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1. Chemical Carcinogens 

Cancer is one of the leading causes of death worldwide, and was responsible for 8.2 
million deaths in 2012 [1] and numbers are still increasing. There are over 100 different 
types of cancer and the most common types are lung, liver, colorectal, stomach and 
female breast cancer [2]. Nowadays, we know that the factors that lead to an increased 
risk for developing cancer are either the inherited genetic background or other 
established risk factors, such as age, lifestyle (diet, alcohol consumption and tobacco 
use), naturally occurring exposures (e.g. ultraviolet light and infectious agents), medical 
treatments (e.g. radiation and immune suppression drugs), chronic inflammation, 
obesity, hormones and carcinogen exposure [3]. Of these risk factors, exposure to 
carcinogens is one of the most common reasons for increased cancer risk, but it also is 
an avoidable risk factor for human cancers. Back in the 1700s, a link between cancer and 
chemical exposure was firstly established by the English physician Sir Percival Pott as he 
observed a large number of scrotal cancer cases in chimney sweeps, who were exposed 
to soot and tar [4]. Later in 1761, John Hill also reported an association between the 
inhalation of nasal snuff and nasal cancer [5]. After that, more and more epidemiological 
observations indicated that contact with or intake of certain substances could induce 
cancer development and scientists defined chemicals that are known or suspected to 
cause cancer as carcinogens and the process of carcinogen induced cancer development 
was called chemically induced carcinogenesis [6]. Since then, many chemicals have been 
identified as carcinogens by epidemiologic observations and animal experiments [7].  
A common feature of genotoxic carcinogens is that their ultimate carcinogenic forms are 
electrophilic reactants, which are able to covalently bind to DNA to form so called 
DNA-adducts. These DNA adducts can give rise to a variety of mutations in cellular DNA 
if they are not repaired before DNA replication. Many carcinogens are not electrophilic 
reactants by themselves, but they arise through metabolism of the parent compound in 
the human body after absorption [8]. Up till now, 971 suspected agents were evaluated 
by the International Agency for Research on Cancer (IARC) and almost half of them are 
classified as human carcinogens [9]. Among these carcinogens, the group of polycyclic 
aromatic hydrocarbons (PAHs) represents the most environmentally abundant and best 
studied carcinogens [10]. PAHs, which consist of only carbon and hydrogen arranged in 
two or more fused benzene rings, are a large class of chemical compounds formed 
during the incomplete combustion or pyrolysis of organic material [11]. Despite the 
enormous amount of studies performed on human exposure to PAHs, they still receive a 
lot of attention in the scientific literature of recent years, not only because of their 
relatively high concentrations in urban centers, but also because some PAHs are known 
to be highly carcinogenic or mutagenic [12]. One of the best studied members of the 
group of PAHs is benzo[a]pyrene (B[a]P), which is therefore considered as a model 
carcinogen [11].  
B[a]P is universally present in the environment and therefore it is inevitable for humans 
to be exposed to B[a]P [12]. B[a]P is listed as a group 2A carcinogen (a known animal 
carcinogen and probable human carcinogen) by the IARC, and all exposure routes 
should therefore be carefully controlled to obtain as low as possible levels [13]. The fate 
of B[a]P is determined by its physico-chemical properties and it is known that B[a]P is 
highly persistent in the environment because it is a non-polar and hydrophobic 
compound. Because of this presence in the environment and its persistence, it is 
routinely analyzed in environmental media, such as air, water, soils and sediments as a 
measure of pollution [11, 12]. Moreover, B[a]P is also found in some foods, 
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pharmaceutical skin products containing coal tar, as well as tobacco smoke (range from 
22.9 to 26.3 ng/cigarette) [13, 14]. Although a large amount of studies (both in vivo and 
in vitro) have confirmed the health consequences of B[a]P exposure, variation exists in 
exposed humans in their chance of actually developing B[a]P induced cancers. For 
instance, not all smokers will develop lung cancer and not all people that use B[a]P 
containing ointments will develop skin cancer [15, 16]. Initially, scientific research 
focused on genetic variation and life style to explain these differences, but so far the 
findings indicate that additional factors ultimately determine an individuals’ 
susceptibility. These other factors may include the presence of chronic inflammation, 
which contributes to the development of cancer already by itself. Many people that are 
exposed to B[a]P additionally develop an inflammatory response, because of the nature 
of the mixtures in which B[a]P is present. For instance, cigarette smoke, diesel exhaust 
or cooking fumes all contain B[a]P, but also particles that induce an inflammatory 
response in the lung. So far, the combined exposure to B[a]P and inflammation is not 
taken into consideration. Therefore, the objective of the research described in this PhD 
thesis is investigating the role and the effect of different inflammatory mediators, which 
are known to be released during chronic inflammation, on B[a]P induced genetic DNA 
damage.  

2. Human exposure to B[a]P  

B[a]P consists of five fused benzene rings and acts as an indicator species for PAH 
contamination [10]. The mutagenic and carcinogenic properties of B[a]P can be 
explained by the bay-region in the molecular structure (Fig 1). Not only because the bay 
region could generate reactive diol-epoxides during B[a]P metabolism that easily form 
covalent bounds with DNA (so-called DNA adducts), but also because bay regional 
structures more potently bind to the aryl hydrocarbon receptor (AhR) which activates 
the transcription of genes of the cytochrome P450 (CYP1) family. Cytochrome P450’s are 
essential for B[a]P activation into reactive metabolites (see section 3: Metabolism and 
biotransformation of B[a]P) [17, 18].  

 
Figure 1. Structure of B[a]P with its so-called bay-region. 

B[a]P is primarily formed as a results of incomplete combustion [11]. Therefore, B[a]P is 
a ubiquitous environmental chemical which is naturally produced via the eruption of 
volcanoes, forest fires and burning plants, wood and coal [11]. As a result, it can be 
found in the air, soil and all kinds of waters (e.g. surface water, groundwater, 
wastewater and sewage sludge). B[a]P is also found in for instance diesel exhaust, 



General Introduction 

11 
 

wood-burning fireplaces and stoves, and it is present in tobacco smoke [19]. There are 
three pathways in which humans can be exposed to B[a]P including breathing (0.9%), 
dermal contact (0.1%), and ingestion (99%) [20].  
For occupational inhalation, the exposure to B[a]P depends on  the concentration of 
B[a]P in the air, with high levels in various working places including coking plants, 
coal-tar production, asphalt production plants and production of asphalt roads, and local 
trash burning sites [21]. Additional daily inhalatory exposure may come from cigarette 
smoking (active and passive), wood smoke and vehicle exhaust [21]. The concentration 
of B[a]P in outdoor air varies between places and regions (Table 1). For example a 
range of non-detectable levels to 37.01 ng/m3 of B[a]P was detected in industrial, urban 
and traffic areas of Taiwan, Italy, India, Malaysia, Hong Kong and Belgium, respectively. 
The indoor source of B[a]P predominantly comes from indoor emission of cooking and 
gas home appliances [22]. The release of B[a]P in the air of domestic kitchens was found 
to be 0.0044-0.016 μg/day, while it increased to 0.32-0.94 μg/day in commercial 
kitchens [12], with different types of cooking fuels producing different concentrations of 
B[a]P.  For example, using kerosene as fuel will generate B[a]P between 0.2 to 17.6 
ng/m3 and cooking fuels like coal, wood and cattle dung produce even higher 
concentrations of 33-186 ng/m3 B[a]P [23]. Inhalatory exposure to B[a]P is of special 
importance because B[a]P is specifically considered to be a lung carcinogen, and 
therefore lowering air concentrations should be a first attempt to reduce risks. In 
addition, the U.S. Environmental Protection Agency (EPA) calculated a lifetime lung 
cancer risk of 6.4 x 10-4 linearly associated with occupational exposure to 1 μg/m3 of 
B[a]P for 25 years [24]. However, this calculated inhalation risk should only be used 
with exposures below 0.3 mg/m3, and the overall cancer risk >10% if the exposure is 
above 0.3 mg/m3 [25]. Therefore, as the inevitable exposure to B[a]P, the European 
directive 2004/107/EC stated that the estimated acceptable risk level for B[a]P in 
ambient air is 0.12 ng/m3 [26]. 

Table 1: Concentrations of B[a]P in air at various sites and subsequent estimated inhalatory intake 
of B[a]P. 
Location B[a]P concentration 

(ng/m3) 
Estimated intake of B[a]P in 
ng/day* 

Reference
s 

Traffic, Tainan, Taiwan 37.0 222 [27] 
Urban, Tainan, Taiwan 10.5 63 [27] 
Industrial, Tainan, Taiwan 2.39 14 [27] 
Traffic, Naples, Italy 2.97 18 [28] 
Urban, Naples, Italy 0.9 5 [28] 
Industrial, Naples, Italy 2.75 17 [28] 
Urban, Mumbai, India 1.8 11 [23] 
Industrial, Mumbai, India 2.1 13 [23] 
Urban, Kuala Lumpur, 
Malaysia 

ND <1 [29] 

Traffic, Hong Kong, China 2.13 13 [30] 
Industrial, Hong Kong, China 1.3 9 [30] 
Urban, Flanders, Belgium 0.82 5 [31] 
Industrial, Flanders, Belgium 0.76 5 [31] 
Occupational setting Up to 100 ng/m3 600 [30] 
Cigarette smoke 20 ng per cigarette 200 [32] 
Average Netherlands 0.6 4 [33] 
Indoor air with open fire site 70 420 [34] 
ND: not detected, *Intake calculated on basis of on basis of inhaling 12 m3 per day, or 20 cigarettes per day and 
a PAH deposition rate of 50%. 
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B[a]P has also been detected in water (surface water, groundwater and porewater) [35]. 
According to the World Health Organization, concentrations of 0.7 μg/L of B[a]P in daily 
drinking water corresponds to an excess lifetime cancer risk of 5-10 cancer cases in a 
million exposed persons [36]. Even in Western societies, B[a]P in drinking water is 1.72 
μg/L as observed in four major cities of the USA [12]. The major source for B[a]P 
contamination in water is via atmospheric fallout, urban run-off, municipal effluents, 
industrial effluents and oil spillage or leakage [12]. The presence of B[a]P in drinking 
water may be due to the use of contaminated surface water or groundwater as raw 
sources of water production, or the use of coal tar coated pipes in public water supply 
systems [12]. Governments aim to reduce the B[a]P level to zero μg/L in drinking water, 
however, it is technically not feasible due to the detection limit of methodologies . Hence, 
a maximum acceptable concentration (MAC) for B[a]P in drinking water (0.01 μg/L) is 
set in the U.S and Canada [36]. It has to be mentioned that B[a]P has the potential to 
additionally cause developmental effects and reproductive effects after long-term 
exposures at levels above the MAC [37].   
With regard to quantities, food is the main source of B[a]P intake for humans in 
non-occupational settings, such as eating grilled or charred meats, contaminated 
seafood, cereals, flour, bread and vegetables [38]. Due to the physicochemical properties 
of B[a]P (i.e. its lipophilicity), it can accumulate in many food products, but it can also be 
formed as a result of the preparation of the food [39, 40]. The estimates of B[a]P intake 
from food varies widely, ranging from nanograms to micrograms per person per day and 
the average level of B[a]P found in daily food intake was 2.6 ng/g based on 200 food 
items in United States [41]. In the Netherlands, dietary intake of B[a]P was 
systematically measured between 1984 and 1986, and was found to be approximately 
100 ng B[a]P per day and the intake of total PAH was estimated to by 6 µg/ day. 
Although there are no human data available for oral consumption of B[a]P and 
subsequent cancer risk, mice carcinogenicity studies provide clear evidence that dietary 
intake of B[a]P is dose-dependently related to increased incidences of forestomach 
squamous cell papillomas and carcinomas, alveolar and bronchiolar adenomas and 
carcinomas [42]. The European Commission Regulation No 1881/2006 sets maximum 
levels in muscle meat of smoked fish, smoked fishery products, smoked meat and 
smoked meat products  at 5 μg/kg or at 2 μg/kg for vegetable and animal oils and fats, 
muscle meat of fish, other than smoked fish intended to be used for direct human 
consumption, or use as an ingredient in food [43, 44].  
Last but not least, dermal contact is also a possible route when B[a]P is released into air, 
water, soil or any polluted site, because B[a]P is easily absorbed via the skin. However, 
this route of exposure seems to be less important for the general population. The most 
frequent reported cases of dermal exposure includes contact with materials containing 
soot, tar, crude petroleum in occupational settings, or using pharmaceutical skin 
products containing coal tar, such as coal tar based shampoos and ointments [45, 46]. 
B[a]P was found to induce skin tumors (mainly papilloma and squamous cell carcinomas) 
in different strains of mice following repeated dermal administrations for prolonged 
periods of time [47].  Based on the carcinogenicity studies with mice, an estimated skin 
cancer risk of one case in 100,000 was calculated and extrapolated to humans for 
life-time daily dermal exposure to 0.003 ng/cm3 B[a]P [48].  
From an epidemiological point of view, increased risks of B[a]P induced cancers haves 
been reported predominantly in occupational settings with heavy exposures to B[a]P, 
primarily through inhalation and via skin contact [12], but it is generally accepted that 
exposure of the general population also increases the risk of various types of cancer.  
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3. Metabolism and biotransformation of B[a]P 

B[a]P itself is not dangerous, and it actually needs biotransformation to obtain its 
mutagenic and carcinogenic properties. The metabolism of B[a]P can occur in all tissue 
types, but the highest metabolic capacity is found in the liver and the tissues at the 
portal of entry, such as lung (after inhalation), skin (after dermal contact) and 
gastrointestinal (GI) tract (after ingestion) [5]. The complexity of B[a]P metabolism is 
demonstrated by numerous in vitro and in vivo studies, that have been performed since 
the discovery of B[a]P in the previous century, but the best described pathway is the 
metabolic activation to B[a]P-7,8-diol, 9,10-epoxide (BPDE) by cytochrome P450 and 
epoxide hydrolase. Within this pathway,  the metabolic enzymes have isoenzymes 
which have varying metabolic specificities, many of the critical enzymes are inducible by 
a variety of agents including B[a]P itself, and many of the enzymes are species, strain 
and organ specific [11]. Altogether, this complexity will contribute to the formation of 
different stereoisomers of B[a]P metabolites which eventually generate various 
mutagenic effects. Overall, the purpose of metabolism of B[a]P is to transform the 
lipophilic parent compound into a more water soluble derivative, that is more readily 
excreted in feces and urine. A simplified illustration of B[a]P metabolism and 
biotransformation is shown in Figure 2, and this metabolic pathway is discussed below 
in more detail. 
Due to its lipophilic characteristics, B[a]P can easily cross the cell membrane and it can 
subsequently bind to the protein complex that contains the aryl hydrocarbon receptor 
(AhR), Hsp90, XAP2 and p23 [49]. After this binding, the AhR translocates to the nucleus 
where it dimerizes with the aryl hydrocarbon receptor nuclear translocator (Arnt) 
protein, and the AhR/Arnt complex can subsequently activate the xenobiotic responsive 
element (XRE) sequences that are located in the promoter region of target genes, 
including NAD(P)H dependent cytochrome P450 isoforms 1A1 (CYP1A1), 1A2 and 1B1 
[50]. B[a]P is mainly oxidized by NAD(P)H dependent mixed-function oxidases (i.e. 
CYP1A1 and CYP1B1) ) which form arena oxides (e.g. B[a]P-7,8-epoxide and 
B[a]P-9,10-epoxide). Also myeloperoxidase (MPO), an enzyme released during 
inflammation is thought to be able to metabolize B[a]P [51]. In another metabolic 
pathway B[a]P is catalyzed by other peroxidase and prostaglandin H synthase leads to 
the formation of B[a]P-radical cations which can form depurating DNA adducts [13, 52]. 
The radical cations of B[a]P is formed via one-electron oxidation and creates a radical 
specifically localized on carbon 6 of B[a]P, because of its ionization potential and 
geometric configuration [13].  
After the formation of the B[a]P-epoxides, the epoxide group can be hydrolyzed by 
epoxide hydrolase (EH) to form dihydrodiols leading to B[a]P-7,8-diol or B[a]P-9,10-diol 
[53]. These dihydrodiols are further oxidized to the mutagenic and carcinogenic 
B[a]P-7,8-dihydrodiol-9,10-epoxide (BPDE) by another the metabolic step that is 
catalyzed by CYP1A1/ CYP1B1 and the ultimate metabolite (+)-anti-BPDE possesses the 
highest tumor-inducing activity [54, 55]. In addition, dihydrodiols and the radical 
cations can be converted into reactive and redox-active o-quinones by dihydrodiol 
dehydrogenases, such as aldo-keto reductase (AKR) [56]. This one-electron oxidation 
process not only generate B[a]P-quinones, but also leads to the formation of reactive 
oxygen species (ROS), which could cause further DNA damage and it increases lipid 
peroxidation via redox cycling [56].  
The reactive metabolites generated during this so-called phase I metabolism are subject 
to the phase II detoxification system which plays a critical role in protecting cellular 
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macromolecules (i.e. DNA and protein) from binding with reactive B[a]P derived 
metabolites [11]. There are three major phase II detoxification enzymes families that are 
involved in the metabolism of B[a]P, including glutathione S-transferase (GSTs), 
UDP-glucuronosyltransferase (UGTs) and sulfotransferase (SULTs), and each of them act 
on the oxidized metabolites from phase I metabolism and form conjugates with 
glutathione, glucuronide and sulphate, respectively  [57]. For example, B[a]P-epoxide, 
B[a]P-diol epoxides, B[a]P quinones and hydroperoxides are detoxified through GSTs 
(e.g. GSTM1 and GSTT1) by glutathione (GSH) conjugation [58], where B[a]P-derived 
phenols and diols predominantly form conjugates by glucuronidation or sulfation [11]. 
However, not all detoxified B[a]P metabolites are harmless. For example, the 
B[a]P-7,8,9,10-tetrahydro-7-ol-sulfate is able to form potentially damaging DNA adducts, 
and B[a]P-3-yl-hydrogen sulfate is very lipid soluble that could accumulate in the body 
[59, 60]. 

 

Figure 2. Schematic overview of the phase I and II metabolism of B[a]P leading to both active and inactive 
metabolites. Abbreviations: Cytochromes P450 (CYPs), Epoxide hydrolase (EH), Aldo-keto reductase 
(AKR), Benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide (BPDE), Reactive oxygen species (ROS).  

4. B[a]P induced DNA damage and repair 

There are three classes of biologically reactive B[a]P metabolites (i.e. radical cations, 
BPDE and o-quinones), which could covalently bind to DNA by themselves to form DNA 
adducts, but the quinone metabolites can also undergo redox cycling, leading to 
excessive production of ROS. ROS are known to damage DNA directly or indirectly after 
inducing for instance reactive lipid peroxidation products. The B[a]P cation radical 
forms an unstable DNA adducts at guanine (at the C8 carbon and N7 nitrogen) and 
adenine ( at the N7 nitrogen), and can therefore lead to depurination, which generates 
apurinic sites [13, 61]. The best described metabolite, BPDE, however, forms stable 
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products with DNA, known as BPDE-DNA adducts. Due to multiple stereochemical forms 
of B[a]P-7,8-diol, four isoforms of BPDE (i.e. (±)-anti/syn-BPDE) can be produced and 
(+)-anti-BPDE is the most predominant and the most potent tumor initiator [11, 54]. 
BPDE can covalently bind to the purines deoxyguanosine and deoxyadenosine, 
preferentially to the N2 position of guanine to form an N2-deoxyguanosine adduct 
(BPDE-N2-dG) [13]. This DNA adduct can lead to errors during replication causing for 
instance G→T and G→A mutations in the K-Ras gene at codon 12, G→T mutations in 
codon 13 and A→T mutations in codon 61 of the Ha-Ras gene, and G→T mutations in the 
Tp53 tumor-suppressor gene [62-64]. Quinones of B[a]P can also react with DNA and 
form stable as well as depurinating DNA adducts, but it mainly causes DNA damage via 
repetitive redox cycling and generation of large amounts of ROS [56, 65]. It has been 
reported in a yeast reporter-assay that the B[a]P quinone induced G→T transversions in 
the Tp53 tumor-suppressor gene, increased the number of  strand-breaks and the 
formation of 8-oxo-deoxyguanosine [66].  
Since the various forms of DNA damage that is induced by B[a]P is a threat to genomic 
integrity and cell survival, several protective mechanisms have evolved, including cell 
cycle arrest, apoptosis and DNA repair. DNA repair processes remove DNA lesions and it 
is a complex process in which multiple proteins work in a coordinated and regulated 
way [67].  
There are six major DNA repair pathways which are the double-strand breaks repair (i.e. 
homologous recombination (HR) and non-homologous end joining (NHEJ), and single 
strand repair (i.e. direct reversal repair), mismatch repair (MMR), base excision repair 
and nucleotide excision repair (NER) [68]. Each of these DNA repair pathways respond 
to some type of damage, for instance, HR and NHEJ respond to double-strand breaks and 
DNA cross-links, direct reversal corrects several types of alkylated bases, MMR corrects 
mismatched base pairs and small insertion loops, BER repairs damage to single bases 
that usually do not block transcription and replication, and NER repairs bulky 
helix-distorting lesions [69]. DNA repair should clear the template strands from damage 
to increase the reliability of replication, but DNA repair does not necessarily occur 
before replication of the damaged site.  Fortunately, cells can bypass the damaged site 
and allow DNA synthesis via DNA damage tolerance mechanisms [70]. In addition, when 
the level of DNA damage is exceeding the capacity of DNA repair or DNA damage 
tolerance mechanisms, cells might undergo apoptosis (programmed cell death) in order 
to prevent accumulation of mutated cells [70]. 
The major type of DNA adducts produced after B[a]P exposure is bulky DNA adducts for 
which NER is the major repair mechanism [71]. NER is a complex process involving a 
series of proteins, such as damaged DNA binding protein (DDB), xerodermatic 
pigmentosum complementation groups (e.g. XPE, XPC, XPA, XPB (ERCC3), XPG (ERCC5), 
XPD (ERCC2) and XPF (ERCC4)), cockayne syndrome complementation group (e.g. CSA 
(ERCC8) and CSB (ERCC6)), transcription factor 11H (TFIIH), excision repair 
cross-complementing rodent repair deficiency complementation group 1 (ERCC1), 
replication protein A (RPA), proliferating cell nuclear antigen (PCNA), replication factor 
C (RCF), and DNA polymerase δ (POLδ) [69, 72]. In general, NER can be divided in three 
steps (Fig 3): 1) recognition of DNA damage and the subsequent formation of a 
pre-incision complex; 2) single strand incisions and excision of the lesion containing 
DNA fragment; 3) DNA repair synthesis/ligation. In detail, there are two NER 
sub-pathway which are the global genome repair (GGR) that acts on DNA lesions in 
non-transcribed regions; and the transcription coupled repair (TCR) that specifically 
repairs actively transcribed strands [73, 74]. For the GGR pathway, the damage in 
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transcriptionally inactive regions is detected by DDB1 and DDB2 (XPE), and form a 
heterodimer complex which promotes damage recognition [75]. After the DDB complex 
dissociated from the lesion via protein ubiquitination, the lesion transfers to XPC which 
initiates NER [76]. Then, XPC-RAD23B directly binds to the lesion, attract other XP 
factors to the damaged site, causing local DNA unwinding [69]. For TCR pathway, the 
damage is recognized through the blockage of the RNA polymerase I and II during 
transcription. Then, additional proteins including CSA and CSB bind to the DNA, 
eliminate stalled transcription complexes from the damaged sites, and leave the active 
gene accessible for repair [77]. After damage recognition of both pathways, XPA bind to 
the damaged DNA strand and RPA envelops the undamaged strand. Then, DNA is 
unwounded by XPB and XPD which act as part of transcription factor TFIIH. Next, the 
DNA around the damaged site releases a damage-containing oligomer of 24-32 bases 
long by incisions that are produced by the XPG and the XPF heterodimer. Finally, DNA 
polymerases δ or ε fill the gap and ligase seals the newly synthesized DNA strand to the 
parental strand [78]. The rate limiting steps in NER are damage recognition and incision, 
as ATP is required for the cleavage and opening of the damaged DNA strand [79]. 
Although DNA repair mechanisms could correct DNA damage induced by reactive B[a]P 
metabolites, part of the B[a]P induced damage may escape from repair before the DNA is 
replicated [80]. In that case, the damaged site may lead to miscoding during the 
replication by DNA polymerases, inducing predominantly transversions of G→T or G→A 
[81]. What is more, when the mutation occurs in a critical region of important genes, 
such as the Tp53 tumor suppressor gene or K-ras proto-oncogene, B[a]P induced 
damage may initiate carcinogenesis [82]. 

