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ABSTRACT 

Development of an analytical procedure using 1-nitropyrene metabolites as urinary biomarkers 

of exposure to diesel particulate matter. (May 2014) 

 

Jairus Cyril Pulczinski 

Department of Biology 

Texas A&M University 

 

Research Advisor: Dr. Natalie Johnson 

Department of Environmental and Occupational Health  

 

Diesel exhaust particulate matter (DPM) is a major contributor to air pollution and has been 

recently classified as a group 1 human carcinogen. The combustion of diesel produces a variety 

of compounds including polycyclic aromatic hydrocarbons (PAHs) and nitrated polycyclic 

aromatic hydrocarbons (NPAHs). Considerable research has examined the effects of PAHs and 

NPAHs on human health. This research is limited by the lack of reliable biomarkers of exposure. 

Biomarkers of exposure allow for the accurate quantification of internalized xenobiotics. The 

current study demonstrates a highly sensitive analytical method for the quantification of urinary 

metabolites of 1-nitropyrene (1-NP), the most abundant NPAH present in DPM mixtures. Using 

liquid chromatography with tandem mass spectrometry (LC-MS/MS), the hydroxyl-1-

nitropyrene metabolites (3-, 6-, and 8-OHNP) and hydroxyl-N-acetyl-1-aminopyrene metabolites 

(3-, 6-, and 8-OHNAAP) were synthesized and identified based on retention times and MS/MS 

spectra.  The results of this study provide a sensitive measure of individual exposure to DPM 

which will facilitate future exposure assessment studies in vulnerable and susceptible study 

populations.  
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NOMENCLATURE 

 

1-AP   1-aminopyrene 

1-NP   1-nitropyrene 

DPM   diesel particulate matter 

OHNAAP  hydroxy-N-acetyl-1-aminopyrene 

OHNP   hydroxy-1-nitropyrene 

Tmax   time of maximum excretion  
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CHAPTER I 

INTRODUCTION 

 

Air pollution is a significant environmental issue and contributes greatly to worldwide morbidity 

and mortality. In fact, approximately 7 million deaths are attributed to air pollution exposure 

annually (World Health Organization, 2014a).  Air pollution is a broad term that encompasses 

any form of air contamination, whether physical, chemical, or biological, that alters the natural 

composition and properties of the atmosphere (World Health Organization, 2014b).  Of 

particular concern to human health are submicron-sized suspended particles called particulate 

matter. Particulate matter (PM) is classified by the aerodynamic diameter of the particle. 

Particles with a diameter between 10 µm and 2.5 µm are designated coarse particulate matter or 

PM10. Particles under 2.5 µm are designated PM2.5 or fine particulate matter. Specifically, PM is 

responsible for over 3 million deaths annually and been linked to illnesses such as asthma, heart 

disease, and lung disease, including lung cancer (Lim et al., 2013; World Health Organization, 

2013b). The incomplete combustion of fossil fuels is a major source of particulate matter and 

diesel engine exhaust in particular has been identified as significant contributor. Recently, diesel 

engine exhaust was classified as a group 1 carcinogen by the International Agency for Research 

on Cancer (IARC) (Benbrahim-Tallaa et al., 2012; International Agency for Research on Cancer, 

2012). This designation indicates there is adequate scientific evidence linking exposure to diesel 

exhaust to lung cancer and potentially bladder cancer in humans. Due to the widespread use of 

diesel engines for personal and public transit, generators, shipping, agriculture, and industry, 

millions of people are regularly exposed to diesel engine exhaust. In the past decades imposed 

standards in the U.S. have led to a sustained decrease in PM levels stemming from traffic 
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emissions (Benbrahim-Tallaa et al., 2012). Still, populations living in close proximity to major 

transit routes, those regularly exposed to non-road emissions (e.g., less regulated diesel powered 

machinery), or living in developing countries that lack emission standards or poorly enforce 

emissions regulations are at high risk for exposure.          

