

and not detected in non-smokers. Future studies utilizing greater amounts of genomic DNA from 
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saliva should be employed to quantify genomic EB-GII adducts in smokers. In the same smokers, 

urinary EB-GII should be quantified (Figure 8.2). The associations between urinary and genomic 

DNA adducts in humans will reveal whether more efficient genomic DNA adduct repair results in 

increased levels of urinary adducts (negative correlation) or if urinary adducts are representative of 

genomic DNA damage, as we observed in BD exposed rats in Chapter 5 (positive correlation).  
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Figure 8.1. Proposed study design quantifying urinary and genomic EB-GII DNA adducts in the 

same subjects.  

Created with Biorender.com 
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8.2 Identify genetic determinants of EB-GII adduct formation 
and excretion 

In addition to the studies proposed in Chapter 8.1, we recommend the use of a genome wide 

association study to identify genetic polymorphisms that contribute to urinary EB-GII adduct levels 

and the observed ethnic/racial differences. In Chapter 3, the subjects were genotyped for selected 

polymorphisms and we found that urinary EB-GII was not associated with CYP2A6 activity level 

or GSTT1 copy number. Full genome sequencing for these subjects is currently underway and we 

hypothesize that a genome wide association study (GWAS) will reveal genetic factors influencing 

the level of urinary EB-GII in smokers. In addition, the study population should be extended to 

additional groups (African American and Latino) and larger sample sizes (N=450 per group) to 

have a high enough frequency of genetic polymorphisms in the study population to identify 

significant polymorphisms. This study will provide insight on genetic factors responsible for 

differences in lung cancer risk among racial/ethnic groups. We hypothesize that single nucleotide 

polymorphisms in DNA repair genes, such as NEIL1, will have significant effects on the levels of 

urinary EB-GII.  
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Figure 8.2. Proposed genome wide association study for urinary EB-GII.  

Created with Biorender.com 
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8.3 Quantification of urinary EB-GII in lung cancer cases and 
controls from additional ethnic groups 

In Chapter 4, we quantified urinary EB-GII adducts in lung cancer cases and smoker controls 

belonging to two racial/ethnic groups: African Americans and whites. We found that urinary EB-

GII was associated with lung cancer (OR = 1.91). However, the risk of lung cancer incidence with 

increased urinary EB-GII levels was different in the two groups, with an OR of 2.60 in African 

Americans and 1.49 in whites. This association of urinary EB-GII with lung cancer risk should be 

further explored in additional ethnic groups (Japanese Americans, Latinos, Native Hawaiians) with 

different risks of cancer development to further investigate the role of 1,3-butadiene in lung cancer 

risk.  
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8.4 Characterize the exposome of smokers and investigate 
associations with race/ethnicity and lung cancer 

The studies in Chapters 2-4 focused on one of the most abundant tobacco smoke carcinogens, 

1,3-butadiene, and its role in tobacco smoke induced lung carcinogenesis. In Chapter 3, we showed 

that among racial/ethnic groups with differing risk of cancer development, the excretion of urinary 

BD-DNA adduct EB-GII is significantly different between groups. Interestingly in this study, we 

observed significant levels of EB-GII in non-smokers that did not differ by racial/ethnic group, 

suggesting endogenous sources of formation of this DNA adduct. In Chapter 4, our studies revealed 

that urinary EB-GII adducts are associated with lung cancer development in smokers. In addition 

to the targeted quantification of BD biomarkers in smokers reported in this thesis, we propose the 

use of adductomics methodologies to further characterize the exposome of smokers and to elucidate 

the mechanisms responsible for the racial/ethnic differences in cancer risk. 