 

Figure 3. Overview of the nucleotide excision pathway adapted from Tyson and Mathers [69]. 
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5. Genotoxicity and carcinogenicity of B[a]P 

5.1 Genotoxicity in vitro and in vivo 

In vitro studies provide overwhelming evidence for the genotoxicity and mutagenicity of 
B[a]P. The formation of B[a]P related DNA adducts was observed in cultures from 
human and laboratory animal derived cells of the respiratory tract, skin, liver and other 
tissues as well as peripheral blood lymphocytes [11]. In addition, the reactive B[a]P 
metabolites (including BPDE) showed strongly enhanced mutagenicity in the Salmonella 
typhimurium mutation assay using strains TA97, TA98and TA100 as well as in human 
B-lymphoblastoid cells (MCL-5) [83, 84]. Moreover, the mutational spectra induced in a 
yeast reporter assay showed that BPDE predominantly caused G→T transversions in the 
Tp53 gene and this closely matched those seen in DNA from human lung tumors [66]. 
Furthermore, B[a]P also significantly increased the number of DNA strand breaks in 
CHO 3-6 cell line [85]. In agreement with these in vitro experiments, numerous in vivo 
studies demonstrated genotoxicity after exposure to B[a]P. The formation of DNA 
adducts in vivo has been reported for B[a]P upon ingestion, dermal contact, inhalation or 
other administration methods (e.g. intratracheal, intraperitoneal, intrafetal injection etc.) 
mostly in rat, mouse or hamster [13]. For example, exposure to B[a]P  in male rodents , 
lead to detectable levels of various types of B[a]P-DNA adducts in liver, lung, testis, 
stomach and skin using 32P-postlabeling [86-88]. DNA adduct levels are also related to 
mutation induction in animal models [89]. Many more in vivo and in vitro studies can be 
found in the scientific literature that support  the notion that B[a]P and its metabolites 
are genotoxic as well as mutagenic. 

5.2 Carcinogenicity 

Experimental animal studies support the association between B[a]P exposure and the 
subsequent development of cancer in for instance lung, trachea, larynx, forestomach, 
liver, lymphoid tissue, skin and mammary glands [11, 47]. In most cases, cancer was 
found at the site of entry of B[a]P; thus, dermal exposure to B[a]P induced skin cancers, 
oral exposure lead to the formation of stomach cancer and inhalatory exposure to the 
formation of tumors in the upper and lower respiratory tract. The role of DNA adduct 
formation in the induction of tumors is undisputed, because DNA adduct levels were 
better predictors of carcinogenicity than the level of exposure only [90].  
For human epidemiological data, there is no direct evidence for the carcinogenicity of 
B[a]P alone because humans are mostly exposed to complex mixtures of compounds. 
However, the initial connection between B[a]P exposure and its ability to induce human 
cancers was made based on the analysis of tumor incidences with the corresponding 
B[a]P exposures via life style and/ or occupation [11]. For instance, lung cancer risk 
increased with increasing cumulative exposure to cigarette smoke, which contains B[a]P 
[91]. In addition, bladder cancer incidence was related to B[a]P exposure in  aluminum 
smelter workers (exposure to B[a]P ˃80 μg/m3 in air), but no relationship was found in 
asphalt workers with a much lower cumulative exposure to B[a]P of up to ~2 μg/m3 [92, 
93]. This might be due to the difference in exposure dose, where aluminum smelter 
workers were 40 times higher exposed than asphalt workers, and B[a]P could be 
efficiently detoxified at low doses.  
Several prospective studies in humans indicate that DNA adduct levels could be 
predictive for cancer incidences later in life [94]. In these studies, DNA adduct levels 
were determined in white blood cells of exposed healthy individuals. Those subjects that 
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developed cancer after years of follow-up, had higher adduct levels in their blood years 
before the actual detection of lung cancer. Interestingly, the association was evident only 
in current smokers and was absent in former smokers. 
Additional molecular evidence for a role of B[a]P in human induced cancers was 
provided by Denissenko et al. [95], who mapped the distribution of benzo[a]pyrene diol 
epoxide (BPDE) DNA adducts at nucleotide level along the exons of the TP53 gene in 
BPDE-treated cells, and they found selective DNA adduct formation at guanine positions 
in codons 157, 248, and 273, which are known mutational hotspots in human lung 
cancers. Later on, it was also reported that these typical mutations in TP53 could be 
explained not only by the site specific formation of DNA damage, but also by the lower 
levels of DNA repair of bulky lesions at these specific mutational hotspots [96].  

6. Susceptibility for B[a]P induced carcinogenesis 

Interestingly, not every smoker will develop lung cancer, despite the fact that they are 
exposed to B[a]P (and many other DNA damaging compounds), and DNA adducts will 
undoubtedly be formed in their tissues [97]. To explain these differences in 
susceptibility, genetic variation has been widely studied. In general, it was found that 
subjects that carried low activity variants (single-nucleotide polymorphisms (SNPs)) in 
genes that encode functional proteins that protect cells against B[a]P induced damage 
indeed have more DNA damage [39]. These polymorphisms include phase I and II 
enzymes in the xenobiotic metabolism pathway, and DNA repair enzymes [98, 99]. Other 
studies focused on life-style as determinant for increased susceptibility and increased 
formation of DNA adducts, by for instance studying the intake of fruits and vegetables 
[100], but both genetic variation, life style or both combined cannot fully explain the 
variation in vulnerability that is observed in the population [101]. Therefore, additional 
sources of variation need to be found to better understand B[a]P induced carcinogenesis, 
and to improve disease prevention. One such source of variation, which is specifically 
studied in this thesis, is the concurrent presence of inflammation.  

7. Chronic Inflammation and cancer 

Inflammation has been recognized as a “hallmark” of cancer [102]. Inflammation is a 
natural host defense system against insults or variety of injuries induced by bacteria, 
viruses, chemicals and heat induced damage [103]. In general, when inflammation is 
initiated a multifactorial network of chemical signals (such as cytokines, chemokines 
and other inflammatory mediators) are released and these mediators activate and 
attract inflammatory cells, including neutrophils, monocytes and eosinophils from the 
venous system to the sites of damage [102]. As a result, a microenvironment is 
constructed which favors the removal of the insults and it promotes wound healing 
[104]. Once the insult is cleared, the inflammatory response should weaken, but in some 
cases inflammation may persist and  chronic inflammation develops [105]. The link 
between chronic inflammation and increased risk of developing cancer is supported by 
an enormous amount of epidemiological studies, which suggest that more than 15% of 
the worldwide cancer incidence may be associated with chronic inflammation, and use 
non-steroidal anti-inflammatory drugs (NSAIDs) may thus reduce the risk of cancer 
development [106]. For example, patients with inflammatory bowel disease (chronic 
ulcerative colitis or Crohn’s disease) have a 5 to 7-fold increased risk for developing 
colorectal carcinoma, or the risk of lung cancer in smokers with chronic obstructive 
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pulmonary disease (COPD) is increased up to 10-fold in comparison to smokers without 
COPD [105].  
The underlying mechanisms of cancer induced by chronic inflammation is widely 
investigated, and include increased production of reactive nitrogen and oxygen species 
(RNS/ROS) leading to oxidative DNA damage and reduced DNA repair, which causes 
mutations in essential anti-tumor genes such as the tumor suppressor gene TP53. These 
typical mutations in TP53 have frequently been found in patients with chronic 
inflammatory diseases [105]. In addition, chronic inflammation destroys the balance 
between anti- and pro-inflammatory cytokines and therefore excessive amounts of 
pro-inflammatory cytokines are produced which may result in excessive DNA 
replication and proliferation of cells that lost normal growth control [105]. The major 
inflammatory mediators that are involved in this process are nuclear factor-κB (NF-κB), 
signal transducer and activator of transcription 3 (STAT3), and hypoxia-inducible factor 
1α (HIF1α), and their downstream targets (inflammatory cytokines, chemokines and 
enzymes) including interleukin-6 (IL-6), interleukin-8 (IL-8), tumor necrosis factor-α 
(TNF-α) and cyclo-oxygenase-2 (COX-2) [107]. During chronic inflammation, these 
inflammatory pathways are continuously being activated and inflammatory mediators 
are generated. All of this results in the formation of a positive loop where excessive 
amounts of inflammatory mediators further assist tumor development at different 
stages (e.g. initiation, promotion and expansion) [108]. Regarding tumor initiation, 
inflammatory mediators and chemical carcinogens can both initiate the process of 
carcinogenesis, but the question remains how they can act synergistically if both are 
simultaneously present. 

8. The potential impact of inflammation on B[a]P induced carcinogenesis 

Nowadays, it is recognized that part of the population is more susceptible to B[a]P 
induced carcinogenesis not only because of genetic variation and life style, but also 
because of the health status of the subject (i.e. presence of inflammation). For example, 
in a study of hepatocellular carcinoma (HCC) patients, the highest B[a]P-DNA adduct 
levels were present in those patients with inflammation by a chronic hepatitis B virus 
(HBV) infection [109]. In the last two decades, several inflammatory mediators and 
enzymes have been reported to promote B[a]P induced DNA damage by interfering with 
B[a]P phase I and II metabolism, DNA repair and the functioning of tumor suppressor 
genes. For instance, myeloperoxidase (MPO) could increase the metabolic activation of 
B[a]P as well as catalyze the formation of hypochlorous acid (HOCl) which appeared to 
be a potent inhibitor of the NER pathway [110]. IL-6 and TNF-α enhanced genotoxic 
effects of B[a]P and subsequent formation of TP53 mutations via upregulation of CYP1B1 
expression [111, 112]. In addition, the inflammatory pathway (i.e. NF-κB) could 
cross-talk with other pathways that are important for the action of chemical carcinogens, 
such as AhR, p53 and HIF1α. The cross-talk between AhR and NF-κB has recently been 
reported in various in vitro and in vivo studies [113, 114]. These studies showed that 
there is an mutual interaction of AhR and NF-κB signaling, where AhR promoted NF-κB 
activity and its downstream effect, and NF-κB increased AhR-mediated CYP1A1 
expression which could increase metabolic activation of B[a]P [113, 115]. Furthermore, 
stimulation of NF-κB has been shown to promote resistance to programmed cell death, 
and both p53 and NF-κB inhibited each other’s ability to stimulate gene expression of 
target genes [116]. As a result, more B[a]P induced DNA damage and B[a]P induced 
mutations could be observed under inflammatory conditions. Moreover, the 
micro-environment that is generated by inflammation may also enhance DNA adduct 



Chapter 1 

20 

 

formation by B[a]P. It was previously shown that there is an extensive degree of 
cross-talk occurring between AhR and HIF [117, 118]. As a result, the activating 
metabolic enzymes (CYP1A1 and CYP1B1), the pre-cursor metabolite of the reactive 
metabolite BPDE (B[a]P-7,8-dihydrodiol) and B[a]P-DNA adducts were increased under 
hypoxic conditions [119]. This could partly be due to hypoxia diminishing B[a]P 
glucuronidation, which is an important B[a]P detoxification process [119].  
On the other hand, not only inflammation could enhance the genotoxic effect of B[a]P, 
but also B[a]P could stimulate inflammatory responses in vitro and in vivo [120-123]. 
Il-8 is an inflammatory biomarker and B[a]P was found to upregulate IL-8 mRNA 
expression and IL-8 secretion in primary human macrophages in a dose-dependent 
manner [123]. Interestingly, the ultimate reactive metabolite of B[a]P (i.e. BPDE) 
demonstrated similar effects, suggesting that its binding to macro-molecules could form 
the inflammatory trigger [122].  
In vivo, administration of B[a]P to rats significantly increased the expression of 
pro-inflammatory biomarkers [120], including increased level of neutrophil elastase 
activity and nitric oxide generation and significantly increased level of free thiols and 
hydrogen peroxide [121].  

9. Objectives and outline of the thesis 

Humans are inevitably exposed to genotoxic agents via their environment or diet which 
contributes to cancer development. One host factor that could make individuals more 
susceptible for such exposures is the presence of inflammation. On basis of the 
observations in a vast number of epidemiological studies, the causal relationship 
between inflammations in combination with chemical carcinogens in cancer 
development is widely accepted. However, the molecular and cellular mechanisms 
mediating this relationship remain unresolved. Therefore, the main objective of the 
present thesis was to investigate the underlying mechanisms of how inflammatory 
factors can alter B[a]P metabolism and B[a]P induced DNA damage in such a way that it 
increases cancer risk. 
In chapter 2, the effect of β-glucuronidase on B[a]P metabolism and B[a]P induced DNA 
damage in carcinoma human epithelial lung (A549) and liver hepatocellular carcinoma 
(HepG2) cells in vitro is studied. β-Glucuronidase is released from neutrophils during 
inflammation, and currently little is known about the role of β-glucuronidase in B[a]P 
metabolism, because in theory β-glucuronidase could hydrolyze glucuronide conjugates 
of B[a]P. Glucuronidation is one of the important phase II metabolic processes of B[a]P 
and the presence of β-glucuronidase might thus increase concentrations of active B[a]P 
metabolites.  
Considering the inflammation induced microenvironment, an acidic pH is often 
observed at the site of inflammation. The acidic microenvironment has been reported to 
contribute to cytokine production and action during inflammation [124]. The 
metabolism of B[a]P is depending on enzymes, each with their own pH optimum. 
However, how acidic pH may influence B[a]P metabolism and subsequent formation of 
DNA damage has not been investigated yet. Therefore, in Chapter 3, five different acidic 
pH’s (i.e. extracellular pH (pHe) of 7.8, 7.0, 6.5, 6.0 and 5.5) were applied to human 
pulmonary epithelial cells (A549 and BEAS-2B) with nontoxic doses of B[a]P. We 
examined the effect of these various pH on intra- and extra-cellular pH changes at 
different time points (i.e. 6, 24 and 48 hours), gene expression and enzyme activity of 
essential B[a]P metabolic enzymes CYP1A1 and CYP1B1, the formation of important 
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B[a]P metabolites (i.e. B[a]P-78-dihydrodiols), B[a]P-DNA adduct level and DNA repair 
capacity (i.e. NER).  
In Chapter 4, we study the effect of IL-8 on B[a]P metabolism and elucidate the potential 
underlying mechanism in BEAS-2B cells. IL-8, also known as neutrophil chemotactic 
factor, induces a series of physiological responses that is required for migration and 
phagocytosis. Previous in vitro studies focused on the role of IL-6 on B[a]P induced 
genotoxicity, but whether IL-8 could promote B[a]P induced genotoxicity has not been 
studied yet.  
For most of the studies which investigate how inflammation promote B[a]P induced 
genotoxic effect, in vivo data on B[a]P metabolism and genotoxicity can overcome the 
concerns raised about the relevance of in vitro data. Chapter 5 therefore investigates the 
influence of inflammation (induced by LPS) on B[a]P metabolism (e.g. CYP1A1 gene 
expression and enzyme activity) and B[a]P-DNA adduct formation in mouse lung and 
liver after a single dose (0.5 mg/mouse) administration of B[a]P. In order to get further 
insight into how LPS induced inflammation affects B[a]P induced genotoxicity and to 
understand the mode of action, an RNA microarray analysis was applied to mouse lungs 
as described in chapter 6. A link between phenotype (chapter 5) and expression data 
(chapter 6) could be established.  
As a general overview, the scientific literature on inflammation and chemical carcinogen 
induced genotoxicity and carcinogenicity is reviewed in Chapter 7.  
Finally, Chapter 8 presents the overall summary and discussion of the main findings of 
this thesis, as well as suggestions for future work.   
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Abstract 

Neutrophils infiltrate tissues during inflammation and when activated, they release 
β-glucuronidase. Since inflammation is associated with carcinogenesis, we investigated 
how extracellular β-glucuronidase changed the in vitro cellular response to the chemical 
carcinogen benzo(a)pyrene (B[a]P). For this we exposed human liver (HepG2) and lung 
(A549) cells to B[a]P in the presence or absence of β-glucuronidase. β-Glucuronidase 
reduced B[a]P-induced expression of CYP1A1 and CYP1B1 at 6 hours after exposure, 
which did not depend on β-glucuronidase activity, because the inhibitor D-saccharic acid 
1,4-lactone monohydrate did not antagonize the effect of β-glucuronidase. On the other 
hand, the inhibitory effect of β-glucuronidase on CYP expression was dependent on 
signaling via the insulin like growth factor receptor (IGF2R, a known receptor for 
β-glucuronidase), because co-incubation with the IGF2R inhibitor mannose-6-phosphate 
(M6P) completely abolished the effect of β-glucuronidase. Extracellular β-glucuronidase 
also reduced the formation of several B[a]P metabolites and B[a]P-DNA adducts. 
Interestingly, at 24 hours of exposure, β-glucuronidase significantly enhanced CYP 
expression, probably because β-glucuronidase de-glucuronidated B[a]P metabolites, 
which continued to trigger the aryl hydrocarbon receptor (Ah-receptor) and induced 
expression of CYP1A1 (in both cell lines) and CYP1B1 (in A549 only). Consequently, 
significantly higher concentrations of B[a]P metabolites and DNA adducts were found in 
β-glucuronidase-treated cells at 24 hrs. DNA adduct levels peaked at 48 hours in cells 
that were exposed to B[a]P and treated with β-glucuronidase. Overall, these data show 
that β-glucuronidase alters the cellular response to B[a]P and ultimately enhances 
B[a]P-induced DNA adduct levels. 

Key words: Benzo[a]pyrene, Inflammation, β-glucuronidase, Cytochrome P450 1A1, 
carcinogen metabolism, IGF2R, DNA adducts 
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Introduction  

Chronic inflammation is causally associated with cancer development and therefore, 
inflammation was considered as the seventh hallmark feature of cancer [1, 2]. This is 
illustrated for instance by the relatively high incidence of lung cancer in chronic 
obstructive pulmonary disease (COPD) patients [3]. Recent studies have pointed out that 
polymorphonuclear neutrophils (PMN), which are recruited at the site of inflammation 
play an important role in the initiation and progression of cancer [4, 5]. Inhalation of 
complex air pollutants like tobacco smoke and/or fine particles may result in pulmonary 
inflammation, which generates reactive oxygen/nitrogen species (ROS/RNS) that can 
damage lung tissue [6]. At the same time it has been shown that under inflammatory 
conditions, PMN enhance the mutagenic potential of chemical carcinogens [7, 8]. This is 
partly explained by the action of the PMN-derived enzyme myeloperoxidase (MPO), that 
can metabolically activate carcinogens and inhibit DNA repair, leading to higher levels of 
carcinogen-DNA adducts [9-11]. However, there is still little data available on other 
factors that are released by the relatively high number of PMN during chronic 
inflammation, including β-glucuronidase, and how these influence the cellular response 
to chemical carcinogens [12].  
Inhalatory exposure to air pollutants like particles often results in a combination of an 
inflammatory response in the presence of genotoxic agents, like polycyclic aromatic 
hydrocarbons (PAHs) [13]. PAHs, including benzo[a]pyrene (B[a]P) have gained much 
attention, because they are abundantly present in the environment [14] and they have 
serious adverse genotoxic effects. B[a]P becomes mutagenic and carcinogenic after 
bioactivation by enzymes, including cytochrome P450 (CYP) and epoxide hydrolase (EH) 
[15]. It is converted into various metabolites, including oxides, phenols, diols, 
diol-epoxides, quinones, and radical cations [16]. The best studied metabolite is 
B[a]P-diol epoxide (BPDE) (Figure 1). The first steps is the conversion of B[a]P by the 
microsomal NADPH-dependent cytochrome P450 isoforms 1A1 (CYP1A1) and 1B1 
(CYP1B1) to yield the B[a]P-7,8-oxide, B[a]P-9,10-oxide or 3-hydroxy-B[a]P (3-OH-B[a]P) 
[17, 18]. Subsequently, both B[a]P-7,8-oxide and B[a]P-9,10-oxide can be hydrated by 
microsomal EH to yield the corresponding B[a]P-7,8-trans-dihydrodiols (B[a]P-7,8-diol) 
and B[a]P-9,10-trans-dihydrodiols (B[a]P-9,10-diol). B[a]P-7,8-diol is further 
metabolized to the ultimate carcinogen benzo[a]pyrene-7,8-diol-9,10-epoxide (BPDE), 
which is known as a reactive derivative of B[a]P that can covalently bind to DNA to form 
adducts preferentially at guanine residues (e.g. 
10-(deoxyguanosin-N2-yI)-7,8,9-trihydroxy-7,8,9,10-tetrahydro benzo[a]pyrene; 
dG-N2-BPDE) [18-20]. It is generally accepted that the formation of such DNA adducts 
leads to mutations relevant for carcinogenesis [21]. In addition, the reactive metabolites 
can be conjugated by an important phase II detoxification enzyme 
UDP-glucuronosyltransferases (UGTs) that leads to glucuronides which are not 
mutagenic or carcinogenic [22, 23]. Indeed, UGT1A6 was found to glucuronate a range of 
B[a]P metabolites including 3-OH-B[a]P, B[a]P-9,10-diol and the pro-carcinogen 
B[a]P-7,8-diol [24-26]. 
In order to elucidate the role of β-glucuronidase in inflammatory disease and its effect 
on chemically-induced cancer, it is crucial to understand how β-glucuronidase changes 
the cellular response toward B[a]P.  In a recent study, it was found that 
lipopolysaccharide (LPS) treatment increased B[a]P-induced DNA adduct levels in lung 
and liver tissues of B[a]P inhalatory exposed mice [27]. To explain this result we 
hypothesise that the LPS induced an inflammatory response resulting in the release of 
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β-glucuronidase that hydrolysed glucuronidated B[a]P metabolites and thus reverse the 
protective effect of glucuronidation, and subsequently enhanced the binding of B[a]P 
metabolites to DNA. To test our hypothesis, we studied the impact of extracellular 
β-glucuronidase on the formation of B[a]P metabolites (3-OH-B[a]P, B[a]P-9,10-diol and 
B[a]P-7,8-diol), gene expression of some enzymes pivotal in B[a]P metabolism 
(including CYP1A1, CYP1B1 and UGT1A6) and DNA adduct formation in human liver cell 
line (HepG2) and human lung cell line (A549).  