Exposure during important periods of development (i.e., prenatal and early postnatal) can have 

lasting effects. Specifically, air pollution has been implicated with low birth weight, respiratory 

illness and cognitive impairment. Particulate matter exposure in children has been shown to 

result in lung impairment and reduced lung growth (World Health Organization, 2011). Despite 

the pervasive use of diesel engines and the hazards posed by DPM exposure, there are limitations 

in the current exposure assessment strategies making it difficult to study the health effects of 

DPM exposure. There are several variables that make the study of diesel exhaust particulate 

matter challenging. The composition of diesel engine exhaust is variable, factors including the 

age and type of fuel, the age and maintenance of the engine and the presence of an emission 

control system all affect the compounds present in exhaust (Benbrahim-Tallaa et al., 2012). 

Additionally, many of the components of diesel engine exhaust exist in the environment due to 

other sources.  Current methods to measure exposure to diesel exhaust often rely on PM 

measurements from stationary monitors. While sophisticated modeling techniques employing 

time-activity and geographic information system data have aided in accurately predicting PM 

levels at people’s residential addresses, estimations of exposure level fail to quantify individual 

exposure levels (Scheepers et al., 2003). A biomarker of exposure to DPM measured in an easily 

collected biospecimen (blood or urine) would provide the means to identify individuals at 

greatest risk in biomonitoring studies and serve as accurate measure of exposure in 

epidemiologic studies investigating health effects resulting from exposure. Furthermore, 
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biomarkers may be used as intermediate endpoints to monitor the efficacy of interventions or 

assess the impact of regulations on diesel emissions.   

Several biomarkers have been proposed, including nitrated polycyclic aromatic hydrocarbons 

(NPAHs). NPAHs are produced during the incomplete combustion of fossil fuels, including 

diesel. 1-Nitropyrene is the most common NPAH product of diesel engine exhaust (Bamford et 

al., 2003; Rosenkranz, 1982) and is believed to contribute greatly to the overall carcinogenicity 

of diesel engine exhaust. 1-NP has been identified as genotoxic and mutagenic in several in vivo 

and in vitro models and is classified as a Group 2B carcinogen by the IARC, a substance 

possibly carcinogenic to humans (International Agency for Research on Cancer, 1989; National 

Toxicology Report, 1996; Salmeen et al., 1982; Schuetzle et al., 1982). Since 1-NP is not formed 

through the atmospheric reaction of pyrene with hydroxyl or nitrate radicals it has the potential 

to serve as a valuable biomarker (Atkinson & Arey, 1994; Kielhorn et al., 2003). This aspect 

greatly limits the chance that exposure will have occurred due to non-combustion sources. 

Furthermore, detection is facilitated by the fact that 1-NP is a major compound in DPM, which 

translates into less biospecimen needed to accurately detect and quantify exposure. Finally, the 

metabolites of 1-NP have been well studied in a variety of animal and cell models. This previous 

research has established the routes of 1-NP metabolism and identified the major metabolites.  
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1-Nitropyrene Chemistry 

 

Figure 1. Structure of 1-Nitropyrene 

1-Nitropyrene (1-NP) belongs to a class of chemicals called polycyclic aromatic hydrocarbons 

(PAHs). 1-NP is composed of four carbon rings with a nitro functional group. The molecular 

formula is C16H9NO2, and the molecular weight is 247.3 Daltons (International Agency for 

Research on Cancer, 1989). 1-NP is formed during combustion, specifically when pyrene reacts 

with atmospheric nitrogen during incomplete combustion of organic compounds; this differs 

from atmospheric pyrene radical reactions which form 2-nitropyrene or 4-nitropyrene (Atkinson 

& Arey, 1994; Kielhorn et al., 2003). 1-NP has been identified in the gases of aluminum 

smelters, wood stoves, certain fried food, and coal power plants, with a major source being the 

combustion of diesel. 1-NP is degraded by photolysis as well as by ozone, with a rather rapid 

photolysis half-life of 36 minutes and an half-life of 29 hours in the presence of 0.2 ppm O3 