Electrophiles are known to react with nucleophilic sites in biomolecules, such as the N-

terminal valine in hemoglobin. Hemoglobin adducts provide a unique insight into the exposome, 

due to the high abundance of hemoglobin in the blood, the lack of repair leading to accumulation 

of adducts over time, and well-established mass spectrometry methods for their quantification. A 

modified Edman degradation protocol for the detection and quantification of N-terminal valine 

adducts has been developed by the Törnqvist group and applied to smokers and non-smokers, 

identifying seven known and nineteen unknown adducts351. We propose the use of this adductomics 

methodology to characterize the exposome of smokers and identify exposures leading to an 

increased risk of lung cancer incidence.  
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8.5 Sources of endogenous BD-DNA adducts  

In Chapter 5, we reported the identification and quantification of endogenously forming 

urinary BD metabolite DHBMA and BD-DNA adduct EB-GII. However, to our knowledge, there 

are no known endogenous sources of BD. Therefore, further studies are required to identify the 

sources of trihydroxybutyl and hydroxybutenyl adducts in cells and tissues. Identifying sources of 

endogenous adducts is vital for identifying potential metabolic, dietary, and lifestyle risk factors 

for disease development.  

Our group has previously reported the formation of BD-DNA adduct THBG at concentrations 

of 20 adducts/109 nucleotides in untreated HT1080 cells22. Additionally, THBG adduct levels in 

humans were not associated with smoking and did not decrease upon smoking cessation22. Genomic 

levels of THBG should be quantified in tissues from the animal study in Chapter 5 to investigate 

the endogenous formation of THBG. In a preliminary study to identify endogenous sources, we 

treated HT1080 cells with increasing concentrations of erythrose and erythritol. Erythrose-4-

phosphate is a metabolite in the pentose phosphate pathway and erythritol is a zero-calorie 

sweetener. We did not observe any significant differences in the levels of endogenous adduct 

formation upon treatment with these potential metabolic and dietary precursors of THBG, 

indicating that they are not sources of the endogenous THBG formation.  

To identify potential metabolic sources of THBG adducts, we propose to treat human cells in 

culture with stable isotope labeled carbon sources, followed by quantification of isotopically tagged 

THBG adducts. Treatments with stable isotope labeled cellular metabolites such as glucose and 

glutamine and detection of any labeled THBG adducts will identify the pathway through which 

these endogenous adducts are forming and provide further insight into metabolic factors 

influencing disease.  
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Figure 8.3. Proposed study to identify metabolic pathways of endogenous THBG formation. 

Created with Biorender.com 
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8.6 Repair of formamidopyrimidine adducts of 1,3-butadiene 

In Chapter 6, we developed and validated a high-resolution mass spectrometry-based 

methodology for the detection and quantification of DEB-FAPy-dG adducts. Utilizing this novel 

methodology, DEB-FAPy-dG adducts were detected in a dose dependent formation in CT DNA 

treated with DEB. Additionally, the formation of DEB-FAPy-dG was investigated in mouse 

embryonic fibroblast cells treated with DEB, however, we were unable to detect any adducts in 

DEB treated cells or nuclei. We propose further studies to detect and quantify DEB-FAPy-dG 

adducts in cells. First, treatments of nuclei with higher concentrations of DEB (500 µM – 1 mM) 

and for longer times (3 – 6 hours) should be conducted to investigate formation of DEB-FAPy-dG 

in cellular DNA under stronger treatment conditions.  

Additionally, we propose to further investigate the repair of DEB-FAPy-dG adducts in future 

studies. In the repair studies discussed in Chapter 6, we hypothesized that the lack of observed 

repair is due to the continued formation of DEB-FAPy-dG adducts from N7-DEB-dG adducts 

remaining in the DEB treated CT DNA. To remove these N7-DEB-dG adducts, the CT DNA can 

be heated at 70 °C for 1 hour prior to the incubation with nuclear protein extract. Additionally, the 

synthesis of the DEB-FAPy-dG phosphoramidite and preparation of DNA oligodeoxynucleotides 

containing site specific DEB-FAPy-dG adducts is currently underway. Our group has previously 

reported base excision repair of N6-deoxyadenosine adducts of BD in short oligodeoxynucleotides 

by nuclear protein extracts339. The availability of DEB-FAPy-dG containing oligonucleotides will 

allow for similar investigations of DEB-FAPy-dG repair. Upon synthesis of site specifically 

modified oligodeoxynucleotides, DEB-FAPy-dG repair by recombinant NEIL1 and human 

fibrosarcoma nuclear protein extracts will be investigated.   
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