 

Figure 1. Critical steps of B[a]P activation and UDP-glucuronosyltransferases (UGTs) detoxification. B[a]P 
is metabolized to hydroxylated B[a]P including B[a]P-7,8-diol and these B[a]P metabolites are further 
detoxified by UGTs. β-glucuronidases are able to hydrolyze glucuronidated B[a]P metabolites and 
therefore increase the amount of B[a]P-7,8-diol, consequently leading to more BPDE and DNA adducts 
formation. 

Materials and Methods 

Mouse lung and liver tissues 

All procedures performed in the study involving animal experiments were conducted at 
King’s College London under license in accordance with the institutional ethics 
committee on the protocols approved by the Home Office under ‘The Animals (Scientific 
Procedures) Act (1986)’. Mice were divided into four groups (n=3 in each group): A) 
control group; mice were nasally instilled with saline. After 24 hours, mice were 
intratracheally instilled with tricaprylin. B) the lipopolysaccharide (LPS) treatment 
group; each mouse was nasally instilled with 20 μg LPS (dissolved in saline). After 24 
hours, mice were intratracheally instilled with tricaprylin. C) the B[a]P-treated group; 
mice were nasally instilled with saline and intratracheally instilled with 0.5 mg B[a]P 
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(dissolved in 25 μl tricaprylin) after 24 hours. D) the B[a]P- and LPS-treated group; each 
mouse was nasally instilled with 20 μg of LPS. After 24 hours, mice were intratracheally 
instilled with 0.5 mg B[a]P. All mice were sacrificed at 48 hours after the intratracheal 
exposure. The collection of bronchoalveolar lavage fluid (BAL fluid) and the isolation of 
cytosolic fractions from lung and liver was performed as described in Arlt et al. (2015).  

Cell lines and cell treatment 

Human liver hepatocellular carcinoma HepG2 cells and human epithelial lung adenoma 
carcinoma A549 cells were obtained from the American Tissue Culture Collection.  
HepG2 cells were cultured in Minimum Essential Medium (MEM) plus glutamax 
containing 10% (v/v) foetal calf serum (FCS, Gibco invitrogen, Breda, The Netherlands), 
1% (v/v) Sodium Pyruvate, 1% (v/v) penicillin/streptomycin (Sigma, Zwijndrecht, The 
Netherlands) and 1% (v/v) non-essential amino acids (Sigma). A549 cells were cultured 
in RPMI (Sigma) supplemented with 5% (v/v) FCS and 1% (v/v) penicillin/streptomycin. 
All cells were cultured under humidified atmosphere containing 5% CO2 at 37℃. Cell 
passages between 20 and 29 were used for experiments. All chemicals were purchased 
from Sigma-Aldrich unless stated otherwise.  
Cells with 80% confluency were exposed to 1 μM B[a]P in the presence or absence of 
β-glucuronidase (4 U/ml) for 6, 24 or 48 hours. B[a]P was dissolved in dimethylsulfoxide 
(DMSO) and added to the medium with a final DMSO concentration of 0.5% (v/v). 
β-glucuronidase was dissolved in 0.1 M sodium-acetate buffer (pH 5.5). 
Mannose-6-phosphate (M6P) was dissolved in 0.1 M sodium-acetate buffer (pH 5.5) and 
the final concentration in cell culture is 100 μM. D-saccharic acid 1,4-lactone 
monohydrate was dissolved in 0.1 M sodium-acetate buffer (pH 5.5) the final 
concentration in cell culture is 100 μM. Before incubation, all cell media were adjusted to 
pH 5.5 by using 1 M HCl in order to mimic the micro-environment of inflammation. After 
incubation, the medium and cells were stored at ‒20℃ until further analysis. 
Experiments were performed at least with three replicates in three independent 
cultures. 

Measurement of β-glucuronidase activity 

β-Glucuronidase (Helix pomatia type H5, ≥400,000 Units/g solid) activity was 
determined by fluometrically monitoring the hydrolysis of 
4-methylumbelliferyl-β-d-glucuronide (4MUgIA) according to the method described by 
Bartholome et al [28] with some modifications.  Briefly, the reaction mixture in a total 
volume of 140 μl contained 0.1 M sodium-acetate buffer (pH 5.5), 2 mM 4MUgIA and 
sample containing β-glucuronidase. The reaction was initiated by mixing 4MUgIA and 
the sample. The hydrolysis of 4MUgIA was measured in a thermostated plate reader 
(Spectra max m2, MDS, CA) at 37℃ and 320/460 nm excitation/ emission wavelengths. 
A standard curve of β-glucuronidase (0.4-400 Units/ml (U/ml)) was generated to 
quantitate formation of fluorescence in the presence of 4MUgIA. D-saccharic acid 
1,4-lactone monohydrate, a β-glucuronidase inhibitor, was used to inhibit 
β-glucuronidase activity. 
For testing the interaction between B[a]P and β-glucuronidase, we used similar 
condition as mentioned above. A total volume of 140 μl contained 0.1 M sodium-acetate 
buffer (pH 5.5), different concentration of 4MUgIA (e.g. 500, 250, 100, 50, 10 and 1 μM) 
and 4 U/ml β-glucuronidase with additional 1 μl of 200 μM B[a]P or 1 μl DMSO. The 
measurement of fluorescence was performed for 10 hours at 37℃.  
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HPLC fluorescence analysis of B[a]P and B[a]P metabolites 

B[a]P and its metabolites were extracted from 5 ml cell medium by mixing with 1 ml 
ethylacetate for 20 mins and followed by centrifugation (10 min, 980g). The top layer 
was transferred to a new tube. This procedure was repeated twice. The top layers were 
evaporated under nitrogen and the residue was redissolved in 0.5 ml methanol 
(Biosolve Chemicals, Valkenswaard, The Netherlands). Samples were subsequently 
analyzed by HPLC-FD using a Gynkotek P580A HPLC system (Separations Analytical 
Instruments, Hendrik-Ido-Ambacht, The Netherlands) consisting of a Spark SP830 
autosampler (Spark Holland, Emmen, The Netherlands) and a Perkin Elmer LS-30 
programmable fluorescence detector (Perkin Elmer, Foster City, CA, USA) operated at 
excitation/emission wavelengths 257/ >350 nm. The samples were injected onto a 
Hypersil 5 μm ODS HPLC column (250 mm  3 mm) (Supelco 54933, Bellefonte, PA, USA) 
with a flow rate of 0.5 ml/min. Separation was performed using a mixture of two mobile 
phases: A (100 % methanol) and B (40 % methanol in water) in the following multi-step 
gradient conditions: 0-5 min, 30/70 (A/B, v/v); 5-30 min, gradient from 30/70 (A/B, v/v) 
to 90/10 (A/B, v/v); 30-35 min, 90/10 (A/B, v/v); 35-37 min, gradient from 90/10 (A/B, 
v/v) to 30/70 (A/B, v/v); 37-40 min, 30/70 (A/B, v/v). For quantitation of the specific 
metabolites, a standard mix which contained 50 ng/ml B[a]P-9,10-diol 50 ng/ml 
B[a]P-7,8-diol and 50 ng/ml 3-OH-B[a]P (Midwest Research Institute, Kansas City, MO, 
USA) were injected and the area of each metabolite peak in the chromatogram was 
determined.   

Quantitative real-time PCR 

Gene expression levels were measured by quantitative real-time reverse 
transcriptase-PCR (RT-qPCR) using a MyiQ Single Colour real-time PCR detection system 
(BioRad, Veenendaal, The Netherlands). Total RNA was isolated and purified by using 
the RNeasy® Mini Kit (Qiagen Westburg, Leusden, the Netherlands) in combination with 
DNase treatment (Qiagen). cDNA was generated from 500 ng total RNA by using the 
iScriptTM cDNA synthesis kit protocol (BioRad). Primers were purchased from Operon 
(Leiden, The Netherlands) for the following genes: β-actin, CYP1A1, CYP1B1 and UGT1A6 
(see [29]). The reaction contained SYBR© Green Supermix (BIO-RAD), 5 μl (40 times 
diluted) cDNA and 0.3 μM primers in a total volume of 25 μl. PCR was conducted under 
the following condition: denaturation at 95℃ for 3 min, followed by 40 cycles of 95℃ for 
10 sec and 55℃ for 45 sec. All PCR reactions included a cDNA dilution curve to assess 
PCR efficiency and all reactions were followed by a melt curve (55-95℃). Data were 
analyzed by using MyiQ Software system (BioRad) and the amount of target cDNA in 
each sample was determined by a fractional PCR threshold cycle number (Ct-value) and 
compared to the corresponding Ct-value for the housekeeping gene β-actin. The relative 
gene expression level for each gene was calculated by using the 2-ΔΔCt method [30].  

32P-postlabelling of B[a]P-DNA adducts 

DNA harvested from cells was isolated using a phenol-chloroform-isoamylalcohol 
extraction procedure as described by Schults et al. [31]. Briefly, after incubation, cells 
were resuspended in 450 μl lysis buffer [10 mM Tris, 10 mM TEMPO, 1 mM EDTA and 1% 
(w/v) sodium dodecyl sulfate (SDS); pH 8] and incubated with proteinase K (10 μg/ml) 
at 37℃ overnight. The mixture was extracted with 1 volume Tris-saturated phenol, 1 
volume Tris-saturated phenol-chloroform-isoamyl alcohol (25:24:1 by volume) and 1 
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volume chloroform-isamyl alcohol (24:1, v/v). The DNA was precipitated with 1/30 
volume 3 M NaAc pH 5.2 and 2 volumes of cold 100% ethanol. Precipitated DNA was 
washed with 70% ethanol and dried under nitrogen. The DNA was dissolved in 2 mM 
Tris (pH 8.0) with final concentration 0.5 μg/μl.  
DNA digestion and 32P-postlabelling were performed as described by Van Schooten et al 
[32]. In short, DNA samples (10 μg) were digested with micrococcal nuclease (Sigma) 
(0.25 U/μl) and spleen phosphodiesterase (Sigma) (2 μg/μl) for 4 hours at 37℃ in a total 
volume of 9.5 μl. For DNA adduct enrichment, samples were treated with nuclease P1 
(Sigma) (2.5 μg/μl) at 37℃ for 30 min. The nuclease P1 reaction was terminated by 
addition of 1 µl 1 M Tris (pH 9.6). DNA adducts were subsequently labelled with 
[ɣ-32P]ATP (50 μCi/sample; Perkin Elmer, Indianapolis) using T4-polynucleotide kinase 
(10 U/μl) for 30 min at 37℃. The 32P-labelled adducts were separated on PEI–cellulose 
sheets (Machery Nagel, Düren, Germany) by multi-directional thin-layer 
chromatography (TLC).  
The TLC sheets were scanned using Phosphor-Imaging technology (Fujifilm FLA-3000) 
and DNA adducts levels were calculated from two B[a]PDE-DNA standards with known 
adducts levels (1 adduct/106 and 1 adduct/107 nucleotides). The major B[a]P-DNA 
adduct that was used for quantitation purposes in both HepG2 and A549 cells migrated 
to the same position as the major adduct of the BPDE-DNA adduct standard. In addition, 
the B[a]PDE-DNA adduct levels were corrected for the amount of DNA in the sample 
which was assessed by HPLC-UV analysis. 

Statistical analysis 

Data were expressed as mean ± standard error of the mean (SEM). Statistical analysis 
was performed using Graphpad Prism 6. To examine differences between the different 
treatments at each time point, a two-way analysis of variance test (ANOVA) with 
Bonferroni post hoc multiple comparison was used. Differences were considered to be 
statistically significant if the p-value was less than 0.05 (P<0.05). 

Results 

Activity of β-glucuronidase in lung and liver tissues of mice 

Intranasal exposure of the mice to LPS resulted in an approximately 2-fold induction of 
β-glucuronidase activity in lung tissue compared to control (Table 1). Similarly, when 
LPS treatment was combined with B[a]P treatment, a significant 1.5-fold higher activity 
of β-glucuronidase was observed compared with the B[a]P-treated group without LPS. 
In addition, bronchoalveolar lavage fluid (BAL fluid) was collected and the 
β-glucuronidase activity in BAL fluid was lower than in the tissues, but LPS treatment 
did result in a significant increase of β-glucuronidase when compared to animals that 
were not treated with LPS (i.e. irrespective of B[a]P exposure). On the other hand, in 
liver tissue a 1.2-fold lower activity of β-glucuronidase was observed in LPS-treated 
animals when compared to control and B[a]P treated mice, respectively. These changes 
in β-glucuronidase activity after LPS treatment were in the range of 2 to 30 U/ml 
β-glucuronidase, and therefore 4 U/ml was used as biologically relevant dose in the 
subsequent cell culture experiments (see Table 1).  
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Table 1: Activity of β-glucuronidase in mouse liver, lung tissues and BAL fluids. 
 Control 

(U/ml) 
LPS 
(U/ml) 

B[a]P 
(U/ml) 

B[a]P&LPS 
(U/ml) 

Liver cytosol 27.1±1.5 23.3±0.4* 27.6±0.9 22.5±1.0** 
Lung cytosol 7.6±0.8 15.4±1.3* 7.4±0.8 11.1±1.3** 
BAL fluids 2±0.2 2.2±0.1# 2.0±0.1 2.2±0.1# 
* significantly different from control animals (p<0.05) 
** significantly different from B[a]P-treated animals (p<0.05) 
#p<0.05 if both LPS-treated groups were combined when compared to non-LPS-treated animals. 

Phenotypes after B[a]P exposure with or without β-glucuronidase 

Expression of CYP1A1 and CYP1B1  

Exposure to B[a]P significantly induced the expression of CYP1A1 and CYP1B1 (Fig 2a 
and Fig 3a). In A549 cells, the expression of these genes at 6 hours after exposure was 
increased 56-fold and 5-fold, respectively. Surprisingly, co-incubation with 
β-glucuronidase inhibited the induction of expression with approximately 50%-90%. 
Expression of CYP1A1 and CYP1B1 in cells that were treated with β-glucuronidase 
without additional exposure to B[a]P was also reduced when compared to the 
expression observed in control cells, but this difference did not reach statistical 
significance. At 24 hours, the expression of CYP1A1 and CYP1B1 was induced by B[a]P to 
39-fold and 3-fold, respectively. Surprisingly, the induction of both genes was now 
strongly increased by the presence of β-glucuronidase (191-fold and 6-fold, 
respectively). At t=48 hours, the induction of CYP1A1 and CYP1B1 in cells that were 
co-exposed to β-glucuronidase remained higher than in cells that were only exposed to 
B[a]P. The same pattern of changes in gene expression of CYP1A1 and CYP1B1 by 
β-glucuronidase was observed in the absence of B[a]P, although less pronounced. 
Moreover, changes in gene expression of CYP1A1 and CYP1B1 were essentially similar in 
HepG2 cells (Fig 2b and Fig 3b), but the fold changes that were reached were lower than 
in A549 cells.  

(a)                                  (b) 

 
Figure 2. RT-qPCR analysis of gene expression CYP1A1 in both A549 (a) and HepG2 (b) cells after 
exposure to β-glucuronidase and/or B[a]P. Cells were exposed to 1 μM B[a]P with or without 4 U/ml 
β-glucuronidase and harvested after the times indicated. Cells exposed to DMSO and sodium acetate buffer 
were used as a vehicle control. All values are given as the means ± SEM (n=4 per data point). 
(*p<0.05;**p<0.01; ***p<0.001)  
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(a)                                  (b) 

 
Figure 3. RT-qPCR analysis of gene expression CYP1B in both A549 (a) and HepG2 cells (b) after exposure 
to β-glucuronidase and/or B[a]P. Cells were exposed to 1 μM B[a]P with or without 4 U/ml 
β-glucuronidase and harvested after the times indicated. Cells exposed to DMSO and sodium acetate buffer 
were used as a vehicle control. All values are given as the means ± SEM (n=4 per data point). 
(*p<0.05;**p<0.01; ***p<0.001) 

Expression of UGT1A6  

As shown in Fig 4b, in HepG2 cells the expression of UGT1A6 was 3-fold and 11-fold 
induced by B[a]P when compared to unexposed cells at 6 and 24 hours after exposure, 
respectively. Addition of β-glucuronidase inhibited UGT1A6 expression after 6 hours 
when compared to cells treated with B[a]P alone. However, a significant increase in 
UGT1A6 expression was observed 24 hours after exposure (61-fold and 6-fold compared 
to unexposed cells and only B[a]P-treated cells, respectively). At 48 hours, the 
expression of UGT1A6 remained enhanced by B[a]P and B[a]P with additional 
β-glucuronidase, but the induction levels were three times lower (9-fold and 28-fold, 
respectively). In addition, a similar pattern of changes in gene expression of UGT1A6 
were shown by β-glucuronidase in the absence of B[a]P. 
On the other hand, in A549 cells, there was no significant induction or inhibition of 
UGT1A6 expression by B[a]P nor by β-glucuronidase, but at t=48 hours, all treatments 
induced the expression of UGT1A6 compared to unexposed cells (see Fig 4a).  
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(a)                                   (b) 

   
Figure 4. RT-qPCR analysis of gene expression UGT1A6 in A549 (a) and HepG2 (b) cells after exposure to 
β-glucuronidase and/or B[a]P. Cells were exposed to 1 μM B[a]P with or without 4 U/ml β-glucuronidase 
and harvested after the times indicated. Cells exposed to DMSO and sodium acetate buffer were used as a 
vehicle control. All values are given as the means ± SEM (n=4 per data point).  (*p<0.05;**p<0.01; 
***p<0.001)   

B[a]P and its metabolites 

Extracellular B[a]P metabolite (B[a]P-7,8-diol and B[a]P-9,10-diol) concentrations of 
A549 cells that were exposed to 1 μM B[a]P with β-glucuronidase (10 µg/ml) for 6 hours 
significantly decreased, when compared to A549 cells that were exposed to B[a]P only 
(Fig 5, right column). However, when cells were exposed for 24 hours, the 
concentrations of extracellular B[a]P metabolites in the medium of 
β-glucuronidase-treated cells significantly increased and were  higher than in A549 
cells that were exposed to B[a]P alone. At 48 hours, the extracellular B[a]P metabolite 
levels were below the detection limit in both treatments (presence or absence of 
β-glucuronidase).  
The results were essentially similar for HepG2 cells (Fig 5, left column). However, the 
initial difference at t=6 hours was more pronounced, and statistically significant for 
B[a]P-7,8-diol and B[a]P-9,10-diol.  
Moreover, the concentration of unmetabolized B[a]P in the medium showed similar 
time-dependent patterns in both cell lines (Fig 5 g and h). The concentration of 
unmetabolized B[a]P gradually declined with time. However, after 24 hours of exposure, 
the concentration of the parent compound in A549 cells was about 3-fold higher (P<0.05) 
in the samples that included β-glucuronidase than in cells without β-glucuronidase. For 
HepG2 cells, the concentration of B[a]P in the presence of β-glucuronidase was 
approximately 2-fold higher than in samples that were treated with B[a]P alone. For 
both cell lines, B[a]P was almost fully metabolized 48 hours after exposure.                          
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                  HepG2                              A549 
(a)                                    (b) 

 
(c)                                    (d) 

 
(e)                                     (f) 

 
(g)                                    (h) 

 

B[a]P-DNA adducts level 

B[a]P exposure resulted in a time-dependent increase of B[a]P-DNA adduct levels in 
both cell lines (Fig 6). However, the presence of β-glucuronidase altered the kinetics in 
which DNA adducts were formed: in A549 cells, at t=6 and t=24 hours, DNA adduct 
levels were initially lower in cells that were treated with B[a]P and β-glucuronidase. 

Figure 5. HPLC fluorescence 
analysis of B[a]P-7,8-diol, 
B[a]P-9,10-diol, 3-OH-B[a]P 
and B[a]P in HepG2 cells (left 
column) and A549 cells (right 
column) after exposure to 
β-glucuronidase and/ or B[a]P. 
Cells were exposed to 1 μM 
B[a]P with or without 4 U/ml 
β-glucuronidase and cell 
medium was harvested after 
the time indicated. Cells 
exposed to DMSO and sodium 
acetate buffer were used as a 
vehicle control. All values are 
given as the means ± SEM (n=3 
per data point). Filled circle 
without β-glucuronidase, open 
circle with β-glucuronidase 
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However, a strong increase in DNA adduct levels from 5 adducts per 107 nucleotides at 
t=24 hours to 65 adducts per 107 nucleotides at 48 hours (P<0.0001), was found in 
β-glucuronidase-treated A549. This was not the case in the samples with B[a]P only. 
Consequently, at t=48 hours, B[a]P-DNA adduct levels were 1.4-fold higher in cells that 
were treated with β-glucuronidase compared to treatment with B[a]P only. In HepG2 
cells, the presence of β-glucuronidase resulted in 1.5-fold, 2-fold and 1.6-fold higher 
levels of B[a]P-DNA adducts at 6, 24 and 48 hours, respectively, compared to the 
samples that were treated with B[a]P only (P<0.05 at 48 hours). 

(a)                                         (c) 

       
(b)                                         (d) 

        

Figure 6. 32P-postlabelling analysis of DNA adducts level in HepG2 cells and A549 cells after exposure to 
B[a]P with or without β-glucuronidase. (a) HepG2 cells were exposed to 1 μM B[a]P with or without 10 
μg/ml β-glucuronidase and harvest after the times indicated. (b) A549 cells were exposed to 1 μM B[a]P 
with or without 4 U/ml β-glucuronidase and harvest after the times indicated. Data are expressed as 
number of B[a]P-DNA adducts per 107 nucleotides (n=5 for HepG2 cells and n=4 for A549 cells, mean ± 
SEM). (*p<0.05; ***p<0.001). Representative chromatograms obtained by 32P-postlabeling in HepG2 cells 
(c) and A549 cells (d). The adduct spot (arrow) that migrated during 2D-TLC to the same position as the 
major DNA adduct in a BPDE-DNA adduct standard was quantitated in all samples. Before 
phophorimaging of the TLC plates the origin located at the bottom left-hand corner was excised. 
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Potential mechanisms 

Can β-glucuronidase interact with B[a]P to prevent B[a]P from entering the cells? 

Since B[a]P metabolism seems to be delayed, we studied whether B[a]P could 
temporarily bind to β-glucuronidase, which could prevent B[a]P from entering the cell. 
We assumed that binding of B[a]P to β-glucuronidase would interfere with 
β-glucuronidase activity. Therefore, we assessed the β-glucuronidase hydrolysis of 
4MUgIA in the presence B[a]P (Fig 7). 10 μg/ml of β-glucuronidase and 1 μM B[a]P were 
mixed with different concentration of substrate (4MUgIA) at 37℃ for 10 hours. The 
addition of B[a]P lowered the changes in fluorescence units per hours compared to 
control. With increasing concentrations of 4MUgIA, the difference of the 

groups became larger. This difference was 
significant at 100 μM (p<0.01), 250 μM (p<0.05) and 500 μM (p<0.001) of 4MUgIA. The 
largest difference was observed at the highest concentration of 4MUgIA and was 
approximately 18% lower than control. In addition, we performed Michaelis-Menten 
equation to determine the Vmax and Km for both reactions. Although the Km in both 
reactions is same (0.07±0.01 µM and 0.07±0.01 µM for control and B[a]P treated, 
respectively), the Vmax in control is significantly larger than in the B[a]P treated sample 
(p<0.05). Therefore, we concluded that there is a noncompetitive inhibition reaction.  
 