(Kielhorn et al., 2003). 1-NP present in the atmosphere also varies greatly based on temperature, 

time of day, and season with greater concentrations generally observed during the winter months, 

which is thought to be due to an increased use of fossil fuels for heating during the cooler months 

(Kielhorn et al., 2003). 1-NP concentrations can also fluctuate greatly over the course of a day, 

with observed peaks coinciding with times of greater traffic volume (Hayakawa et al., 1999; 

Kielhorn et al., 2003). 
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1-Nitropyrene Metabolism 

Inhalation is a major route of exposure to 1-nitropyrene. In rat models the majority of 1-NP is 

rapidly cleared by the upper respiratory tract and absorbed into the bloodstream. Then it enters 

the gastrointestinal tract and is further transported to the liver where it is metabolized and 

excreted in bile (Medinsky et al., 1985). However, a portion of 1-NP is reabsorbed, which is 

believed to be facilitated by intestinal bacteria (Medinsky et al., 1985). Metabolism occurs in two 

phases. Phase I is initiated in one of two ways, nitroreduction or oxidation. Both of these 

pathways are biologically significantly as metabolites formed via nitroreduction and oxidation 

can react with DNA forming DNA adducts (Howard et al., 1985).  The metabolic pathway 

undertaken is determined by oxygen concentrations, with anaerobic conditions leading to 

nitroreduction and aerobic conditions favoring oxidation (El-Bayoumy & Hecht, 1983). 

Additionally, the metabolic pathways are not exclusive, for example 1-NP can be oxidized and 

then reduced. Phase II enzymes are then responsible for conjugating the newly reduced and 

oxidized products with compounds such as glucuronide, glutathione, or sulfate, forming 

hydrophilic metabolites that are easily excreted (Jancova et al., 2010).  
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Oxidation 

     

Figure 2. Metabolites formed during oxidation. (L to R) 1-nitropyrene-9,10-oxide, 3-hydroxy-nitropyrene, 1-nitropyrene-trans-

9,10-dihydrodiol 

Ring oxidation occurs under aerobic conditions, producing a range of hydroxy-1-nitropyrenes as 

well as K region (the bond between C9 and C10) nitropyrene epoxides (National Toxicology 

Report, 1996). These epoxides are deleterious as they are capable of interacting with proteins as 

well as DNA. The epoxides can be further oxidized to form dihydrodiols or conjugated with 

glutathione or sulfates (National Toxicology Report, 1996). In human liver microsomal samples 

cytochrome P-450, 3A3 and 3A4 specifically, were identified as the enzymes responsible for 1-

NP metabolism, as they were the only class of cytochrome P-450’s that exhibited catalytic 

activity towards 1-NP (Silvers et al., 1992). However, the researchers hypothesized that other 

classes of P-450 may be involved in 1-NP metabolism because when P-450 3A3 and 3A4 were 

inhibited roughly 30-40% of the metabolism of 1-NP still occurred. Other studies have been 

conducted on the metabolism of several mononitropyrenes (1-, 2-, 4-NP) in human breast and 

immortalized mammary epithelial cells. Cytochrome P-450 1A1 and 1B1 were the identified as 

the enzymes responsible for formation of metabolites with the potential of reacting with DNA 

and forming adducts. However, no 1-NP metabolite DNA adducts were identified using HPLC 

so the it is uncertain if 1-NP is a viable substrate for P-450 1A1 and 1A2 (Sun, Yuan-Wan 

Guengerich, F P Sharma, Arun Boyiri, Telih Amin,Shantu el Bayoumy, Karam, 2004). 