 
Figure 7. The 4MUgIA assay was applied to assess the possibility of B[a]P to bind to β-glucuronidase. A 
total volume of 140 μl contained 0.1 M sodium-acetate buffer (pH 5.5), different concentration of 4MUgIA 
(e.g. 500, 250, 100, 50, 10 and 1 μM) and 4 U/ml β-glucuronidase with 1 μl of 200 μM B[a]P or 1 μl DMSO. 
The measurement of fluorescence (Relative Fluorescence Unit (RFU)) was performed for 10 hours at 37℃. 
B[a]P treated samples were compared with control at each concentration, respectively. (*p<0.05;**p<0.01; 
***p<0.001) 

Is the inhibitory effect of β-glucuronidase on CYP1A1 expression dependent on its 
activity?  

In order to gain further insight into the role of β-glucuronidase activity in influencing 
CYP1A1 expression, an β-glucuronidase inhibitor (D-saccharic acid 1,4-lactone 
monohydrate) was added to the B[a]P and β-glucuronidase incubations in A549 cells 
(Fig 8). A concentration of 100 μM fully inhibited β-glucuronidase activity (Fig 8a). As 
shown in Fig 8b, the presence of this inhibitor in incubations with B[a]P and 
β-glucuronidase did not change the inhibitory effect of β-glucuronidase on CYP1A1 
expression (0.13±0.03 and 0.08±0.01 in the absence or presence of inhibitor, 
respectively) at t=6 h. On the contrary, at t=24 h, the presence of this inhibitor 
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significantly lowered CYP1A1 expression when compared to cells that were exposed to 
B[a]P and β-glucuronidase without inhibitor (p<0.01).  

(a)                                                            (b)                                                     
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. (a) 4MUgIA assay was applied to assess the inhibition of β-glucuronidase by D-saccharic acid 
1,4-lactone monohydrate. A total volume of 140 μl contained 0.1 M sodium-acetate buffer (pH 5.5), 2 mM 
4MUgIA, 4 U/ml β-glucuronidase and different concentration of D-saccharic acid 1,4-lactone monohydrate 
(10 μM, 100 μM and 500 μM). 100 μM of D-saccharic acid 1,4-lactone monohydrate was used in the 
following incubation. (b) A549 cells were exposed to 1 μM B[a]P with or without β-glucuronidase, 
D-saccharic acid 1,4-lactone monohydrate for 6 and 24 hours. Cells exposed to 1 μM B[a]P and sodium 
acetate buffer was used as a control. All values are given as the means ± SEM (n=4 per data point). 
(*p<0.05;**p<0.01; ***p<0.001) 

Involvement of the Insulin-like growth factor 2/ mannose-6-phosphate pathway 

Extracellular enzymes like β-glucuronidase are known to bind to the 
Mannose-6-phosphate (M6P) receptor [33], which is also known as IGF2 receptor. The 
IGF2 receptor can be inhibited by high concentrations of M6P [34]. β-glucuronidase 
inhibited the induction of CYP1A1 expression by B[a]P at 6 hours of incubation to 
approximately 10% (Fig 9), whereas in the presence of M6P, β-glucuronidase was 
unable to inhibit CYP1A1 expression at 6 hours. As shown previously, β-glucuronidase 
significantly induced CYP1A1 expression at 24 hours when coincubated with B[a]P 
(p<0.01). CYP1A1 expression was still enhanced with additional M6P at 24 hours, but the 
changes in expression were less pronounced. 
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Discussion    

It remains to be established how the cellular response to B[a]P is affected by the 
presence of extracellular β-glucuronidase, which is released during inflammation. In this 
study, we demonstrated that β-glucuronidase initially (6 hours after exposure) inhibited 
gene expression of enzymes that are pivotal in B[a]P metabolism, including CYP1A1, 
CYP1B1 and UGT1A6. As a result, subsequent formation of B[a]P metabolites and the 
formation of B[a]P-DNA adducts was delayed in the presence of β-glucuronidase. 
However, at 24 hours of exposure, CYP expression was significantly enhanced in 
β-glucuronidase-treated cells, probably because more B[a]P remained unmetabolized 
and β-glucuronidase converted B[a]P derived glucuronide metabolites into active B[a]P 
metabolites. The higher concentration of active B[a]P metabolites continued to trigger 
the Ah-receptor for gene expression of CYP1A1 (in both cell lines) and CYP1B1 (in A549 
only). Consequently, the formation of active B[a]P metabolites and DNA adducts at t=24 
hours was further increased in β-glucuronidase-treated cells. Because of this delayed 
metabolism of B[a]P, DNA adduct levels could accumulate in cells that were treated with 
β-glucuronidase and peaked at 48 hours after the initial exposure.  
A recent study observed that increased B[a]P-DNA adduct levels in mice that were 
exposed to B[a]P and intranasally instilled with LPS (Arlt et al., 2015). As LPS can induce 
an inflammatory response and stimulate the release of β-glucuronidase from 
neutrophils [12, 35], we determined the β-glucuronidase activity in lung and liver 
tissues from these mice (Table 1). Indeed, β-glucuronidase activity was significantly 
enhanced in lung and BAL-fluid of all LPS-treated animals when compared to the control 
group. On the other hand, we found that the β-glucuronidase activity was significantly 
decreased in liver tissue 3 days after being intranasally instilled with LPS. LPS treatment 
results in the recruitment of neutrophils from the liver to the lung, which could explain 
the lower β-glucuronidase activity in the liver after LPS treatment [36]. The significant 
increase of β-glucuronidase activity in the lung samples by LPS treatment was 
approximately 4 U/ml, which we also subsequently used in our in vitro experiments. 
B[a]P is known to bind to the AhR which stimulates its own metabolism by inducing the 
expression of CYP1A1 and CYP1B1 [37]. CYP1A1 and CYP1B1 play an important role in 
both B[a]P activation and detoxification [38], and B[a]P metabolites are further 
detoxified by glucuronidation. β-glucuronidase will hydrolyse glucuronidated B[a]P 

Figure 9. RT-qPCR analysis of gene expression CYP1A1 in 
A549 cells after exposure to β-glucuronidase and B[a]P with 
the IGF2R inhibitor M6P. Cells were exposed to 1 μM B[a]P 
with or without 4 U/ml β-glucuronidase and with or without 
100 μM M6P. Cells were harvested after the times indicated. 
Cells exposed to B[a]P and sodium acetate buffer were used as 
vehicle control. All values are given as the means ± SEM (n=4 
per data point). (*p<0.05;**p<0.01; ***p<0.001) 
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metabolites and therefore increase the concentration of active B[a]P metabolites [22]. 
Higher concentrations of these B[a]P metabolites (e.g. B[a]P-7,8-diol and B[a]P-9,10-diol) 
enhance the expression of CYP1A1 and CYP1B1 [39, 40]. Therefore, we expected that 
addition of β-glucuronidase would increase CYP1A1 and CYP1B1 expression. However, 
we found that β-glucuronidase inhibited CYP expression shortly after B[a]P exposure (i.e. 
6 hours) in both A549 and HepG2 cells. This initial inhibition of gene expression by 
β-glucuronidase was independent of β-glucuronidase activity, because the 
β-glucuronidase inhibitor D-saccharic acid 1,4-lactone monohydrate did not change the 
results. Several studies report the binding of β-glucuronidase to insulin like growth 
factor 2 receptors (IGF2R), which are located in the cell membrane [41-43]. Moreover, 
IGF2 induced AhR in MCF-7 cells [44]. Therefore, we studied the involvement of IGF2R 
signaling by adding its inhibitor mannose-6-phosphate (M6P) and we found that the 
inhibitory effect of β-glucuronidase on CYP-expression was also blocked. Therefore, we 
suggest a connection between IGF2R as receptor of extracellular β-glucuronidase and 
intracellular AhR-signaling after B[a]P exposure.  
In addition, UGT1A6 can be induced by AhR ligands in order to detoxify reactive B[a]P 
derivatives [24]. UGT1A6 is an important enzyme for the detoxification of B[a]P 
metabolites and is predominantly located in human liver nuclear membranes [25, 45]. 
This could explain the different kinetics of expression of UGT1A6 between the two cell 
lines in this study. Hence, our mRNA expression data of UGT1A6 exhibited a similar 
pattern as CYP1A1 in HepG2 cells, but not in A549 cells. It is known that lung cells have a 
lower expression of UGT’s than liver cells [46], and therefore it was expected that the 
effects of β-glucuronidase on the metabolism of B[a]P would be more pronounced in the 
liver-derived HepG2 cells than in the lung-derived A549 cells. Indeed, B[a]P-DNA 
adducts were already higher in β-glucuronidase-treated HepG2 cells at t=24 hours, 
whereas in A549 cells an additional 24 hours was needed for further accumulation of 
DNA adducts. At the 24 h timepoint, the effects of β-glucuronidase on CYP expression 
were at least partly dependent on β-glucuronidase activity. Thus, we suggest that 
de-glucuronidated metabolites of B[a]P in combination with the higher concentrations 
of unmetabolized B[a]P, continued to trigger the Ah-receptor and the subsequent 
expression of CYP1A1 and CYP1B1. Therefore, our results indicate that there are two 
possible underlying mechanisms resulting in altered B[a]P metabolism and subsequent 
DNA adduct formation; 1. changes in gene-expression by IGF2 signalling and 2. 
de-glucuronidation of glucuronidated metabolites.  
Moreover, we studied whether B[a]P could temporarily bind to β-glucuronidase which 
would postpone B[a]P from entering the cell. Indeed, the presence of B[a]P decreased  
the capacity of β-glucuronidase to deconjugate 4MUgIA, suggesting an interaction 
between β-glucuronidase and B[a]P. However, this effect is unlikely to explain the 
present data, because the changes in β-glucuronidase activity by B[a]P are relatively 
small (<20%) and in our experiments B[a]P is added in excess. However, this interaction 
may become more relevant at sites of inflammation and low B[a]P exposure. 
Since CYP1A1 is considered to be the major enzyme for the activation and detoxification 
of B[a]P [20], our measured B[a]P metabolites, including B[a]P-7,8-diol paralleled the 
pattern of CYP1A1 expression in both cell lines (HepG2 and A549). In addition, it is 
known that inhibition of CYP1A1 decreased B[a]P-DNA adduct formation in vitro [47], 
but not in vivo [48]. However, we showed that with additional β-glucuronidase, the 
metabolism of B[a]P is delayed, which prolonged the effective exposure of cells to 
unmetabolized B[a]P, ultimately producing more toxic metabolites instead of excretable 
derivatives of B[a]P. A study using Cyp1a1(‒/‒) mice revealed that slower metabolic 
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clearance of B[a]P may indeed lead to greater formation of B[a]P-mediated DNA adducts 
[49].   
In summary, in this study we showed that β-glucuronidase alters the cellular response 
towards B[a]P by changing gene expression of CYP1A1 in both lung and liver derived 
cells, ultimately causing higher DNA adduct levels. Moreover, we identified that 
β-glucuronidase may bind to IGF2R, thereby delaying B[a]P metabolism. This study 
exemplifies the complexity of the effect of inflammation on B[a]P-induced 
carcinogenesis, which deserves further attention.  
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Abstract 

Chronic inflammation creates an acidic microenvironment, which plays an important 
role in cancer development. To investigate how low pH changes the cellular response to 
the carcinogen benzo[a]pyrene (B[a]P), we incubated human pulmonary epithelial cells 
(A549 and BEAS-2B) with non-toxic doses of B[a]P using culturing media of various pH’s 
(extracellular pH (pHe) of 7.8, 7.0, 6.5, 6.0 and 5.5) for 6, 24 and 48 hours. In most 
incubations (pHe 7.0-6.5) the pH in the medium returned back to the physiological pH 
7.8 after 48 hours, but at the lowest pH (pHe<6.0), this recovery was incomplete. Similar 
changes were observed for the intracellular pH (pHi). We observed that acidic conditions 
delayed B[a]P metabolism and at t=48 h, the concentration of unmetabolised 
extracellular B[a]P and B[a]P-7,8-diol was significantly higher in acidic samples than 
under normal physiological conditions (pHe 7.8) for both cell lines. Cytochrome P450 
(CYP1A1/CYP1B1) expression and its activity (ethoxyresorufin-O-deethylase activity) 
were repressed at low pHe after 6 and 24 hrs, but were significantly higher at t=48h. In 
addition, a DNA repair assay showed that the incision activity was ~80% inhibited for 6 
hours at low pHe and concomitant exposure to B[a]P. However at t=48 h, the incision 
activity recovered to more than 100% of the initial activity observed at neutral pHe. 
After 48 hours, higher B[a]P-DNA adduct levels and γ-H2AX foci were observed at low 
pH samples than at pHe 7.8. In conclusion, acidic pH delayed the metabolism of B[a]P 
and inhibited DNA repair, ultimately leading to increased B[a]P induced DNA damage. 

Keywords: acidic pH, benzo[a]pyrene, Cytochrome P450 (CYP1A1), DNA damage, NER 
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Introduction 

Acidic microenvironments have been found in tumors and in chronically inflamed 
tissues [1, 2]. During tumorigenesis, the main cause for the acidic microenvironment is 
anaerobic glycolysis, which produces acidic metabolites (e.g. lactic acid) [1]. Under 
chronic inflammatory conditions, the local extracellular pH can decrease to pH 5.5 or 
even lower, through release of acidic compounds by inflammatory cells, including 
hypochloric acid (HOCl) and by subsequent damaging of surrounding tissues. [3, 4]. 
Endogenous airway acidification is related to inflammation in for instance chronic 
obstructive pulmonary disease (COPD) patients, whose exhaled breath condensate pH is 
related to disease severity [5]. Many cancers are preceded and accompanied by 
inflammatory surroundings explaining partly the association between COPD and lung 
cancer [6, 7]. Inflammation may thus be a factor involved in initiation as well as 
progression of tumorigenesis [8]. Although the mechanism behind the development of 
both chronic inflammation and cancer is different, a common characteristic is an acidic 
microenvironment. At present there are few studies and thus little knowledge about the 
underlying mechanism of how a low pH can modulate DNA damage formation and 
subsequent tumorigenesis. Nonetheless, there are some studies that suggest that acidic 
pH can also change the response of cells to exogenous genotoxins, such as polycyclic 
aromatic hydrocarbons (PAH). For instance, acidic conditions promoted carcinogenesis 
in the hamster cheek pouch after exposure to the tumor initiator 
9,10-dimethyl-1,2-benzanthracene (DMBA) [9]. In addition, a combination of hypoxia 
and low pH diminished DNA repair and increased mutagenesis in mammalian cells [10]. 
Interestingly, a dose dependent inhibition of nucleotide excision repair (NER) was also 
reported after exposure of cells to HOCl, which is expected to lower the extracellular pH 
[11].  
Inhibition of NER capacity would result in accumulation of DNA damage after exposure 
to DNA damaging compounds such as PAH. One environmentally abundant PAH is 
benzo[a]pyrene (B[a]P) and human exposure to B[a]P is inevitable, since B[a]P is 
present in cigarette smoke, diesel exhaust, furnace burning of coal or oil and in food 
[12-14]. When B[a]P enters the cell, it binds to the aryl hydrocarbon receptor (AhR) and 
this leads to the up-regulation of cytochrome P450 isoforms CYP1A1 [15]. By inducing 
the expression of CYP1A1, B[a]P induces its own metabolism [16]. Eventually, B[a]P may 
be activated to the ultimate carcinogen B[a]P-diol epoxide (BPDE) which can covalently 
bind to DNA to form pro-mutagenic DNA adducts [17] (Fig 1). Interestingly, the majority 
of in vitro studies on B[a]P induced genotoxicity were conducted at neutral physiological 
pH (7.4-7.8). However, human exposure to B[a]P via cigarette smoke and air pollution is 
often characterized by inducing inflammation. Therefore, the combined effects of 
carcinogenic exposures with inflammation are worth studying.  
An acidic pH changes multiple characteristics of cells and the influence on the molecular 
events induced by B[a]P exposure are still unclear. In the current study, we focus on lung 
cells because the lung is probably one of the most vulnerable organs for exposure to 
both inflammation and B[a]P. Therefore, we incubated human adenocarcinoma cells 
(A549) and human bronchial epithelial cells (BEAS-2B) under different extracellular pH 
conditions with B[a]P and we investigated whether acidic pH can alter metabolic 
enzyme activity, B[a]P metabolite formation, DNA repair and ultimately B[a]P induced 
DNA damage.  
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Figure 1. General B[a]P metabolism pathway and the role of low pH/acidic microenvironment. This figure 
is adapted from Shi et al. [18] with some modifications. 

Materials and Methods 

Cell culture and treatment 

A549 cells (human epithelial lung carcinoma cells) and BEAS-2B cells (human bronchial 
epithelium cells) were purchased from the American Tissues Culture Collection (ATCC, 
Rockville, MD, USA) and were authenticated by ATCC using short tandem repeat 
profiling (www.atcc.org/STR%20Database.aspx). A549 cells were cultured in RPMI 
1640 Medium (Sigma-Aldrich) supplemented with 5% heat inactivated fetal calf serum 
(FCS, Gibco Invitrogen, Breda, The Netherlands) and 1% penicillin/streptomycin (Sigma) 
in T75 flasks. BEAS-2B cells were cultured in Dulbecco’s Modified Eagle Medium/F-12 
Nutrient Mixture (Ham) (DEME/F-12, Gibco, Carlsbad, CA, USA) supplemented with 10% 
heat inactivated fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (Sigma) 
in T75 flasks. All cells were cultured under a humidified atmosphere containing 5% CO2 
at 37 ℃ and passages between 15 and 30 were used. Cells were routinely screened for 
mycoplasma contamination by a Mycoplasma Detection Kit (InvivoGen, The 
Netherlands). Different pH in media (pH 5.5, 6, 6.5, 7 and 7.8) were achieved by adding 1 
N HCl to the medium. All chemicals were purchased from Sigma-Aldrich unless stated 
otherwise. All cells were cultured with different pH media and 1 μM B[a]P, which was 
dissolved in DMSO (final concentration did not exceed 0.5%). After 6, 24 and 48 hours 
treatment, the medium were harvested and cells were collected as pellets, and all 
materials were stored at -20℃ until further analysis.   

Measurement of cell cytotoxicity and viability 

Cytotoxicity of different pH media and B[a]P were evaluated by using the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) colorimetric 
assay described by Mosmann [19]. Briefly, cells were plated into 96-well plates (Costar, 
Cambridge, MA) at 1×104 cells/100 μl medium and cultured for 2 days. At confluence, 
cells were exposed to different pH media (pH 5.5, 6, 6.5, 7 and 7.8) and 1 μM B[a]P for 6, 
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24 and 48 hours. After incubation, all cells were washed with 100 μl 37 ℃ Hank’s 
balanced salts (HBSS) and MTT (0.5 mg/ml), which was dissolved in phosphate buffered 
saline (PBS), was added. Cells were incubated in the dark at 37 ℃ for 1 hour. Then, 
solutions were removed and formazan crystals were dissolved in 200 μl DMSO for 30 
min at room temperature. Finally, absorption was measured by using a microplate 
reader at 540 nm (Biorad, Veenendaal, The Netherlands) and the cell viability was 
expressed as percentage of control (i.e. ‘physiological’ pH 7.8).     
Since acidic pH might influence the results of the MTT assay [20], we additionally 
performed a Trypan blue exclusion test as an additional cell viability indicator. Briefly, 
cells were cultured in 24-well plates (Costar, Cambridge, MA) at 1×105 cells/500 μl 
medium and cultured for 2 days. As described above, cells were treated with different 
pH media and 1 μM B[a]P for 6, 24 and 48 hours when the cells in each well reached to 
90% confluence. After harvesting the cells, cells were re-suspended in 1 ml warm HBSS. 
A total volume of 1 ml contained 0.5 ml of 0.4% trypan blue solution with additional 0.3 
ml of HBSS and 0.2 ml of the cell suspension. The cell viability was presented as 
percentage of the ratio of total cells (stained and unstained) divided by total viable cells 
(unstained) × 100.   

Cell proliferation 

Cells were cultured in 6-well plates (Costar, Cambridge, MA) at 1.2×106 cells/3 ml in 
different pH media (pH 5.5, 6, 6.5, 7 and 7.8)  for 2 days. After trypsinization, cells were 
collected and re-suspended in 1 ml warm HBSS. Ten μl of cell suspension was 
transferred to a hemacytometer to microscopically count the cells. Each well was 
counted twice.  

Extracellular and Intracellular pH measurement 

Extracellular pH (pHe) in media was measured with a pH meter (HI 2210, HANNA, 
Australia). The medium (with and without cells) at each time point was collected and the 
pH was measured immediately in an aliquot of 4 ml. For intracellular pH (pHi) 
measurement, 1×104 cells/200 μl medium were incubated in 96-well plates. When the 
cells reached 70-80% confluency, the attached cells were loaded with the pHi-sensitive 
fluorescent dye 2′,7′-bis(2-carboxyethyl)-5,6- carboxyfluorescein acetoxymethyl ester 
(BCECF-AM) by incubation with 5 μM of the cell-permeant dye BCECF-AM for 30 min. 
The loaded cells were washed two times to minimize extracellular BCECF. After that, 
cells were cultured with different pH media (pH 7.8, 7.0, 6.5, 6.0 and 5.5) for 6, 24 and 48 
hours. Fluorescence was measured using a spectrofluorometer (Spectra max m2, MDS, 
CA) at 37℃ and with excitation wavelength pairs of 505/439 nm and an emission 
wavelength of 535 nm for 10 min. The ratio of fluorescence of BCECF at 505-439 nm is 
considered as the function of pHi [21].  
The pH calibration curve was obtained as described by Lo et al. [22], by incubation of 
BCECF-loaded cells with additional depolarizing buffer containing the proton ionophore 
nigericin (10 μM) for 10 min; under this condition the pHi is equal to the pH of the 
medium. The pH medium was made from 50 mM Tris-HCl buffer and titrated from 7.8 to 
5.5 by additions of 1M HCl, respectively. The final added volume of acid solution is less 
than 2% of total volume and this amount was unlikely to create an osmotic effect. The 
pH calibration curve was constructed from four independent sets of data. The ratio of 
the fluorescence at the dual excitation wavelengths (505 and 439 nm) were converted 
into pHi.  
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HPLC fluorescence analysis of B[a]P metabolites 

B[a]P and its metabolites were extracted and identified as described by Schults et al. 
[23]. Briefly, 5 ml of cell medium was mixed by 1 ml of ethyl acetate for 20 min, followed 
by centrifugation (10 min, 980g). The top layer was transferred to a new tube and 
evaporated under nitrogen. Finally, the evaporated residue was redissolved in 0.5 ml 
methanol and analyzed by HPLC-FD using a Gynkotek P580A HPLC system (Separations 
Analytical Instruments, Hendrik-Ido-Ambacht, The Netherlands) consisting of a Spark 
SP830 autosampler (Spark Holland, Emmen, The Netherlands) with a Perkin Elmer 
LS-30 programmable fluorescence detector (Perkin Elmer, Foster City, CA, USA) 
operated at excitation/emission wavelengths 257/350 nm. A standard mix that 
contained 50 ng/ml of B[a]P-9,10-diol, B[a]P-7,8-diol and 3-OH-B[a]P (Midwest 
Research Institute, Kansas City, MO, USA) were injected for quantitation purposes.   

Real-time Quantitative PCR 

For investigating CYP1A1 and CYP1B1 gene expression, cell pellets were collected after 6, 
24 and 48 hours incubation. Total RNA was isolated and purified by using the RNeasy® 
Mini Kit (Qiagen Westburg, Leusden, The Netherlands) in combination with DNase 
treatment (Qiagen). cDNA was prepared by using the iScriptTM cDNA Synthesis kit 
(BioRad, CA, USA), strating with 500 ng of RNA. cDNA was 10x diluted in water before 
use in the RT-PCR reaction. The reaction was conducted using a Biorad MyiQ iCycler 
Single Color RT-PCR detection system using iQTM SYBR® Green Supermix (BioRad), 5 μl 
diluted cDNA and 0.3 μM β-actin, GAPDH, CYP1A1 or CYP1B1 primers (for specific 
sequence see [23, 24]) in a total volume of 25 μl. The PCR reactions were started by 
denaturation at 95 ℃ for 3 min, followed by 40 cycles of 95℃ for 10 sec and 55 ℃ for 45 
sec. The PCR efficiency of all primer sets were assessed by the use of cDNA dilution 
curves and melt curves (55-95℃). Data were analyzed by using MyiQ Software system 
(BioRad) and were expressed as relative gene expression (fold change) using the 2-ΔΔCt 
method [25]. The Ct-value of the house-keeping gene β-actin and GAPDH were calculated 
for all samples and used as reference Ct-value. Since the expression Ct-value of β-actin is 
more close to our target genes, the final results are displayed as compared to 
house-keeping gene β-actin.    

Measurement of EROD activity 

Ethoxyresorufine-O-deethylase (EROD) assay was used to assess the CYP1A1 activity in 
cells as described by Burke and Mayer [26] with modifications. Briefly, BEAS-2B and 
A549 cells were cultured in 96-well plate and treated with different pH and 1μM B[a]P 
for 6, 24 and 48 hours. After that, all cells were incubated with reaction mixtures which 
contained in the final volume (100 μl): Tris-HCl buffer (pH 7.4), 0.5 mM nicotinamide 
adenine dinucleotide phosphate (NADPH), 1.0 mg/ml Bovine Serum Albumin (BSA) and 
5μM 7-ethoxyresorufin (dissolved in DMSO). The reaction was initiated by adding 
NADPH. The formation of fluorescent resorufin was measured in a thermostated plate 
reader (Spectra max m2, MIDS, CA) at 37℃ and 535/590 nm excitation/emission 
wavelengths for 10 min. The results were calculated based on the resorufin standard 
curve and presented as RFU/min.  
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Measurement of DNA incision activity 

A modified comet assay was performed to assess the DNA repair activity as described by 
Langie et al. and Azqueta et al. [27-29]. This method specifically measures the DNA 
damage recognition and DNA incision step of nucleotide excision repair. A549 cell 
suspensions were diluted 1:4 in 0.5% low melting point agarose and added to 
microscopic slides which were pre-coated with a layer of 1.5% normal melting point 
agarose and put at 4℃ for 45 min. Subsequently these cells were lysed overnight in cold 
(4℃) lysis buffer (2.5 M NaCl, 0.1 M EDTA, 10 mM Tris, 0.25 M NaOH, pH 10, 1% Triton 
X-100 and 10% DMSO). After that, the cells were washed with cold phosphate buffered 
saline (PBS) and exposed to either 1 μM BPDE (NCl Chemical Carcinogen Reference 
Standard Repository, Mid-west Research Institute, Kansas City, MO, USA) or DMSO for 
30 min on ice.  
Cell extracts were prepared from the cultured A549 and BEAS-2B cells with B[a]P and 
different pH media after 6, 24 and 48 hours, and the method as developed by Langie et al. 
[27] was used. Briefly, cells were trypsinized and diluted to a final concentration of 
5×106 cells/ml HBSS. Then, the cell suspensions were centrifuged at 14,000 rpm (20,800 
g) for 5 min and the pellets were immediately resuspended in 50 μl buffer A (45 mM 
HEPES, 0.4 M KCl, 1 mM EDTA, 0.1 mM dithiothreitol, 10% glycerol, and adjusted to pH 
7.8 using KOH) per 5×106 cells. All aliquots were snap frozen in liquid nitrogen and 15μl 
of buffer B (1% Triton X-100 in buffer A) was added to each 50 μl aliquot. Then all the 
aliquots were centrifuged at 11,000 rpm at 4℃ for 5 min and the supernatant was used 
as protein extract. The protein concentration in the supernatant was determined by the 
BIO-RAD DC Protein Assay Kit (BIO-RAD, Veenendaal, The Netherlands) using bovine 
serum albumin (BSA) as external standard. Finally, 1 mg/ml of protein extracts were 
used for repair assay and stored at -80℃.  
To assess the in vitro repair capacity, 50 μl of protein extracts were added onto either 
DMSO exposed or BPDE exposed gel-embedded nucleoids and incubated for 20 min at 
37℃. Subsequently, the slides were further processed according to the conventional 
comet assay as described by Collins [30]. The slides were stained with ethidium bromide 
(10 μg/ml) for 10 min and the comets were visualized using a Zeiss Axioskop 
fluorescence microscope. All the samples were tested in two independent incubations 
within each single experiment in at least 2 independent experiments. For each slide, 50 
cells were analyzed randomly using the Comet assay III software program (Perceptive 
Instruments, Haverhill, UK). The DNA incision activity of the cell extracts were calculated 
by the tail moment (median of the value) in the BPDE modified nucleoids versus the 
DMSO treated nucleoids. The final DNA incision activity was obtained according to the 
calculation made by Langie et al. [27].   

32P-postlabelling of B[a]P-DNA adducts 

After cells were collected, DNA was isolated from cells using a 
phenol-chloroform-isoamylalcohol extraction procedure as described earlier by Schults 
et al. [31]. The DNA adduct level were determined according to the nuclease P1 
enrichment technique as described by Reddy and Randerath [32] with some 
modifications described by Godschalk et al. [33]. Two BPDE-DNA standards with known 
adduct levels (1 adduct/106 and 1 adduct/107 normal nucleotides) were used in all 
experiments and analyzed in parallel for quantification purposes. The quantification was 
conducted by using Phosphor-Imaging technology (Fujifilm FLA-3000, Rotterdam, The 
Netherlands).  
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Histone protein H2AX phosphorylation assay (γH2AX) 

DNA double-stranded breaks (DSBs) and blocked replication forks lead to the 
phosphorylation of histone protein H2AX on serine 139 [34]. We performed a γH2AX 
staining to investigate the DNA damage by the procedure as previously described by 
Mariotti et al. [35] with some modifications. Briefly, after treatment with various pH and 
B[a]P at different timepoints, A549 cells were fixed in 2% formaldehyde for 20 min at 
room temperature. After fixation cells were permeabilized with 0.5% Triton X-100:PBS 
for 20 min at 4°C and then blocked with 2% BSA and 0.5% Tween-20 in PBS. Cells were 
then stained with anti-γH2AX antibody (Upstate via Merck Millipore) overnight at 4°C 
and the use anti-mouse Alexa fluor 488 secondary antibody (Life Technologies) for 1 
hour at 37 ºC. Coverslips were mounted with VESTASHIELD® Mounting Medium 
containing DAPI, to counterstain cellular nuclei. γH2AX stained cells were scored 
manually by a digital fluorescent microscope with 100X objective and the average 
number of positive cells was calculated from a minimum of 100 cells per dose/time 
point. Experimental data present the average of 4 independent experiments.  

Statistical analysis 

Data are expressed as the mean ± standard error of the mean (SEM). GraphPad Prism 6 
was used for statistical analysis. To assess the statistical significances between each 
incubation, a one-way analysis of variance test (ANOVA) with Bonferroni post-hoc 
multiple comparison correction was used. To compare 2 groups, Student’s test was 
performed. Differences were considered to be statistically significant when p<0.05. 
Correlations between the different variables were investigated using nonparametric 
spearrmen bivariate correlation analysis in the SPSS (v. 20.0) software package.  

Results 

Cell viability and cell proliferation rate 

The results of the MTT assay were presented as a percentage of the results obtained for 
‘physiological’ pH (i.e. pH of unmodified culture medium; pH 7.8). For A549 cells, MTT 
results demonstrated that although there is some toxicity at pH<7 at various time points, 
these differences were not statistically significant when compared to their respective 
controls (Table 1). Furthermore, the results of the trypan blue exclusion assay for A549 
cells indicated that the cell viability was above 93% at all time-points.  
MTT results were different for BEAS-2B cells (Table 1), essentially showing that 
BEAS-2B were more sensitive for low pH conditions: At t=6 h, the viability significantly 
dropped at lower pH with approximately 20% at pH 7, to 45% at pH 5.5. The viability 
further declined in a pH dependent manner after 24 hours incubation. However, at t=48 
h, the viability for each condition improved by ca. 10%-15%, except for pH 5.5. The 
results obtained by the trypan blue assay demonstrated a similar pattern as obtained 
with the MTT assay. At t=6 h, the cell viability was above 94% for all conditions, but after 
24 hours incubation, exposure to pH<6.5 resulted in significantly decreased cell viability. 
At pH≥6,5, all samples showed a viability above 92%. Again, at t=48 h, cell viability 
slightly recovered to 65% for pH 6, but further decreased to 44% for pH 5.5. Therefore, 
for BEAS-2B, only pH≥6.5 were used for all subsequent experiments. pH did not 
influenced the cell proliferation rate. 
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Table 1: Cell viability test based on MTT assay and Trypan blue after incubated A549 cells and BEAS-2B 
cells for 6, 24 and 48 hours under combination of both 1 μM B[a]P with different pH (pH 7.8, 7, 6.5, 6 and 
5.5) mediums. Results of MTT are expressed as percentage of pH 7.8. Results of trypan blue are presented 
as survival rate (total live cells/total cells). All the value is presented as mean % ± SEM, n=6. 

Methods Time (h) pH 7.8 pH 7 pH 6.5 pH 6 pH 5.5 

  A549 cells 

MTT assay 

6 100±1.2 92.1±5.7 91.0±3.9  93.4±4.8 95.6±5.2 

24 100±5.3 90.7±8.9 95.5±4.6 88.3±3.6 87.7±5.4 

48 100±5.1 83.5±8.2 98.9±1.2 95.5±3.8 95.1±3.3 

  BEAS-2B cells 

 

6 100±8.6 80.4±7.8** 79.3±5.5** 66.9±3.2*** 55.5±3.8*** 

24 100±17.2 56.6±14.1*** 53.3±6.5*** 40.8±9.2*** 31.5±5.9*** 

48 100±6.2 71.3±1.9*** 63.5±6.8*** 55.1±7.1*** 4.5±0.3*** 

  A549 cells 

Trypan blue 

6 98.0±1.2 95.6±3.0 95.1±1.4 96.5±0.8 93.7±2.8 

24 98.3±1.2 97.7±0.1 97.9±1.5 95.5±3.9 94.1±1.0 

48 98.9±0.7 97.7±1.9 96.2±2.8 94.4±3.8 98.4±1.3 

  BEAS-2B cells 

 

6 95±0.1 97±0.1 98±0.1 96±0.1 94.3±1.2 

24 96±2 96.3±1.5 92.3±1.5* 59.7±1.2*** 54.7±3.2*** 

48 96.3±0.6 94.7±1.2 93.3±1.5* 65.3±0.6*** 34±3*** 
*p<0.05 
**p<0.01 
***p<0.001 

Intracellular and extracellular pH measurement 

The normal pH range for A549 cell culture medium is between 7.4-8.0 and for BEAS-2B 
between 7.2-7.8. After lowering the extracellular pH (pHe), the pHe at least partially 
recovered after 6 hours incubation in all A549 cell samples (Fig 2A). The samples of pHe 
7 and pHe 6.5 were raised again to a normal pH range (pH 7.8 and pH 7.6 respectively) 
after 6 hours incubation and samples maintained this pHe after 48 hours. However, for 
the relatively low pHe samples (pHe 6 and pHe 5.5), the pHe was not fully restored to 
normal pH. After 6 hours incubation; the pHe for the samples that had an initial pHe of 6 
and 5.5, increased to pH 7.0 and pH 6.5, respectively. pHe of these samples only slightly 
further restored after 48 hours incubation to pH 7.2 and pH 6.6, respectively. Similar to 
A549 cells, the extracellular pH in all BEAS-2B cells sample were raised after 6 hours 
incubation (Fig 2B). The samples with pHe 7.8 remained their extracellular pH and the 
extracellular pH of samples with an initial pHe 7 and pHe 6.5 increased to pH 7.2 and pH 
6.9, respectively. At t= 24h, the extracellular pH of pHe 6.5 partially restored to pH 7. 
After 48 hours incubations, all samples’ pH reached pH 7.1-7.2. Furthermore, in order to 
confirm that the restored pH is an effect of the presence of cells, two pH media (RPMI pH 
7.8 and pH 5.5; DMEM pH 7.8 and pH 6.5) without cells were cultured under the same 
conditions. Fig 2A and 2B show that the pH of the medium is not able to restore without 
the presence of cells. 
The intracellular pH (pHi) of A549 cells changed in time in accordance with their 
extracellular pH, (Fig 2C) and consequently, pHe and pHi correlated very well (R2=0.87, 
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p<0.0001, Fig 2E). With increasing incubation time, the pHi restored to the ‘physiological’ 
pH range (pH 7.4-8.0), but only in those samples in which the initial pHe at t=0 was 
above 6.5. For instance the pHi of the samples with an initial pHe of 6.5, increased to pHi 
7.4 and pHi 7.6 at respectively t=6 and 24 hours. However, at low initial pH (pHe 6 and 
5.5), the pHi remained lower than in untreated cells with pHi 7.3 and pHi 7.0, 
respectively. At t = 48 h, the recovery of pHi of the lowest pHe sample (pH 5.5) only 
reached to pHi 7.0.  
For BEAS-2B cells the results were essentially similar; the pHi changes in time generally 
in line with the respective pHe with a good correlation between both parameters (Fig 2D 
and 2F, R2=0.59, p<0.05). After 6 hours incubations, all samples’s pHi restored to pH 
above 7 (pH 7.3 for pHe 7.8, pH 7 for both pHe 7 and pHe 6.5, respectively). At t=24 and 
48 hours, the pHi in all samples were within the BEAS-2B “physiological” pH range 
(7.2-7.8).   

(A)                                           (B) 

 
(C)                                            (D) 

 
(E)                              (F)      

 

Figure 2. Measurements of pHe and pHi (mean ± SEM, n=4 for pHe and n=8 for pHi). (a) and (b) Changes in 
extracellular pHe in A549 and BEAS-2B cell culture medium (with and without cells) after 6, 24 and 48 
hours (w/o= without), respectively; (c) and (d) Changes in intracellular pHi in A549 and BEAS-2B cells 
after 6, 24 and 48 hours, respectively; (e) and (f) correlation between pHe and pHi in A549 and BEAS-2B 
cells, respectively. 
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B[a]P and B[a]P metabolites 

Three important extracellular B[a]P metabolites, B[a]P-9,10-dihydrodiol 
(B[a]P-9,10-diol), B[a]P-7,8-dihydrodiol (B[a]P-7,8-diol) and 3-hydroxy-B[a]P 
(B[a]P-3-OH), and unmetabolized B[a]P were measured in order to determine how 
changes in pH affect the metabolism of B[a]P (Fig 3, for detail metabolites data see 
Supplement Table 1). In A549 cell with decreased pHe, the extracellular B[a]P-7,8-diol 
levels after 6 hours of incubation were significantly lower compared to the normal pH 
(pH 7.8) with decreases of ~34% (pH 7, p<0.001), ~31% (pH 6.5, p<0.01), ~69% (pH 6, 
p<0.001) and ~97% (pH 5.5, p<0.001), respectively. After 24 hours, the concentration of 
B[a]P-7,8-diol was still lower in those samples whose pH was decreased, except at the 
lowest pHe (pH 5.5). At t=48 h, the B[a]P-7,8-diol levels in samples with an initial pHe 5.5 
kept increasing to 101 nM, which was 1000-fold higher than its concentration at pH 7.8. 
On the other hand, the B[a]P-7,8-diol levels in the other samples declined over time to 
1.4-0.1 nM after 48 hours incubation; the concentration at t=48 hours is pH dependent. 
Extracellular concentrations of B[a]P-9,10-diol and B[a]P-3-OH (Fig 3A and 3E) 
displayed a similar pattern as the concentration of B[a]P-7,8-diol. The extracellular 
metabolite concentrations were lower at pHe 5.5 at t=6 h. However, at t=48 h, the 
concentration of B[a]P-9,10-diol and B[a]P-3-OH at pHe 5.5 were 336-fold and 9-fold 
higher than the concentrations observed at pHe 7.8, respectively.  
The extracellular metabolites level (B[a]P-9,10-diol, B[a]P-7,8-diol and B[a]P-3-OH) in 
BEAS-2B cells displayed a similar patterns as in A549 cells but the effects were already 
seen at a non-cytotoxic extracellular pH of 6.5 (Fig 3). After 6 hours incubation, the 
concentration of B[a]P-7,8-diol in pH 7 (p<0.05) and pH 6.5 (p<0.001) were significantly 
lower than at pHe 7.8, respectively. At t=24 h, the level of B[a]P-7,8-diol in pHe 7.8 
decreased about 69% when compared to its level at t=6, whereas the concentration of 
B[a]P-7,8-diol in the samples with pHe 7 and pHe 6.5, increased approximately 1.7-fold 
and 3.4-fold, respectively. At t=48 h, the B[a]P-7,8-diol levels at pH 7 (p<0.001) 
decreased to 22.7 nM, but was still significantly higher than at pHe 7.8. The 
B[a]P-7,8-diol concentration at pHe 6.5, kept increasing in time to 111 nM and was 
ultimately 48-fold higher than at pHe 7.8. Extracellular B[a]P-9,10-diol and B[a]P-3-OH 
(Fig 3B and 3F) levels were initially significantly lower at pHe 6.5 compared to pHe 7.8 at 
t=6 h, ≈54% (p<0.001) and ≈65% (p<0.001), respectively. However, at t=24 h, 
concentrations of both metabolites further increased at pHe 6.5 but decreased in pHe 7.8. 
Consequently, at t=48 h, both metabolites were 3.1-fold and 2.8-fold higher at pHe 6.5 
than at pHe 7.8, respectively. 
The extracellular kinetics of unmetabolized B[a]P is indicative for the rate of metabolism 
of B[a]P under each pH condition (Fig 3G and 3H). In A549 cells, the level of 
metabolized B[a]P in time was reduced with decreasing pHe, eventually reaching a >50 
fold difference when pHe 5.5 was compared with pHe 7.8 (p<0.001).  The concentration 
of unmetabolized B[a]P was pH dependent (R2=0.71, p=0.074). In BEAS-2B cells, the 
level of extracellular unmetabolized B[a]P showed a similar pattern as for A549 cells; 
the concentration of unmetabolized B[a]P was significantly higher at low pH than at 
neutral pH in a pH dependent manner (R2=0.68, p=0.0009).    
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                    A549                                           BEAS-2B 
(A)                                                (B)          

 
(C)                                                 (D) 

 
(E)                                                 (F)     

 
(G)                                                 (H) 

 
Figure 3. A549 and BEAS-2B cells were treated with 1µM B[a]P and incubated at the indicated pHe for 6, 
24 and 48 hours. The left column represents data from A549 cells and the right column from BEAS-2B 
cells. The extracellular concentrations of B[a]P-9,10-diol ((a) and (b)); B[a]P-7,8-diol ((c) and (d)); 
B[a]P-3-OH ((e) and (f)); and B[a]P ((g) and (h)) were measured at the indicated time points. Data are 
presented as mean ± SEM, n=4 independent experiment. The results of statistical analysis are included in 
supplemental Table 1. 
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CYP1A1 and CYP1B1 gene expression and EROD activity 

To determine whether the activity of the main cytochrome P450 enzyme that is involved 
in B[a]P metabolism was altered by decreased pH in cells, we assessed the mRNA 
expression of CYP1A1 and CYP1B1 and EROD activity as a indicator of CYP1A1 activity 
for both A549 (Fig 4A, 4C and 4E) and BEAS-2B (Fig 4B, 4D and 4F) cells. In A549 cells 
(Fig 4A), CYP1A1 expression decreased to 48% (pH 7, p=0.0002), 34% (pH 6.5, 
p=0.0002), 33% (pH 6, p=0.0001) and 20% (pH 5.5, p<0.0001) compared to pH 7.8 
when exposed to B[a]P for 6 hours, respectively. However, the pH dependent trend 
converted after 24 hours in such a way that CYP1A1 expression was now up-regulated as 
the initial pH decreased. When compared to pH 7.8 with B[a]P at t=24 h, the CYP1A1 
expression at pH 7, pH 6.5, pH 6 and pH 5.5 were 1.3-fold, 1.3-fold, 1.3-fold and 5-fold 
(p=0.0025) increased, respectively. This trend remained after 48 hours incubation and 
the lowest pH (pH 5.5) showed a significant induction of CYP1A1 (12.9-fold, p<0.001) 
compared to pH 7.8 with B[a]P. For the mRNA expression of CYP1A1 in BEAS-2B cells, a 
similar pattern as described for A549 cells was observed but less pronounced (Fig 4B). 
At t=48 h pHe=6.5, the CYP1A1 expression was decreased in A549 cells but kept 
increasing in BEAS-2B cells.  
Figures 4c and 4d indicate the changes of CYP1B1 gene expression after incubation with 
B[a]P under various pH conditions for 6, 24 and 48 hours in both A549 and BEAS-2B 
cells, respectively. The CYP1B1 mRNA expression changes in A549 cells were similar to 
the changes seen for CYP1A1 gene expression. At t=6 h, an 19-fold increasing of CYP1B1 
mRNA expression was observed after treatment with 1μM B[a]P at pH 7.8. Meanwhile, a 
significantly pH-dependent decrease of CYP1B1 gene expression was found when 
compared to pH 7.8, and the CYP1B1 mRNA level at the lowest pHe (pHe 5.5) was 42% of 
pH 7.8 (Fig 4C). After 24 hours incubation, the CYP1B1 mRNA level decreased at neutral 
pH. Although the CYP1B1 mRNA expression also decreased for the rest of pH samples 
(except pH 5.5), the trend was a pH-dependent increase when compared to pH 7.8. The 
CYP1B1 mRNA level in samples with initial pHe 5.5 was about 8-fold higher than at pH 
7.8 at t=24 h. Additionally, at t=48 h, the CYP1B1 mRNA levels were back to basal level in 
most samples, except for samples with pH 5.5, in which the expression remained 8.7-fold 
increased compared at pH 7.8. For BEAS-2B cell, the expression of CYP1B1 showed a 
slightly different trend when compared to CYP1A1 gene expression at t=6 h. The CYP1B1 
gene expression at pH 7 and pH 6.5 demonstrated 1.7-fold and 1.8-fold higher levels 
than at pH 7.8, respectively (Fig 4D). At t=24 h and t=48 h, the CYP1B1 mRNA levels at 
both pH 7 and pH 6.5 remained significantly higher than at pH 7.8, eventually, pH 6.5 
displayed 3.3-fold higher CYP1B1 gene expression after 48 hours incubation when 
compared to samples that were incubated at pH 7.8.               
The EROD activity as an indicator of CYP1A1 activity was measured under different pH 
conditions for 6, 24 and 48 hours for both A549 and BEAS-2B cells (Fig 4E and 4F). The 
results of the EROD activity paralleled the results of CYP1A1 expression for both cell 
lines. In A549 cells at t=6 h, the low pH treatment resulted in significantly lower EROD 
activity (pH 6.5, p<0.05; pH 6, p<0.001 and pH 5.5, p<0.001, respectively) when 
compared to pH 7.8, but at t=24 hours, the EROD activity in low pH and B[a]P treated 
samples showed significantly higher activity (pH 6, p<0.001 and pH 5.5, p<0.001) when 
compared to pH 7.8. After 48 hours incubation, although the EROD activity was 
decreased in all samples, the activity in the low pHe treated samples remained higher 
than at pH 7.8 (see Fig. 4c, pH 6, p<0.01 and pH 5.5, p<0.001). The EROD activity in 
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BEAS-2B cells displayed similar trends and corresponded to the CYP1A1 gene 
expression.  