 

11 

Nitroreduction  

      

Figure 3. Metabolites formed during nitroreduction: (L to R) 1-aminopyrene, N-acetyl-1-aminopyrene, 1-nitrosopyrene 

Nitroreduction of 1-nitropyrene has been observed in vivo and in vitro in a variety of animal 

systems. The reduction of 1-NP is sequential and the metabolites formed in the process exhibit a 

broad range of properties. Metabolites such as 1-aminopyrene (1-AP) are less toxic than 1-NP 

and do not appear to be mutagenic (Manning et al., 1986). However, intermediates formed 

during the reduction of 1-NP to 1-AP, such as N-hydroxy-1-aminopyrene and 1-nitrosopyrene 

can react with DNA and proteins (King et al., 1990). Salmonella typhimurium served as one on 

the initial model organisms in which 1-NP metabolites were observed forming DNA adducts 

(Messier et al., 1981). Later research demonstrated that other cell lines including mammalian 

cells can form DNA adducts during the nitroreduction of 1-NP (Edwards et al., 1986). Human 

umbilical cord vein endothelia exposed to low levels of 1-NP display DNA damage, increased 

production of reactive oxygen species and the up-regulation a stress chaperone protein. However, 

when nitroreductase activity was inhibited levels of DNA damage and ROS were significantly 

decreased (Andersson et al., 2009).  

Enteric bacteria are believed to have a substantial role in the metabolism of 1-NP in mammals. 

Human, mouse and rat intestinal flora have all been shown to reduce 1-NP to 1-aminopyrene as 

well as other minor nitroreduction products (King et al., 1990). Furthermore the formation of 1-

NP metabolites, primarily 1-AP, is greatly reduced in antibiotic-treated or germfree animals.  
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Variations in the metabolites present in germ free and conventional rats treated with 1-NP via 

oral gavage have been examined. Unlike the conventional rats, no detectable amount of 1-AP 

were identified in the feces of germ free rats, indicating that the nitroreductase activity of 

bacteria is involved in 1-NP metabolism (El-Bayoumy et al., 1983). A separate study compared 

the formation of 1-NP metabolites as well as the macromolecular binding of metabolites in the 

lung and liver in antibiotic treated rats and wild type rats. Antibiotic treated rats displayed 

significantly lower macromolecular covalent binding in the lung when compared to control 

animals. Additionally, control animals displayed greater amounts of 1-AP and 1-

acetyaminopyrene in their cecum (a pouch at the start of the large intestine) than the treatment 

group (Ayres et al., 1985). Intestinal flora is also believed to be involved in the secondary 

reabsorption of 1-NP metabolites after primary biliary excretion (Medinsky et al., 1985). 

Furthermore, human fecal bacteria treated with 1-NP are capable of reduction to 1-AP, an 

indication that unaltered 1-NP can still be reduced within the lower gastrointestinal tract. These 

studies point to the complex relationship that mammalian microbiota is believed to play in 1-NP 

metabolism. 

Human research 

Research into 1-nitropyrene exposure in humans has been limited but is growing. Initial studies 

examined the response of specific cells line to 1-NP exposure and identified 1-NP and various 1-

NP metabolites, including 1-nitrosopyrene as mutagenic and cytotoxic (Patton et al., 1986). 

Other researchers examined effects of exposure and have tried to identify biomarkers. One 

proposed biomarker was the nitropyrene hemoglobin adduct. However, a comparison of 1-

nitropyrene hemoglobin adduct levels across high, medium and low exposure groups did not find 

significant difference between adduct concentrations (Zwirner-Baier & Neumann, 1999). This 
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may have been a result of the half-life of hemoglobin adducts as they are generally stable over 

the course of an erythrocytes lifespan, roughly 120 days (Franco, 2009).  