(A)                                           (B) 

 
(C)                                           (D) 

 
(E)                                            (F)            

 
Figure 4. A549 and BEAS-2B cells were treated with 1µM B[a]P and incubated at the indicated pHe for 6, 
24 and 48 hours. CYP1A1 mRNA expression level was assessed in A549 cells (a) and BEAS-2B cells (b) by 
qRT-PCR. CYP1B1 mRNA expression level was assessed in A549 cells (c) and BEAS-2B cells (d) by 
qRT-PCR. All data were normalized with the house keeping gene (β-actin) and compared to controls (A549 
cells and BEAS-2B cells incubated with DMSO for 6 hours) and expressed as mean ± SEM, n=4; CYP450s 
activity (CYP1A1 activity) was measured by an EROD assay in A549 cells (e) and BEAS-2B cells (f). Data 
are presented as relative fluorescence units/min (RFU/min) and expressed as mean ± SEM, n=5. Statistical 
comparison was performed between each pH conditions (pH 7, 6.5 6 and 5.5) with pH 7.8 at each time 
point. *p<0.05, **p<0.01 and ***p<0.001. 

pH dependency of DNA incision activity 

DNA adduct levels are the net effect of DNA adduct formation and removal by DNA 
repair. Therefore, the impact of acidic pH on DNA incision activity in both cell lines 
(A549 and BEAS-2B) was assessed (Fig 5). In A549 cells, at t=6 h, a markedly reduced 
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DNA incision activity was observed at lowered pHe.; approximately 25% (pH 6.5, 
p<0.001), 11% (pH 6, p<0.001) and 20% (pH 5.5, p<0.001) of DNA incision activity 
remained when compared to pH 7.8. After 24 hours incubation, the DNA incision activity 
in the majority of samples (except pH 7) partly recovered, but at low pHe the DNA 
incision activity remained lower than at pH 7.8 (pH 6, p<0.001 and pH 5.5, p<0.01). 
Interestingly, at t=48 h, the DNA incision activity fully recovered to more than 100% 
compared to pH 7.8 for all the samples, including pH 7 (121%, p<0.01), pH 6.5 (115%, 
p=0.065), pH 6 (135%, p<0.001) and pH 5.5 (110%, p=0.062). For BEAS-2B cells, 
although there were only three pH condition (pH 7.8, pH 7 and pH 6.5) tested, a similar 
trend as for A549 cells was observed (Fig 5B). At t=6, when compared to pH 7.8, a 
strong decreased DNA incision activity was found at pH 7 (decrease of 45%, p=0.14) and 
pH 6.5 (decrease of 77%, p<0.05). After 24 hours incubation, for both pH 7 and pH 6.5, 
the DNA incision activity was slightly raised but remained lower than at pH 7.8 (but not 
statistically significant). At t= 48h, for both pH 7 and pH 6.5, the DNA incision activity 
was significantly increased to 1.6-fold (p<0.05) and 2.8-fold (p<0.01) higher than at pH 
7.8, respectively.  

(A)                                       

 
(B) 

 

pH dependent levels of B[a]P-DNA adducts  

As shown in Fig 6A, incubation of A549 cells with different pHe in combination with 
B[a]P initially resulted in significantly lower DNA adduct levels as the pHe decreased (pH 
6, p<0.05 and pH 5.5, p<0.001). After 24 hours of incubation, the B[a]P-DNA adduct 
levels were increased for all samples, but DNA adduct levels increased predominantly in 
the samples that were treated at pH 6 (p<0.05). At t=48 h, the DNA adduct levels 
decreased in all samples, except at pH 5.5. After 48 hours at pH 5.5, DNA adduct levels 
were 138 adducts per 107 nucleotides which is 5.5-fold higher than the adduct levels 
observed for samples that were incubated at pHe 7.8 (p<0.001).  

Figure 5. DNA incision activity measured by a 
modified Comet assay. Nuclei were treated 
with BPDE and cell extracts were prepared 
from cells incubated at different pH and B[a]P 
for variable times. These extracts were then 
used to treat the BPDE-damaged nuclei for 20 
mins. The DNA incision activity of the extract 
was determined by the comet assay. DNA 
incision activity was calculated as percentage 
of the values observed in pH 7.8 samples (pH 
7.8 with B[a]P at 6, 24 and 48 hours) (mean ± 
SEM, n=4). All raw data (Tail Moment and Tail 
Intensity) for both cell lines will be presented 
in Supplemental Table 2; (a) A549 cells; (b) 
BEAS-2B cells; Statistical comparison was 
performed between each pH conditions with 
pH 7.8 with BaP only at each time point. 
*p<0.05, **p<0.01 and ***p<0.001. 
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A pH dependency of B[a]P-induced DNA adduct levels was also found for BEAS-2B cells 
(Fig 6B). At t=6 h, 24 adducts per 107 nucleotides were reached at pH 7.8. Samples with 
initial pHe 7 and pHe 6.5 contained 28% and 76% (p<0.01) lower DNA adduct levels 
than at pHe 7.8, respectively. However, after 24 hours of incubation, the B[a]P-DNA 
adduct levels increased for all samples and the DNA adduct level at pH 7 was 74 adducts 
per 107 nucleotides which was 2-fold (p<0.05) higher than at pHe 7.8. At t=48 h, the DNA 
adduct levels decreased at pH 7.8 and pH 7, but not for pH 6.5. Eventually, the DNA 
adduct levels for pH 7 and pH 6.5 were 1.5-fold (p<0.05) and 1.9-fold higher (p<0.05) 
than in samples in which the initial pHe was 7.8 after 48 hours incubation, respectively.  

Histone protein H2AX phosphorylation (γH2AX) 

To determine the overall DNA damage after exposure of A549 and BEAS-2B cell at 
different pH’s in combination with B[a]P, we measured the phosphorylation of histone 
protein H2AX under each condition (Fig 6). At pH 7.8, exposure of both cell lines (A549 
and BEAS-2B cells) to B[a]P significantly induced DNA damage after 6, 24 and 48 hours. 
In A549 cells (Fig 6C), when comparing to B[a]P exposed samples at pH 7.8, there was 
no significant difference at t=6 h for samples that were incubated at lower pH. However, 
at t=24 h, the DNA damage was enhanced for all lowered pH conditions; pH 6 (p<0.001) 
and pH 5.5 (p<0.05) showed a 1.9- and 1.5-fold higher percentage of γH2AX stained cells 
than at pH 7.8, respectively. At t=48 h, the DNA damage level decreased in all samples, 
except for samples with pH 5.5. Moreover, DNA damage at pH 6 (p<0.01, 3-fold) and pH 
5.5 (p<0.001, 4.9-fold) were still significantly higher after 48 hours of incubation when 
compared to levels of γH2AX staining at pH 7.8.  
Interestingly, again similar results were also found for BEAS-2B cells (Fig 6D). After 6 
and 24 hours incubations, the DNA damage increased in all samples and there was no 
significant difference between any pH condition and pH 7.8. However, at t=48 h, the 
number of positive cells at pH 7.8 and pH 7 decreased, whereas, the positive cells 
increased at pH 6.5 to a 3.2-fold (p<0.01) higher level when compared to samples that 
were incubated at pH 7.8.   
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(A)                                          (B)  

  
(C)                                           (D)  

 
(E)  

 
Figure 6. A549 and BEAS-2B cells were treated with 1µM B[a]P and incubated at the indicated pHe for 6, 
24 and 48 hours. (a) DNA adduct levels in A549 cells. (b) DNA adduct levels in BEAS-2B cells. DNA was 
isolated and analyzed by 32P-postlabeling. Data is presented as mean DNA adduct level per 107 nucleotides 
± SEM (n=4). ND: Not Detected; (c) DNA damage in A549 cells measured by γH2AX staining. (d) DNA 
damage in BEAS-2B cells measured by γH2AX staining. Data are expressed as positive cells per 100 cells 
(mean ± SEM, n=4); (e) Example of positive cells under 100X objective using a digital fluorescent 
microscope (including γH2AX staining, DAPI and merge). Yellow circle of 1 and 2 represents cells that 
were counted as positive ; Statistical comparison was performed between each pH conditions with pH 7.8 
with B[a]P at each time point. *p<0.05, **p<0.01 and ***p<0.001. 

Correlation between each variable (B[a]P,7-8-diol, CYP1A1/CYP1B1 mRNA expression, 
EROD activity, DNA incision activity and DNA adduct) 

After measuring different types of variables related to B[a]P related metabolism or B[a]P 
induced DNA damage, correlations between the variables were assessed for both cell 
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lines. Most parameters related to B[a]P metabolism correlated with each other in both 
cell lines, because they are involved in the same pathway. For instance, in A549 cells 
(Supplemental Table 3), the extracellular concentration of B[a]P-7,8-diol correlated 
significantly with CYP1A1 mRNA expression (r=0.704, p<0.01), CYP1B1 mRNA 
expression (r=0.914, p<0.001), EROD activity (r=0.607, p<0.05) and B[a]P-induced DNA 
adduct level (r=0.555, p<0.05). None of variable showed a good correlation with DNA 
incision activity. In addition, only B[a]P-7,8-diol, the precursor of BPDE, demonstrated 
good correlation with BPDE-DNA adduct level.   
In BEAS-2B cells (Supplemental Table 4), the extracellular concentration of 
B[a]P-7,8-diol showed significant correlations with CYP1A1 mRNA expression (r=0.750, 
p<0.01), CYP1B1 mRNA expression (r=0.800, p<0.01), EROD activity (r=0.733, p<0.05) 
and B[a]P-induced DNA adduct level (r=0.717, p<0.05). Similar to A549 cells, none of 
variables gave significant correlations with DNA incision activity and only B[a]P-7,8-diol 
displayed a significant correlation with DNA adduct level.   

Discussion 

A low extracellular pH can occur for instance in tumors [36], but also at sites of 
inflammation [2] and an acidic micro-environment may drive the initiation and 
progression phase of  the carcinogenic process.. We found in the present study that a 
change in extracellular pH (pHe) leads to a corresponding change in intracellular pH 
(pHi), which affect xenobiotic activation and deactivation processes. Cells try to restore 
the normal situation by increasing the pH via H+ ATPases and H+-pumps [37] and 
indeed we found that 48 hours after starting acidic in vitro incubations, most of the 
samples’ pH (pHe as well as pHi) were back at normal levels (pH 7.8). Interestingly, we 
noticed that pHi was always slightly higher than pHe and this phenomenon was also 
observed by McBrian et al. [25] and Justus et al. [38]. For samples that were exposed to 
relatively low pH (pH 6 and pH 5.5), the pHe and pHi did not fully recover and maximally 
reached to pH 7.2 and pH 6.5 after 48 hours incubation, respectively.  
It has been reported that acidic pH reduces cell density and cell viability, which may be 
cell type dependent. For example, incubation of neurons and glial cells under pH 5.0 for 
1 h decreased the number of viable cells to <50% [39], and mouse epithelial cells 
demonstrated a significantly decreased cell viability in an acidic dose-dependent manner 
after 1 h incubation [40] and also Chinese hamster ovary (CHO) cells exposed to low pH 
showed cytotoxicity in a time- and pH-dependent manner [41]. In our study, an acidic pH 
of < 6.5 similarly led to decreased viability in human bronchial epithelial cells (BEAS-2B) 
(Table 1). However, most tumor cell types seem to be able to resist acidic environments 
quite well. In a previous study, we showed that a human liver hepatocellular carcinoma 
cell line (HepG2) could survive more than 48 hours at pH 5.5 [18]. Moreover, there was 
no noticeable drop in cell viability by low pH in cancer type cells as LlA2 ascites cells (at 
pH 6.4-7.2) or MCF-7 cells [42]. In the our study, we additionally cultured A549 cells 
(human lung carcinoma cell) under various pH’s and the cell viability was always above 
80% even after 48 hours incubation at pH 5.5, indicating a relative resistance to acidic 
conditions. BEAS-2B cell were more sensitive for acidic conditions and pH’s above 6.5 
had to be used for culturing BEAS-2B cells to avoid cytotoxicity. We initially used the 
MTT test to check for cell viability, which actually measures the activity of mitochondrial 
succinate dehydrogenase, and the activity of that enzyme may be pH dependent [20]. 
Thus, trypan blue exclusion was used as an alternative method and the results showed 
that > 90% of A549 cells were viable after incubation at various pH for up to 48 hours. In 
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addition, an acidic microenvironment is associated with promotion of cell growth [1]. In 
our study, we indeed observed a growth promoting effect on A549 cells of low pH (i.e. 
pH 6 and pH 5.5) but the difference in the number of cells at the end of the incubation 
was not statistically significant.  
Pulmonary inflammation is often induced by inhalation of particles, from smoking or 
other environmental sources and can locally reduce the pH in inflamed tissue. Vice versa, 
lowering extracellular pH can increase the inflammatory response and can induce 
hypoxia, which results in the formation of reactive oxygen species (ROS) and subsequent 
DNA damage [41, 43]. However, inflammation induced by exposures is often in 
combination with ubiquitous environmental contaminants such as polycyclic aromatic 
hydrocarbons (PAH). We previously showed that the presence of inflammation may 
change the way in which cells metabolize the model PAH, benzo[a]pyrene (B[a]P)[31, 
44]. Therefore, we investigated whether a low pH affected B[a]P metabolism, DNA 
adduct formation and removal, and DNA damage. We investigated the expression and 
activity of CYP1A1 and CYP1B1, which is important for B[a]P metabolism. We found a 
lower initial expression of both CYP1A1 and CYP1B1 and EROD activity at acidic pH 
conditions (pH 5.5-6), than at normal pH (pH 6.5-7.8). However, while the pH restored, 
both CYP1 expression and its activity significantly increased for up to 48 hours at 
conditions of lowered pH. On the other hand, at neutral pH both expression and EROD 
activity of CYP decreased. As a result, the metabolism of B[a]P was initially high at 
neutral pH and was inhibited at low pH. Inhibition of B[a]P metabolism resulted in 
accumulation of unmetabolized B[a]P which keeps triggering the aryl hydrocarbon 
receptor (AhR) that upregulates various B[a]P metabolizing enzymes [23], which all 
have their own optimal pH range. For example, the phase I enzyme cytochrome P450 
works at pH 5.9-8.5 and its optimal pH is between 7.4 and 7.8 [45, 46]. Moreover, also 
UDP-glucuronosyltransferase (UGTs) isozymes, which are important phase II enzymes 
for detoxification of B[a]P metabolites, exhibit a broad pH range from 5.5 to 8.5 in which 
they can function [47]. The UGTs superfamily is large, and therefore, UGT’s are active 
over a very wide pH range and each UGT has its own optimal pH [48]. Since B[a]P 
metabolizing enzymes have different relative activities at different pH, it can be expected 
that B[a]P metabolism is significantly affected by pH. Indeed, at t=48 h, B[a]P and its 
metabolites were close to non-detectable in samples that were incubated at a neutral pH 
range (pH 6.5-7.8) in A549 cells and at pH 7.8 in BEAS-2B cells, whereas, B[a]P and its 
metabolites remained high in low pH samples with a notable increase of B[a]P-7,8-diol, 
which is the precursor of the pro-mutagenic BPDE. Therefore, it seems that low pH 
results in delayed B[a]P metabolism which we previously observed under hypoxic 
conditions [31] and in the presence of beta-glucuronidase [18]. 
Most of the DNA damage and BPDE-DNA adducts will be removed by neucleotide 
excision repair (NER) in which DNA incision is a rate limiting step [49]. Therefore, in the 
present study we also investigated whether acidic pH inhibits DNA incision activity. 
After incubation of A549 and BEAS-2B cells at acidic pH, the DNA incision activity was 
inhibited by approximately 70%-90%, but repair activity recovered when pH restored to 
close to neutral levels. We previously reported that hypochlorous acid (HOCl) dose 
dependently inhibited DNA incision activity [11, 21]. We attributed this decrease in DNA 
incision activity to the release of inflammation related MPO (myeloperoxidase), because 
the in vitro inhibition of MPO restored DNA incision activity. In later in vivo experiments, 
the effect appeared not to be MPO dependent, because inhibition of MPO release or 
knock out of MPO could not restore DNA incision activity during inflammation in vivo 
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[50]. Therefore, we now suggest that the effect on DNA incision activity was not 
specifically related to HOCl, but can better be explained by an acidic pH.  
The altered metabolism of B[a]P ultimately resulted in higher levels of DNA damage 
under conditions of low pH for both cell lines. DNA damage is a continuous 
process/combinational effect of accumulation of damage (activation) and elimination by 
DNA repair (detoxification) [51]. At t=6, the B[a]P induced DNA damage is significantly 
lower at low pH when compared to neutral pH (pH 7.8). This is due to reduced 
metabolism of B[a]P under acidic condition leads to lower amount of B[a]P-7,8-diol 
formation and subsequently low BPDE lesions were observed at low pH samples at 6h. 
Although the DNA repair was significantly inhibited by acidic pH at 6h, the effect of DNA 
repair in DNA adduct removal is less strong at low pH samples than at pH 7.8. After 24 
hours incubation, the DNA adducts were increased for all samples since the intracellular 
pH and metabolism were restored. However, the metabolism in the lowest pH samples 
(e.g. pH 5.5 for A549 cells and pH 6.5 for BEAS-2B cells) stayed low. Meanwhile, the DNA 
incision activity also remained low for low pH samples. Therefore, the highest DNA 
adduct level was reached by the sample which is not under extreme acidic conditions 
(e.g. pH 6 for A549 cells and pH 7 for BEAS-2B cells). At t=48 h, the intracellular pH 
completely restored for all samples as well as the metabolism and DNA repair. Hence, we 
observed a decrease in BPDE related lesions for all samples at 48h (except for pH 5.5 for 
A549 cells and pH 6.5 for BEAS-2B cells).  
Correlation analysis confirmed the interrelationship between the various metabolic 
parameters. For examples, CYP1B1 was reported to be involved in the metabolic 
activation of B[a]P [52, 53]. Therefore, we observed that the extracellular B[a]P-7,8-diol 
concentration showed a good correlation with CYP1B1 mRNA gene expression. 
Furthermore, CYP1A1 mRNA gene expression gave a better correlation with EROD 
activity than CYP1B1 for both cell line [54]. Moreover, we also observed that only the 
B[a]P-7,8-diol concentrations demonstrated a good correlation with DNA adducts level 
in both cell line. This is due to the fact that DNA adducts measured in the current study 
were most probably related to BPDE and B[a]P-7,8-diol is the precursor to the BPDE [55, 
56].  
Because of this interrelation of many of the parameters that we assessed, investigating 
the role of acidic pH in B[a]P metabolism is not straightforward and therefore our study 
has some limitations. Firstly, lowering extracellular pH will affect not only the intra- and 
extracellular pH balance, but also all kind of cellular enzyme activities and downstream 
pathways. For instance, acidic pH can activate inflammation related pathway, including 
activator protein 1 (AP-1), MAPK and nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-κB) pathways which result in an induction of a series of genes, such 
as tumor necrosis factor α (TNF-α), extracellular signal–regulated kinases (ERK1/2), 
isoform of nitric oxide synthase (iNOS), and p38 [1, 43, 57]. In addition, the induction of 
TNF-α further increases genotoxic effect of B[a]P via for instance upregulation of p38 
and CYP1B1 [58, 59]. Besides these, acidic pH also cause hypoxia like reactions, 
oxidative stress and ROS formation which makes the results of current study more 
complicated to explain from a mechanistic point of view [1, 43, 60, 61]. For example, we 
observed a pH-dependent DNA incision activity in the present study, however, it might 
be the combined result of ROS inhibiting DNA repair via targeting at the thiol-groups of 
DNA repair enzymes [62, 63], or because of changes in GSH levels [64] or even a direct 
effect of pH on DNA damage incision activity. Therefore, the conclusions drawn in this 
study need further mechanistic investigations. Secondly, some studies pointed out that 
the metabolic pathways may differ between normal cells and cancerous cells [65, 66]. 
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Under certain conditions of stress (including hypoxia or low pH), tumors may change 
their gene expression and adapt, whereas most normal cells may undergo apoptosis 
[67-69]. Therefore, in the current study, we included both a normal cell line (BEAS-2B 
cells) and a carcinoma cell line (A549) and similar effects of low pH combined with B[a]P 
exposure on CYP1A1 mRNA expression, EROD activity and B[a]P metabolism were 
observed, although at a different pH. BEAS-2B had a delay in their B[a]P metabolism 
already at pH 7.0, whereas the same effect was only observed in A549 cells at it’s most 
extreme pH condition (pH 5.5) after 48 hours of incubation. Therefore, the delay in B[a]P 
metabolism by low pH seems stronger in normal cells than in cancer cells.  
Our present results indicated that exposure of A549 and BEAS-2B cells to B[a]P at acidic 
pH results in lower CYP1A1/CYP1B1 expression, EROD activity and DNA repair. This 
leads to inefficient B[a]P metabolism and subsequent accumulation of active B[a]P 
metabolites, B[a]P related DNA adducts and overall DNA damage as assessed by B[a]P 
related DNA adducts and γH2AX. At later time points, the pHi and pHe gradually restored 
towards pH 7.8, which increased enzyme activities and the cells started to metabolize 
B[a]P. Meanwhile, the unmetabolized B[a]P continuously triggers CYP1A1 
expression/activity possibly via an interaction with AhR. Moreover, DNA incision 
activity was not completely recovered in acidic samples after 24 hours. In conclusion, 
our data demonstrate that acidic pH delayed metabolism of B[a]P and DNA repair 
activity. Consequently, higher DNA damage and DNA adduct formation was observed. 
Although we did not include all the enzymes which are involved in the metabolism of 
B[a]P, we showed a general molecular mechanism of how acidic pH influences the 
cellular response to the carcinogen B[a]P.  
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Supplemental Table 1: Concentration (nM) of B[a]P-9,10-diol, B[a]P-7,8-diol, B[a]P-3-OH and B[a]P 
at 6, 24 and 48 hours. Statistical comparison was performed between each pH condition (pH 7, 6.5, 
6 and 5.5) with pH 7.8 at each time point. 

Cell 
type 

Metabolites or 
unmetabolised 
B[a]P 

Time 
(h) 

pH 7.8 
 
 

pH7 pH 6.5 pH 6 pH 5.5 

A549 B[a]P-9,10-diol 6 155±4.3 87±12*** 96±3.9*** 26±0.7*** 2.6±1.3*** 
  24 1.3±0.6 3.9±1.5 5.2±0.2 77±6.8*** 332±25.3*** 
  48 0.8±0.1 0.6±0.2 2.9±0.9 2.8±0.4 269±2.5*** 
 B[a]P-7,8-diol 6 30±1.2 19.7±2.0*** 20.6±0.5** 9.3±0.9*** 0.8±0.4*** 
  24 0.3±0.1 0.4±0.2 1.5±0.02 4.0±0.3 86.6±6.2*** 
  48 0.1±0.01 0.1±0.04 0.6±0.2 1.4±0.1 101±8.3*** 
 B[a]P-3-OH 6 18.3±4.1 19.3±3.3 1.2±0.4*** 0.9±0.2*** 1.3±0.4*** 
  24 1.3±0.2 0.8±0.2 1.7±0.3 4.5±0.9 1.5±0.1 
  48 0.9±0.1 0.6±0.03 3.2±0.07 2.5±0.02 8.5±0.2*** 
 B[a]P 6 787±47 922±88 688±31 661±65 905±141 
  24 10.2±4.6 22±2.4 57.6±13 177±24*** 509±20*** 
  48 5.2±0.1 14.5±1.8 37.7±7.1* 143±6.5*** 383±14*** 
BEAS-2B B[a]P-9,10-diol 6 66.2±4.3 52.5±2.7 30.3±2.9***   
  24 109±6 142±12 207±6***   
  48 70±7 131.7±15.3** 220±4***   
 B[a]P-7,8-diol 6 45.5±2.7 37.1±0.4* 27±1.7***   
  24 13.3±0.4 62.4±2*** 76.4±4.2***   
  48 2.3±0.2 22.7±0.1*** 111±1.7***   
 B[a]P-3-OH 6 22.5±2.1 32.4±1.7** 7.8±0.8***   
  24 19.3±0.9 24.6±1.5* 28.2±1.2**   
  48 16.1±0.6 17.9±2.6 45.3±5.8***   
 B[a]P 6 500±22 663±10*** 823±18***   
  24 33.2±0.5 52.4±2 458±19***   
  48 7.8±0.5 24±2.5 209±12***   
*p<0.05 
**p<0.01 
***p<0.001 
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Supplemental Table 2: Raw data of DNA incision activity based on tail moment (TM) and tail 
intensity (TI) for both A549 and BEAS-2B cell lines. Median of the raw data were extracted and 
incision activity was calculated according to the formula in Langie et al. (2006). Data shown are the 
mean ± SEM of 4 independent samples (n=4). 

Cell TM or TI Time 
(h) 

7.8 7.0 6.5 6.0 5.5 

A549 Tail 
Moment 

6 2.06±0.2 1.80±0.05 0.47±0.37 0.23±0.02 0.39±0.25 
24 3.39±0.93 1.58±0.06 1.74±0.19 0.31±0.14 1.01±0.49 
48 0.96±0.09 1.18±0.22 1.11±0.16 1.30±0.10 1.05±0.11 

Tail 
Intensity 

6  6.62±1.48 5.37±1.32 3.06±0.49 3.17±2.30 2.87±1.06 
24 9.36±0.25 5.88±1.48 5.59±1.78 3.50±0.11 4.19±0.18 
48 3.23±0.41 4.56±0.20 4.73±0.30 5.90±0.29 7.84±0.63 

BEAS-2B Tail 
Moment 

6 2.47±1.05 1.34±0.25 0.71±0.19   
24 3.78±1.47 1.95±0.24 1.37±1.17   
48 1.88±0.24 3.07±0.81 5.22±1.44   

Tail 
Intensity 

6 15.39±6.52 12.45±3.61 5.84±3.23   
24 21.13±3.93 15.45±1.50 8.29±5.60   

 48 10.79±1.68 15.16±7.77 23.10±3.43   
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Supplemental Table 3: Nonparametric Spearmen’s rho correlation analysis of different variables 
(B[a]P-7,8-diol, CYP1A1 mRNA expression, CYP1B1 mRNA expression, EROD activity, DNA incision 
activity and DNA adducts) derived from experiments with A549 cells.  

Cell 
type 

  B[a]P-7,8-diol CYP1A1 
mRNA 
expression 

CYP1B1 
mRNA 
expression 

EROD 
activity 

DNA 
incision 
activity 

DNA 
adducts 

A549 B[a]P-7,8-diol Correlation 
Coefficient  

 .704** .914*** .607* -.121 .555* 

 Sig. 
(2-tailed) 

 .003 .0001 .016 .666 .032 

CYP1A1 mRNA 
expression 

Correlation 
Coefficient 

.704**  .807*** .679** .0001 -.400 

 Sig. 
(2-tailed) 

.003  .0001 .005 1.000 .140 

CYP1B1 mRNA 
expression 

Correlation 
Coefficient 

.914*** .807***  .514* -.154 -.239 

 Sig. 
(2-tailed) 

.0001 .0001  .050 .585 .390 

EROD activity Correlation 
Coefficient 

.607* .679** .514*  .371 .289 

 Sig. 
(2-tailed) 

.016 .005 .050  .173 .296 

DNA incision 
activity 

Correlation 
Coefficient 

-.121 .0001 -.154 .371  .164 

 Sig. 
(2-tailed) 

.666 1.000 .585 .173  .558 

DNA adducts Correlation 
Coefficient 

. 555* -.400 -.239 .289 .164  

 Sig. 
(2-tailed) 

.032 .140 .390 .296 .558  

***. Correlation is significant at the 0.001 level (2-tailed). 
**. Correlation is significant at the 0.01 level (2-tailed). 
*. Correlation is significant at the 0.05 level (2-tailed). 
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Supplemental Table 4: Nonparametric Spearmen’s rho correlation analysis of different variables 
(B[a]P-7,8-diol, CYP1A1 mRNA expression, CYP1B1 mRNA expression, EROD activity, DNA incision 
activity and DNA adducts) derived from experiments with BEAS-2B cells.  

Cell 
type 

  B[a]P-7,8-diol CYP1A1 
mRNA 
expression 

CYP1B1 
mRNA 
expression 

EROD 
activity 

DNA 
incision 
activity 

DNA 
adducts 

BEAS-
2B 

B[a]P-7,8-diol Correlation 
Coefficient  

 .750* .800** .733* .100 .717* 

 Sig. (2-tailed)  .020 .010 .025 .798 .030 
CYP1A1 mRNA 
expression 

Correlation 
Coefficient 

.750*  .517 .883** -.067 -.167 

 Sig. (2-tailed) .020  .154 .002 .865 .668 
CYP1B1 mRNA 
expression 

Correlation 
Coefficient 

.800** .517  .633 -.167 .067 

 Sig. (2-tailed) .010 .154  .067 .688 .865 
EROD activity Correlation 

Coefficient 
.733* .883** .633*  .033 -.117 

 Sig. (2-tailed) .025 .002 .067  .932 .765 
DNA incision 
activity 

Correlation 
Coefficient 

.100 -.067 -.167 .033  .317 

 Sig. (2-tailed) .798 .865 .668 .932  .406 
DNA adducts Correlation 

Coefficient 
. 717* -.167 .067 -.117 .317  

 Sig. (2-tailed) .030 .668 .865 .765 .406  
***. Correlation is significant at the 0.001 level (2-tailed). 
**. Correlation is significant at the 0.01 level (2-tailed). 
*. Correlation is significant at the 0.05 level (2-tailed). 
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Abstract  

It has been well established that inflammation and concurrent mutagenic exposures 
drive the carcinogenic process in a synergistic way. To elucidate the role of the 
inflammatory cytokine IL-8 in this process, we studied its effect on the activation and 
deactivation of the chemical mutagen benzo[a]pyrene B[a]P in the immortalized 
pulmonary BEAS-2B cell line. After 24 hours incubation with B[a]P in the presence or 
absence of IL-8, the B[a]P induced cytochrome P450 1A1 and 1B1 (CYP1A1 and CYP1B1) 
gene expression and CYP1A1 enzyme activity was significantly higher in the presence of 
the cytokine. Consistent with these findings, we observed higher concentration of the 
metabolite B[a]P-7,8-diol under concurrent IL-8 treatment conditions. Interestingly, we 
also found higher concentrations of unmetabolized B[a]P. To explain this, we examined 
the downstream effects of IL-8 on NADPH oxidases (NOXes). IL-8 lowered the 
intracellular NADPH level, but this effect could not explain the changes in B[a]P 
metabolism. IL-8 also significantly depleted intracellular glutathione (GSH), which also 
resulted in enhanced levels of unmetabolized B[a]P, but increased concentrations of the 
metabolite B[a]P-7,8-diol. No differences in B[a]P-DNA adducts level were found 
between B[a]P and B[a]P combined with IL-8, and this might be due to a 3-fold increase 
in nucleotide excision repair (NER) after IL-8 treatment. These findings suggest that IL-8 
increased the formation of B[a]P-7,8-diol despite an overall delayed B[a]P metabolism 
via depletion of GSH, but DNA damage levels were unaffected due to an increase in NER 
capacity.  

Key words: Benzo[a]pyrene (B[a]P), Interleukin (IL)-8, NADPH-dependent cytochrome 
P450s 1A1/1B1 (CYP1A1/CYP1B1),  NADPH oxidase pathway (NOX), Glutathione 
(GSH), DNA adducts. 
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Introduction 

The human lung offers an enormous surface area for exposure to contaminants in air, 
making this organ particularly vulnerable to a variety of toxic agents including cigarette 
smoke, automobile exhaust, microorganisms and a wide range of other pollutants [1]. 
The inhalation of such toxic agents can induce lung injury by the generation of reactive 
oxygen/nitrogen species (ROS/RNS), which results in the production of 
pro-inflammatory cytokines and chemokines [2]. Subsequently, inflammation is 
triggered and polymorphonuclear leukocytes (PMNs) are recruited to the site of damage 
to eliminate the pathogenic insult and to restore damaged tissue back to its normal 
physiological functions [1]. However, if such an inflammatory condition persists, chronic 
inflammation develops, which is a causative factor in lung cancer etiology [3]. For 
example, chronic obstructive pulmonary disease (COPD) patients showed increased 
number of neutrophils and macrophages in their sputum and bronchoalveolar lavage 
fluid and this results in the release of proteolytic enzymes and the generation of oxidants 
which cause tissue damage as well as cytokine and chemokine release [4]. Moreover, 
large amounts of neutrophils and macrophages in the airways can contribute to 
alterations of the lung microenvironment, which subsequently increases the risk for 
developing primary lung cancer [5-7].   
IL-8, also known as CXCL8, is a pro-inflammatory chemokine, released during 
inflammation that plays a crucial role in chemoattracting neutrophils [8, 9]. The 
promoter region of the IL-8 gene contains binding sites for the redox-sensitive 
transcription factors nuclear factor-kappa B (NF-κB) and activator protein-1 (AP-1) [10]. 
For example, stimulation of the bronchial epithelial cell line BEAS-2B with 
lipopolysaccharide (LPS) elevated IL-8 levels in the supernatant that were even further 
enhanced when the LPS-triggerd cells were co-incubated with PMNs [11]. In addition, 
upon secretion of IL-8, large amounts of PMN will be attracted to the site of 
injury/infection. In order to eliminate invading microorganisms, IL-8 induces a 
respiratory burst and generates ROS, which is initiated by activation of nicotinamide 
adenine dinucleotide phosphate (NADPH) oxidases (Noxes) [12-15].  
Moreover, humans are inevitably exposed to benzo[a]pyrene (B[a]P) via cigarette smoke, 
diesel exhaust emissions and environmental pollutants. B[a]P is the best studied 
polycyclic aromatic hydrocarbon (PAH) which plays a major role in lung cancer 
development [16-19]. B[a]P itself is not a direct genotoxin, but gains its carcinogenic and 
mutagenic effects after metabolic activation [20]. The most important route of B[a]P 
metabolic activation is via monooxygenation, catalyzed by the microsomal 
NADPH-dependent cytochrome P450 isoforms 1A1/1B1 (CYP1A1/CYP1B1), followed by 
hydration by microsomal epoxide hydrolase [21]. Phase I activation of B[a]P results in 
the generation of an intermediate of 
(±)-trans-7,8-dihydroxy-7,8-dihydrobenzo[a]pyrene (B[a]P-7,8-diol), that is mostly 
detoxified via conjugation with glutathione (GSH) by specific glutathione-S-transferases 
(GSTs) in phase II reactions [22, 23]. If not conjugated, B[a]P-7,8-diol is further 
metabolized by CYPs and yields a highly reactive B[a]P-7,8-dihydrodiol-9,10-epoxide 
(BPDE) which can covalently bind to DNA. BPDE-DNA adducts may cause mutations and 
then initiate carcinogenesis [20, 24]. Apart from the mutagenicity of B[a]P and BPDE, 
both of them have been found to induce an inflammatory response and elicit the 
production of inflammatory mediators including IL-8 [25-27]. Although the metabolism 
of B[a]P can be affected by the presence of inflammation by a variety of cytokines, 
chemokines and enzymes that are released at the inflamed site [21, 28-37], there is still 
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little knowledge about the way IL-8 can affect B[a]P induced genotoxicity. Here, we 
describe the effect of IL-8 on B[a]P metabolism in human bronchial epithelial cells 
(BEAS-2B) and describe a possible underlying mechanism. 

Materials and Methods 

Chemicals 

All chemicals were purchased from Sigma-Aldrich Chemie B.V. (Zwijndrecht, The 
Netherlands) unless stated otherwise. 

Cell culture  

BEAS-2B cells (SV40-immortalized normal bronchial epithelium cells) from the 
American Tissue Culture Collection (ATCC, Manassas, USA), were cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM/F-12; Gibco, Bleiswijk, The Netherlands) 
supplemented with 1% penicillin/streptomycin, 15 μg /ml bovine pituitary extract, 0.5 
ng/ml bovine serum albumin (Invitrogen, Breda,The Netherlands), 10 ng/ml epidermal 
growth factor (Merck Millipore, Darmstadt, Germany), 10 ng/ml cholera-toxin (list 
Biological Laboratories, Inc., Campbell, California), 5 μg/ml insulin, 5 μg/ml transferrin 
and 0.1 μM dexamethasone (Sigma-Aldrich, St. Louis, MO, USA) and maintained in a 5% 
CO2 environment at 37 °C. Cell passages between 10 and 20 were used for experiments 
and cells were routinely screened for mycoplasma contamination by a Mycoplasma 
Detection Kit (InvivoGen, The Netherlands).  

Cell treatments 

To investigate the effect of IL-8 on B[a]P metabolism, B[a]P (1 μM ) in the present or 
absence of IL-8 (10 ng/ml) was used for exposure of BEAS-2B cells (80% confluency) for 
6, 24 and 48 hours. Previous studies have revealed that simulating these lung cells with 
LPS or particles resulted in supernatant IL-8 levels ranging from 1 ng/ml to 100 ng/ml 
[11, 38]. To mimic such a pro-inflammatory condition, 10 ng/ml IL-8 was added to 
BEAS-2B cells and coincubated with 1 µM B[a]P. B[a]P was dissolved in 
dimethylsulphoxide (DMSO) and added into the medium with a final DMSO 
concentration of 0.5 % (v/v). IL-8 was dissolved in phosphate-buffered saline (PBS, pH 
7.4). To study the possible influence of GSH and ROS on the interaction studied, 
pre-treatments with a glutathione synthesis inhibitor (buthionine sulphoximine, BSO) 
and a general NOXs pathway inhibitor (diphenyleneiodonium chloride, DPI)) were 
included. To deplete intracellular GSH levels, BEAS-2B cells were preincubated with a 
non-toxic dose of 400 μM BSO for 24 hours, following by washing the cells with cell 
media and then 24 hours treatment with 1 μM B[a]P. For DPI treatments, cells were 
directly coincubated with different concentrations of this inhibitor (100, 10, 1, 0.1, and 
0.01 μM). In concordance with literature, DPI doses above 1 µM were toxic to the cells 
[39-41]. Consequently, 0.1 and 1 µM DPI were used in the current study to inhibit NOXes 
activity. All cell media and pellets were collected and stored at -20 °C for further analysis 
upon these incubations. Experiments were performed at least in duplicate in two 
independent cultures (n=4).  
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Detection of cellular viability  

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay was 
used to assess cell cytotoxicity and cell viability. As previous described by Shi et al., [42], 
BEAS-2B cells were cultured in 96-well plates (Costar, Cambridge, MA) at 1×104 
cells/100 μl medium and exposed to B[a]P, IL-8, DPI or a combination of these three 
triggers. After all treatments, wells were washed with warm (37 °C) Hank’s Balanced 
Salt Solution (HBSS) and incubated with MTT (0.5 mg/ml) at 37 °C in the dark for 1 hour. 
Then, wells were emptied and cells were incubated with 200 μl DMSO for 30 mins at 
room temperature. Finally, absorption was measured by using a microplate reader at 
540 nm (Biorad, Veenendaal, The Netherlands) and the cell viability was expressed as 
percentage of DMSO control.  

Measurement of IL-8 protein levels 

In order to determine the IL-8 protein levels in cell medium after 6, 24 and 48 hours 
incubation, an enzyme-linked immunosorbent assay (ELISA) (cat. no. M950050192; 
CLB/Sanquin, The Netherlands) was carried out according to the manufacturer’s 
instructions. 

NADPH quantification 

To assess the concentration of intracellular NADPH, a NADPH quantification kit was 
applied (cat. no. MAK038; Sigma-Aldrich). After incubating BEAS-2B cells with different 
treatments for 6, 24 and 48 hours, cells were washed with cold PBS, trypsinized and 
harvested as pellets by centrifuging at 1200 RPM at 4 °C for 5 mins. Next, cells were 
extracted by adding 800 μl NADPH extraction buffer vortexing for 10 sec and 
centrifuging at 14,000 RPM for 5 mins. In order to purify the NADPH present in the 
obtained supernatants, all samples were filtered through a 10 kD spin column before 
performing the assay. Samples were further preceded according to the manufacturer’s 
instructions and measured at 450 nm. Finally, results were normalized to total cellular 
protein determined by BCA protein assay kit (cat no. 23225; ThermoFisher SCIENTIFIC).  

GSH and GSSG level measurement 

In order to assess the level of total intracellular GSH and GSSG, cells were harvested and 
the analysis was performed according to Sthijns et al. [43]. After cells were washed with 
Dulbecco’s Phosphate Buffered Saline (DPBS; Gibco, Bleisijk, The Netherlands) and 
harvested as pellet, 500 μl 0.1 M potassium phosphate buffer (pH 7.5), which contained 
5 mM EDTA disodium salt and 0.1% Triton X-100, was added to lyse the cells. Cells were 
incubated on ice for 30 mins and centrifuged for 10 mins at 14,000 rpm at 4°C. Next, 300 
μl supernatant was mixed 1:1 with 6% sulfosalicylic acid and diluted 1:5 in 0.1 M 
potassium phosphate buffer. Eventually, GSH level was determined based on an 
enzymatic recycling method [44].  

Measurement of CYP1A1 activity 

Ethoxyresorufine-O-deethylase (EROD) assay was used to assess CYP1A1 activity which 
was performed according to the protocol of Burke and Mayer with some modifications 
[45]. Briefly, after harvesting the cells, cell pellets were incubated with 100 μl EROD 
reaction mixtures at 37℃ for 20 mins. The reaction mixtures contained Tris-HCl buffer 
(pH 7.4), with/without 0.5 mM nicotinamide adenine dinucleotide phosphate (NADPH), 
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1.0 mg/ml Bovine Serum Albumin (BSA) and 5μM 7-ethoxyresorufin (dissolved in 
DMSO). The reaction was terminated by adding 2M glycine. The formation of fluorescent 
resorufin was measured in a thermostated plate reader (Spectra max m2, MIDS, CA) at 
37℃ and 535/590 nm excitation/emission wavelengths. The results were presented as 
relative fluorescence units per minute (RFU/min). 

Measurement of extracellular B[a]P and B[a]P metabolites 

In order to determine the extracellular levels of B[a]P and its metabolites, cell media 
were collected and analyzed by fluorescence HPLC. As previously described [29], 5 ml 
cell medium was mixed and vortexed with 1 ml ethyl acetate for 20 mins, followed by 
centrifugation (10 mins, 2000 rpm). The ethyl acetate fraction (top layer) was collected 
and the extraction step was repeated twice. The ethyl acetate fractions were combined, 
evaporated under nitrogen, and residues were resuspended in 0.3 ml methanol 
(Biosolve Chemicals, Valkenswaard, The Netherlands). A 100 μl volume of each sample 
was injected into a Hypersil 5 μm ODS HPLC column (250x3mm i.d.) (Supelco 54933, 
Bellefonte, PA, USA) at a flow rate of 1 ml/min. Samples were subsequently analyzed by 
HPLC-FD using a Gynkotek P580A HPLC system (Separations Analytical Instruments, 
Hendrik-Ido-Ambacht, The Netherlands) consisting of a Spark SP830 autosampler 
(Spark Holland, Emmen, The Netherlands) and a Perkin Elmer LS-30 programmable 
fluorescence detector (Perkin Elmer, Foster City, CA, USA) operated at 
excitation/emission wavelengths 257/350 nm. For quantification purposes, a standard 
mix consisting of 50 ng/ml B[a]P-9,10-diol, B[a]P-7,8-diol and 3-OH-B[a]P (Midwest 
Research Institute, Kansas City, MO, USA) was injected and the area of each metabolite 
peak in the chromatogram was determined. 

Quantitative Real-Time PCR 

To assess gene expression, total RNA was isolated and purified by using RNeasy® Mini 
Kit (Qiagen Westburg, Leusden, The Netherlands) in combination with DNase treatment 
(Qiagen). The quantity of each sample’s RNA was quantified by spectrophotometric 
Nanodrop 1000 (Thermo Scientific, Waltham, MA, USA). cDNA was synthesized from 500 
ng total RNA by using the iScript™ cDNA synthesis kit (Biorad, Veenendaal, The 
Netherlands). cDNA was diluted 10x in RNase free water after which real-time PCR was 
performed on the MyiQ Single Color RT-PCR detection system (Biorad) using Supermix 
SYBR® Green (Quantace, London, UK), 5 μl diluted cDNA and 0.3 μM primers (Table 1) 
in a total volume of 25 μl. The PCR reactions were initiated by denaturation at 95 °C for 3 
min, followed by 40 cycles of 95 °C for 10 sec and 55 °C for 45 sec. The PCR efficiency of 
all primer sets was assessed by the use of cDNA dilution curves and melt curves 
(55-95 °C). Data were analyzed using MyiQ Software system (BioRad) and expressed as 
relative gene expression (fold change) using the 2-ΔΔCt method [46]. The stably expressed 
genes β-actin and GAPDH were included as reference.  