 Several recent studies have quantified other 1-NP metabolites in humans. Toriba et al. (2007) 

were the first to identify the group of 1-NP metabolites, hydroxy-1-nitropyrenes and hydroxy-N-

acetyl-1-aminopyrenes in human urine from healthy subjects (Toriba et al., 2007). Expanding on 

the use of nitropyrene metabolites as biomarkers Miller-Schulze et al. (2013) examined 1-NP 

metabolites in urine among taxi drivers in China, before, during and after work shifts. Of the 

metabolites measured, 6- and 8-hydroxy-1-nitropyrene and 8-hydroxy-N-acetyl-1-aminopyrene 

were consistently identified and in concentrations great enough to be quantified.  However, 

metabolite concentrations did not vary significantly between samples collected after work shifts 

or after time off (Miller-Schulze et al., 2013). The authors estimated the elimination half-life for 

6- and 8-hydroxy-1-nitropyrene and 8-hydroxy-N-acetyl-1-aminopyrene ranged from 10-12 

hours, however variations between populations, individual physiology, and dose represent 

barriers to the general applicability of this half-life (Miller-Schulze et al., 2013). Another recent 

study compared 1-NP metabolites and 1-NP exposure between individuals who commute across 

the U.S.-Mexico border for work versus non-commuters (Galavis, 2013). The study looked 

specifically at two metabolites of 1-NP, 8-hydroxy-1-nitropyrene (8-OHNP) and 8-hydroxy-N-

acetyl-1-aminopyrene (8-OHNAAP). When adjusted for creatinine levels, 8-OHNP and 8-

OHNAAP concentrations obtained from border commuters were on average twice as high as 

samples obtained from non-border commuters. Furthermore, a significant relationship was 

observed between 1-NP exposure as measured by personal air monitors and 8-OHNAAP 

metabolite concentrations.   
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A separate metabolite, 1-aminopyrene (1-AP) has also been measured in individuals exposed to 

clean air and exposed to filtered diesel exhaust. 1-AP concentrations were significantly greater 

after exposure to diesel exhaust than controls. However, large interpersonal variation existed 

across urine samples in terms of 1-AP concentration as well as the time from exposure that 1-AP 

concentration peaks were observed and the duration of detectable 1-AP in urine (Laumbach et 

al., 2009). Analysis of the observed times of maximum excretion or Tmax of 1-AP appears to 

identify variance in populations but is unable to identify specific cause for such variance. Two 

separate groups were observed with distinct excretion patterns. In one group the average Tmax 

was 5.3 hours with a range between 2 and 10 hours; in the other group the average excretion 

values grew significantly as samples approached the end of the 24 hour collection window which 

prevented an accurate Tmax calculation (Huyck et al., 2010). Considering the role intestinal 

flora, possible subject exposure to diesel engine exhaust outside of the research protocol, as well 

as variations in metabolism and physiology, this experimental Tmax may not be applicable to 

other populations or dosages (Huyck et al., 2010).  

These previous studies have identified several 1-NP metabolites, dominated by isomers of 

hydroxy-1-nitropyrenes and hydroxy-N-acetyl-1-aminopyrenes (National Toxicology Report, 

1996; Toriba et al., 2007). However, much remains to be determined regarding the effects of 

exposure to 1-NP. Successful quantification of these metabolites would enable researchers to 

evaluate overall 1-nitropyrene exposure and use this measure as a proxy for diesel exhaust 

particulate matter exposure. Furthermore, the development and validation of biomarkers is vital 

for the identification of metabolite half-lives and excretion patterns. The goal of the current study 

is to develop an accurate and precise a method for quantifying 1-nitropyrene metabolites in urine 

for use as a biomarkers of DPM exposure.   
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CHAPTER II 

METHODS 

 

Materials  

Reference standards were synthesized according to Toriba et al. (2007) and purified by high 

pressure liquid chromatography (HPLC). Similarly, deuterated metabolites were prepared for use 

as internal standards. Sep-Pak cartridges were purchased from Waters (Milford, MA). HPLC-

grade solvents were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO). All of the 

experiments were done using filtered and deionized water (18.2 MΩ.cm) (Millipore, Milford, 

MA). All other chemicals and reagents were purchased commercially at the highest degree of 

purity available.  

Synthesis of reference and deuterated standards 

Pyrene was treated with lead tetraacetate in benzene/acetic acid (9:1) and refluxed for 6 hour at 

80°C. The resulting acetoxypyrene mixture was purified using silica gel chromatography with a 

mixture of benzene and hexane as the eluent. The eluate was cooled in an ice bath and then 

recrystallized using vacuum filtration. The product was then treated with concentrated nitric acid 

in acetic acid, followed by sodium methoxide in methanol/THF resulting in a mixture of 3-, 6- 

and 8-OHNP.  The OHNPs were separated using HPLC. Portions of the OHNP’s were treated 

with zinc in methanol/Tris-HCL buffer at 90°C and then treated with acetic anhydride in ethyl 

acetate resulting in various acetoxy-N-acetylaminopyrenes. These were hydrolyzed by treatment 

with sodium methoxide to produce a mixture of 3-, 6-, and 8-OHNAAPs. The OHNAAPs were 

purified via HPLC. The deuterated standards were prepared according to the same procedure. 

The identities of all synthesized compounds were verified confirmed using Acuity Ultra 
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Performance Liquid Chromatography (UPLC) (Waters, Milford, MA) in conjunction with 

Aquity Tandem Quadruple (TQ) mass detector (Waters, Milford, MA).  

 

Figure 4. Refluxing of pyrene and lead tetraacetate 

 

Figure 5. UPLC/MS 
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CHAPTER III 

RESULTS 

Three of the 1-nitropyrene metabolites, specifically 3-, 6-, and 8-OHNP were successfully 

synthesized. Total yield of OHNP’s was 0.99 g. Identity was confirmed via UV visible 

spectrophotometry and mass to charge (m/z) ration from MS/MS spectra. Additional 

confirmation is in progress. 

  

Figure 6. UV visible spectra of synthesized hydroxynitropyrenes prior to separation  

Compound [M – H]
-
 [M – NO – H]

-  
[M – NO2 – H]

-
 

3-OHNP 262.1 232.1 216.1 

6-OHNP 262.1 232.1 216.1 

8-OHNP 262.1 232.1 216.1 

 

Table 1. MS/MS mass/charge ratio (m/z) of various ions from mass spectrometer 
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CHAPTER IV 

DISCUSSION 

The results of this study illustrate the successful development of an analytical method to 

synthesize, identify and quantify 1-nitropyrene metabolites.  The synthesis of 1-NP metabolites 

is significant, as these will serve as references values to which future experimental samples will 

be compared. Furthermore, the method of synthesis for metabolites is identical for the deuterated 

standards. The deuterated standards offer a valuable internal standard that ensures experimental 

data reliability and will be instrumental for quality control in later research.  The findings from 

this study will assist in future research examining diesel particulate matter exposure. 

Specifically, this method will be applied on the US-Mexico border. There, diesel exposure will 

be compared between populations in McAllen, Texas and Monterrey, Mexico. Air pollution 

ranks among the worst environmental issues in the U.S.-Mexico border region. Spanning almost 

2,000 miles, this region represents one of the fastest growing areas in both countries. The border 

region is home to large scale agricultural operations which contribute to DPM emissions. 

Furthermore, the rapid growth in the region has led to greater vehicle use, increasing overall 

emissions. Motorists and commercial trucks often idle for hours as they pass through security 

checkpoints at ports of entry. Maquiladoras, Mexican assembly plants, are a major source of 

employment on the border and contribute to the poor air quality with emissions produced during 

the manufacturing process. The investigation of diesel exhaust exposure on the US-Mexico 

border will be noteworthy in several ways: first, it will represent a new population added to the 

limited but growing literature on 1-NP urinary metabolite concentrations; second, the population 

examined will specifically be pregnant mothers. The collection of urinary metabolites of 1-NP 

from pregnant mothers is a novel application and will be used to investigate in utero exposure of 
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diesel exhaust. The investigation of in utero early childhood exposure is critical as diesel exhaust 

has been associated with a range of childhood health issues including increased respiratory 

infection, decreased lung capacity and asthma, which is the most common chronic condition of 

childhood (Clark et al., 2010; World Health Organization, 2013a). 
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