Table 1: Primer sequences for real time RT-PCR 
Gene Forward primer (5’-3’) Reverse primer (5’-3’) 
β-actin CCTGGCACCCAGCACAAT GCCGATCCACACGGAGTACT 
GAPDH GCACCACCAACTGCTTAGCA TGGCAGTGATGGCATGGA 
CYP1A1 TCCTGGAGACCTTCCGACACT CTTTCAAACTTGTGTCTCTTGTTCTG 
CYP1B1 AGTGCAGGCAGAATTGGATCA GCGCATGGCTTCATAAAGGA 

 



Effect of interleukin (IL)-8 

85 
 

32P-postlabeling of B[a]P-DNA adducts 

To determine B[a]P induced DNA-adduct formation, 32P-postlabeling was performed 
using the nuclease P1 enrichment technique as described by Reddy and Randerath [47] 
with modifications [48]. After incubation, cells were harvested and resuspended in 450 
μl SET/SDS (100 mM NaCl, 20 mM EDTA, 50 mM Tris, 0.5% SDS) and incubated with 
proteinase K (10 μg/ml) at 37 °C overnight. After addition of 500 μl 
phenol/chloroform/isoamyl alcohol (25:24:1), samples were rotated for 5 mins and 
centrifuged for 5 mins at 14000 rpm. 500 μl chloroform/isoamyl alcohol (24:1) was 
added to the upper aqueous phase,. After mixing for 5 mins and centrifugation for 5 mins 
at 14000 rpm, 1/30 volume 3M NaAc pH 5.2 was added to the upper phase. Samples 
were mixed and vortexed for a few seconds and 2 volumes of cold 100% ethanol were 
added. Precipitated DNA was washed with 70% ethanol, dried under gas nitrogen, and 
resuspended in 50 μl Mili-Q H2O. The quantity of DNA was assessed by 
spectrophotometry in a Nanodrop 1000. 10 μg of DNA was digested with micrococcal 
nuclease (0.25 U/μl) and spleen phosphodiesterase (2 μg/μl) for 4 hours at 37°C in a 
total volume of 9.5 μl. Then, samples were further enriched by adding nuclease P1 (2.5 
μg/μl) at 37 °C for 30 min and nuclease P1 reaction was terminated by addition of 1 μl 1 
M Tris (pH 9.6). DNA adducts were subsequently labelled with [ɣ-32P]ATP (50 
μCi/sample; PerkinElmer, Indianapolis) using T4-polynucleotide kinase (10 U/μl) for 30 
min at 37 °C. The 32P-labelled adducts were separated on PEI–cellulose sheets (Machery 
Nagel, Düren, Germany) by multidirectional thin-layer chromatography (TLC). The 
adducts spots in DNA from B[a]P treated samples chromatographed at the same position 
as the major adduct of the BPDE-DNA adduct standard, and were quantified using 
Phosphor-Imaging technology (Fujifilm FLA-3000, Rotterdam, The Netherlands) and 
DNA adducts levels were calculated from two B[a]PDE–DNA standards with known 
adducts levels (1 adduct/106 and 1 adduct/107 nucleotides).  

Measurement of Nucleotide Excision Repair (NER) capacity 

In order to phenotypically assess the NER capacity of BEAS-2B cells after each treatment, 
a modified comet assay was performed based on Langie et al. [49]. Briefly, untreated 
human lung carcinoma (A549) cells were used as substrate nucleoids and embedded in 
low melting point agarose gel. Subsequently, these cells were lysed overnight in cold 
(4°C) lysis buffer and then exposed to either BPDE (1 μM) or DMSO (0.5%) for 30 mins 
on ice. Protein concentrations in cell extracts of BEAS-2B cells were determined by the 
BIO-AD DC Protein Assay Kit (BIO-RAD, Veenendaal, The Netherlands) and all samples 
were diluted to a concentration of 1 mg/ml. The assessment of NER capacity was 
initiated by incubating the diluted cell extract with BPDE- and DMSO-exposed 
gel-embedded nucleoids for 20 mins at 37°C. Subsequently, samples were treated with 
alkaline and electrophoresis for 20 mins. The comets were visualized using a Zeiss 
Axloskop fluorescence microscope with the amount of DNA strand breakage (tail 
moment) being indicative for the NER capacity of the cell extracts. The final incision 
activity was calculated according to Langie et al. [49].  

Statistical analysis 

All data are shown as mean ± SEM. Statistical comparisons of the results were made 
using GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA). To compare 2 
groups, Student’s test was performed. To compare multiple groups with the same 
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control group, one-way analysis of variance (ANOVA) test with Bonferroni post hoc 
multiple comparison was used. Differences were considered to be statistically significant 
if p<0.05. 

Results 

Cell viability 

Both IL-8 (10 ng/ml) and B[a]P (1 µM), as well as their combination, did not induce 
significant cytotoxicity in BEAS-2B cells after 6, 24 and 48 hours (Supplement Fig 1). 
However, incubating the cells with 10 or 100 μM DPI results in a significantly decreased 
viability below 50% at all time points. Although 0.1 and 1 μM of DPI also showed an 
initially significantly reduced viability to approximately 65% at 24h, the viability in both 
treatments increased to >80% after 48 hours incubation and no significant difference 
was observed when compared with controls. In considering the effect and toxicity of the 
DPI treatment, only 0.1 and 1 μM of DPI were applied in later experiments.  

B[a]P induced IL-8 production in BEAS-2B cells 

Exposure of BEAS-2B cells to 1 μM B[a]P significantly enhanced IL-8 concentrations 
compared to those measured in control supernatants at each time point (6, 24 and 48 
hours) (Fig 1A). This increase was time-dependent with the maximum IL-8 level (1.2 
ng/ml) being reached at 48 hours. However, previous studies have shown that the 
concentration of IL-8 was much higher (between 10 ng/ml to 40 ng/ml) when BEAS-2B 
cells were exposed to LPS [11]. Therefore, in order to investigate the effect of more 
relevant concentrations of IL-8 on B[a]P metabolism, an additional 10 ng/ml IL-8 was 
added to the cells and incubation was continued for 6, 24 and 48 hours. No significant 
differences in IL8 concentrations were observed between samples treated with IL-8 only 
or in combination with B[a]P (Fig 1B). Although we added 10 ng/ml IL-8, the level of 
IL-8 dropped to ~ 3.5 ng/ml after 6 hours incubation followed by a slight, but not 
statistically significant, increase with incubation time. In other words, the endogenous 
production of IL-8 by BEAS-2B did not interfere with the addition of 10 ng/ml IL-8. 
Additionally, IL-8 concentrations decreased within 6 hours after addition to the cells (i.e., 
10 ng/ml is added, but only ~3.5 ng/ml can be detected after 6 hours), but after that the 
levels of IL-8 are stable. 

A                                                B                                                       

 
Figure 1. The effect of different treatments on IL-8 release after 6, 24 and 48 hours incubation in BEAS-2B 
cells. A, Cells were stimulated with 1 µM B[a]P for 6, 24 and 48 hours. The vehiculum DMSO were served 
as vehicle control; B,  Cells with stimulated with 10 ng/ml IL-8 or 1 µM B[a]P with additional 10 ng/ml 
IL-8 for 6, 24 and 48 hours. Data were obtained from at least two independent experiments. (Data 
presented as mean±SEM, n=4). *p<0.05, **p<0.01 and ***p<0.001. 
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IL-8 alters B[a]P induced CYP1A1 and CYP1B1 mRNA expression and EROD activity 

B[a]P significantly elevated CYP1A1 and CYP1B1 mRNA levels (Fig 2A and 2B). For 
CYP1A1 gene expression, B[a]P caused a time-dependent increase in mRNA levels which 
reached its maximum (approximately 23 fold increase) at t=48h. With additional IL-8, 
the B[a]P induced CYP1A1 gene expression was 1.9-fold higher after 24 hours of 
incubation (Fig 2B) when compared to B[a]P exposure without addition of IL-8 (p<0.05). 
At t=48 hours, this induction of CYP1A1 expression by IL-8 was still 1.7-fold higher but 
did no longer reach statistical significance (p=0.078). For CYP1B1, B[a]P initially induced 
gene expression, followed by a significant time-dependent decrease from 9.8-fold at 6 
hours to to 5.3-fold at 48 hours. After addition of IL-8 in combination with B[a]P, 
CYP1B1 mRNA levels were 2.6-fold (p<0.01) and 1.6-fold (p<0.05) higher than when 
compared to B[a]P treatment only at respectively t=24 h and 48 h.  
To analyze the effect of IL-8 on B[a]P induced CYP1A1/1B1 activity, EROD activity was 
measured (Fig 2C). B[a]P exposure significantly enhanced EROD activity from 16.8 
RFU/min (t=6 h) to 52 RFU/min (t=24 h), followed by a decrease to 22.2 RFU/min at 48 
hours incubation. Similar to CYP1A1/1B1 gene expression, there was no significant 
difference between B[a]P only and B[a]P with IL-8 treatment at t=6 h. However, IL-8 
significantly enhanced B[a]P induced EROD activity after 24 and 48 hours incubation 
and the EROD activities were 1.2-fold (p<0.05) and 1.5-fold (p<0.05) higher with 
addition of IL-8 when compared to B[a]P alone.  

A                                                B                                                                                              
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Figure 2. CYP1A1 and CYP1B1 gene expression 
and it’s activity in BEAS-2B cell treated with 10 
ng/ml IL-8, 1 µM B[a]P B[a]P, 1 µM B[a]P B[a]P + 
10 ng/ml IL-8, or vehicle control DMSO for 6, 24 
and 48 hours. A, Expression of CYP1A1 was 
assessed by qRT-PCR. B, Expression of CYP1B1 
was assessed by qRT-PCR. C, CYPs enzyme 
activity as measured by EROD activity.  All data 
are given as the means ± SEM (n=4 per group). 
For statistical analysis, the relative mRNA 
expression data were presented as fold change 
to control. The enzyme activity data were 
expressed as relative fluorescence unit per min 
(RFU/min). Values significantly different from 
each other are indicated by asterisks. *p<0.05, 
**p<0.01 and ***p<0.001. 
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Effect of IL-8 on B[a]P metabolism and its related metabolites 

To determine whether IL-8 interfered with the metabolism of B[a]P, the level of three 
important extracellular B[a]P metabolites, B[a]P-9,10-dihydrodiol (B[a]P-9,10-diol), 
B[a]P-7,8-dihydrodiol (B[a]P-7,8-diol), 3-hydroxy-B[a]P (B[a]P-3-OH), and B[a]P itself 
were measured (Fig 3). The extracellular B[a]P-9,10-diol and B[a]P-3-OH concentrations 
did not significantly differ between cells treated with B[a]P or B[a]P combined with IL-8 
at any time point, except for B[a]P-9,10-diol which was significantly enhanced by IL-8 at 
t=48 h (Fig 3A and 3C). At t=6 h, the extracellular B[a]P-7,8-diol showed no difference 
between both conditions. However, the presence of IL-8 significantly increased the 
extracellular B[a]P-7,8-diol levels at 24 and 48 hours incubations, which were 1.7-fold 
(p<0.001) and 2.2-fold (p<0.01) higher than in samples that were treated with B[a]P 
alone, respectively (Fig 3B).     
Interestingly, concentrations of unmetabolized extracellular B[a]P were higher at all 
timepoints when compared to samples that were not treated with IL-8,  indicating that 
the overall rate of B[a]P metabolism seems to be decreased upon addition of IL-8 ( Fig 
3D). After 6 hours incubation, the level of extracellular B[a]P decreased to 676±17 nM, 
whereas B[a]P concentrations in samples that were additionally treated with IL-8 
decreased to 803±21 nM, which is 1.2-fold (p<0.05) higher than B[a]P treated sample. At 
t=24 h, the remaining extracellular B[a]P level decreased to 32±2 nM in B[a]P treated 
sample, which was 5-fold (p<0.001) lower than B[a]P concentrations in samples that 
were additionally treated with IL-8. Eventually, at t=48 hours, the unmetabolized B[a]P 
concentration in B[a]P treated samples was down to 8±1 nM and this is 2.4-fold (p<0.01) 
lower than B[a]P concentrations in samples that were additionally treated with IL-8. 

A                                           B                                                    
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Figure 3. HPLC fluorescence analysis of B[a]P-9,10-diol, B[a]P-7,8-diol, B[a]P-3-OH and B[a]P in culture 
media of BEAS-2B cells after exposure to 1 µM B[a]P or 1 µM B[a]P with 10 ng/ml IL-8 for 6, 24 and 48 
hours. All data are given as the means ± SEM (n=6 per data point). Values significantly different from each 
other are indicated by asterisks. *p<0.05, **p<0.01 and ***p<0.001. 
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Potential mechanism for decreased B[a]P metabolism, but higher levels of phase I 
metabolites 

IL-8 lowers intracellular NADPH level 

Since NADPH is involved in various ways in B[a]P metabolism especially in CYP activity, 
intracellular NADPH levels were examined (Fig 4A, 4B and 4C). Compared to vehicle 
control (DMSO), both B[a]P and IL-8 decreased NADPH levels with 17% (not statistically 
significant) after 6 hours incubation. However, the combination of IL-8 and B[a]P 
treatment significantly decreased the intracellular NADPH levels (22%, p<0.05). At t=24 
h. statistically significant lower levels of NADPH were found in the samples exposed to 
B[a]P (20%, p<0.05) and samples exposed to B[a]P in combination with IL-8 (42%, 
p<0.001) when compared to control. Moreover, compared to B[a]P, the NADPH level was 
25% (p<0.01) lower in the presence of IL-8. At t=48 h, a similar trend to 24 hours 
incubations was observed in all samples, but the overall NADPH levels were lower than 
at t=24 h (Fig 4B and 4C).  

A                                  B                              C 

    
Figure 4. The NADPH level in each treatment (DMSO, IL-8, B[a]P, B[a]P + BSO and B[a]P + IL-8) after 6 (A), 
24 (B) and 48 (C) hours incubations. Data were expressed as pmol/mg protein (means ± SEM, n=4); 

The enhancement of EROD activity by IL-8 is via activation of NOXes but not by reducing 
the intracellular NADPH level. 

As shown in Fig 4A-C, the NADPH level was influenced by both B[a]P, IL-8 or their 
combination. It is known that IL-8 activates NADPH-oxidases (NOX), leading to the 
consumption of intracellular NADPH and consequently reduction of NADPH availability 
for CYP1A1 or CYP1B1 activity. Therefore, the EROD assay was performed (Fig 5A and 
5B) with or without addition of NADPH to the reaction mix. As shown in Fig 5A the 
B[a]P-induced EROD activity in the presence of extra NADPH was significantly enhanced 
by IL-8 at 24 and 48 hours. In the absence of extra NADPH (Fig 5B), IL-8 exposure 
resulted in a similar pattern of EROD activity as in the experiment with extra NADPH; 
B[a]P-induced EROD activity was significantly increased by addition of IL-8 at 24 
(p<0.001) and 48 (p<0.01) hours.  
To investigate whether NOXes were involved in the changing of B[a]P-induced EROD 
activity by IL-8 or not, the general NOXes inhibitor DPI was included (Fig 5A and 5B). 1 
μM DPI significantly increased (p<0.05) EROD activity at t=6h. In addition, after 24 
hours incubation, both 0.1 and 1 μM DPI reduced EROD activity by respectively 27% 
(p<0.001) and 50% (p<0.001). At t=48 h, 0.1 and 1 μM DPI further reduced EROD 
activity to respectively 21.0 RFU/min (p<0.001) and 10.4 RFU/min (p<0.001). Taken 
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together, these data suggest that NOX activity is indeed involved in regulating 
CYP1A1/1B1 activity by IL-8, but probably not via reducing intracellular NADPH levels.                                                                                                             

A                                                  B 

  
Figure 5. EROD activity in the present (A) or absence (B) of NADPH in BEAS-2B cell treated with 1 µM 
B[a]P, 1 µM B[a]P + 10 ng/ml IL-8, 1 µM B[a]P + 10 ng/ml IL-8 + 0.1 µM DPI or 1 µM B[a]P + 10 ng/ml IL-8 
+ 1 µM DPI for 6, 24 and 48 hours. Data were expressed as RFU/min (means ± SEM, n=8); 

IL-8 activates NOXes, leading to consumption of GSH level and delayed B[a]P metabolism 

Since GSH is important for the phase II metabolism of B[a]P, it could be anticipated that 
reduced GSH levels contribute to the delayed B[a]P metabolism observed upon IL-8 
activation. Indeed, IL-8 significantly decreased intracellular GSH concentration with 
about 25% (p<0.01) at 24 hours of incubation (Fig 6A and 6B). Treatment with B[a]P 
only decreased the amount of GSH with ~14%, but this was not statistically significantly 
different from control (DMSO, p=0.078). However, the combination of B[a]P and IL-8 
further lowered the GSH level to 49.2 nmol/mg protein (47% decrease, p<0.001). To 
investigate whether this decrease in GSH levels would result in the changes in B[a]P 
metabolism as observed for IL-8, BEAS-2B cells were pre-incubated for 24 hours with 
400 μM BSO, an inhibitor of gamma-glutamylcysteine synthetase. This BSO 
pre-incubation lowered the GSH level to 22.6 nmol/mg protein which is 76% lower 
when compared to DMSO. As shown in Fig 6D and 6E, after incubation with IL-8 for 24 
hours, the extracellular levels of B[a]P-7,8-diol and B[a]P were 1.8-fold (p<0.05) and 
2.9-fold (p<0.001) higher than with B[a]P only, respectively. Similarly, with BSO, the 
concentrations of B[a]P-7,8-diol and B[a]P were 4-fold and 4.2-fold higher than with 
B[a]P only. Apparently, reduction of intracellular GSH levels by BSO mimics the changes 
in B[a]P metabolism as observed after additional IL-8 exposure.  
No significant differences were observed with regard to GSSG levels between most 
treatments (DMSO, IL-8, B[a]P and B[a]P with BSO). However, the combination of B[a]P 
and IL-8 significantly enhanced GSSG level which was 9-fold (p<0.01) higher than 
compared to DMSO which lead to a low GSH/GSSG ratio as shown in Fig 6C. The 
GSH/GSSG ratio in control samples is approximately 300:1. The GSH/GSSG ratio in cells 
that were incubated with IL-8, B[a]P and B[a]P combined with BSO decreased to about 
110:1, 140:1 and 78:1, respectively. Furthermore, B[a]P combined with IL-8 showed an 
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approximately 4-fold lower GSH/GSSG ratio than B[a]P combines with BSO and this 
indicates that B[a]P in combination with IL-8 increased intracellular oxidative stress. 

A                                  B                              C 

 
D                                   E                                         

  
Figure 6. Data were expressed as RFU/min (means±SEM, n=8); The GSH level (A) and GSSG level (B) in 
BEAS-2B cell after exposure to vehicle control, 10 ng/ml IL-8, 1 µM B[a]P, preincubated 24 hour with 400 
µM BSO + 1 µM B[a]P or 1 µM B[a]P + 10 ng/ml IL-8 for 24 hours. Data were expressed as nmol/mg 
protein (means±SEM, n=4); C, The ratio f GSH/GSSG for each treatment; D, The extracellular B[a]P-7,8-diol 
level in BEAS-2B cell treated with 1 µM B[a]P, preincubated 24 hour with 400 µM BSO + 1 µM B[a]P or 1 
µM B[a]P + 10 ng/ml IL-8 for 24 hours. E, The extracellular B[a]P level in BEAS-2B cell treated with 1 µM 
B[a]P, preincubated 24 hour with 400 µM BSO + 1 µM B[a]P or 1 µM B[a]P + 10 ng/ml IL-8 for 24 hours. 
All data are given as the means±SEM (n= 6 per group). Values significantly different from each other are 
indicated by asterisks. *p<0.05, **p<0.01 and ***p<0.001. 

IL-8 increases NER capacity to remove B[a]P induced DNA adducts. 

To evaluate the ultimate effects of IL-8 on B[a]P metabolism, B[a]P induced DNA adducts 
were assessed (Fig 7A). Despite the changes in B[a]P metabolism that were induced by 
additional exposure to IL-8, no significant differences were found in DNA adduct levels. 
Since the increased levels of B[a]P-7,8-diol would theoretically lead to increased 
formation of BPDE and thus of DNA adducts, we speculated that cells compensated by 
increasing their NER capacity (Fig 7C). Indeed, at t= 24 h, the NER capacity was 3-fold 
(p<0.05) enhanced by addition of IL-8 when compared to B[a]P exposure alone. 
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A                                                 B 

 
C                             D 

 
Figure 7. A, B[a]P induced DNA adduct formation. DNA adduct levels were measured by 32P-postlabeling 
in BEAS-2B cell after exposed to B[a]P or 1 µM B[a]P with 10 ng/ml IL-8 for 6, 24 and 48 hours. ND, not 
detected. B, Original Thinlayer chromatography (TLC) results of treatments of B[a]P and B[a]P with IL-8 at 
different time points. The adduct spot (arrow) that migrated during 2D-TLC to the same position as the 
major DNA adduct in a BPDE-DNA adduct standard was quantitated in all samples. Before 
phosphorimaging of the TLC plates the origin located at the bottom left-hand corner was excised. C, Effect 
of IL-8 on B[a]P induced NER activity in BEAS-2B cell after 24 hour stimulation. D, NER as depicted by the 
comet assay. Ethidium bromide staining (X 400). All data are given as the means ± SEM (n= 6 per group). 
Values significantly different from each other are indicated by asterisks. *p<0.05, **p<0.01 and 
***p<0.001. 

Discussion 

Humans are unavoidably exposed to B[a]P, because it is widely present in, for example 
cigarette smoke, diesel exhaust or environmental particulate matters. B[a]P is the most 
studied PAH and many studies have shown that it plays an important role in the 
induction of lung inflammation [50]. However, the simultaneous effect of inflammation 
on B[a]P metabolism is largely lacking. Therefore, in this study, we focused on how the 
pro-inflammatory cytokine IL-8 affects B[a]P metabolism as well as B[a]P-induced DNA 
damage and reveal the potential mode of action of IL-8 herein. 
Chemical carcinogens may induce inflammation and it has been previously shown that  
levels of the inflammatory cytokine IL-8 are enhanced upon B[a]P exposure in cells, 
animals and patients [50-53]. Similarly, we also show in the current study a 
time-dependent increase of IL-8 concentrations after B[a]P exposure in BEAS-2B cells. In 
addition, IL-8 binds to its receptors (CXCR1 and CXCR2), and subsequently activates the 
NF-κB pathway which can bind to the endogenous IL-8 promoter to upregulate IL-8 gene 
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transcription [8, 54, 55]. Thus, the continuous IL-8 production via this NF-κB pathway 
generates a positive feedback loop for IL-8 [56, 57], providing a possible explanation for 
our observation that the level of IL-8 remained high and did not decrease in time. 
Nevertheless, it is currently unknown whether this positive IL-8 feedback loop will affect 
the detoxification pathways of chemical carcinogens. 
The cellular response to chemical mutagenic exposures is the induction of NADPH 
dependent cytochrome P450s (CYP1A1/CYP1B1) that are able to transform the 
chemical compounds into hydrophilic compounds. In our experiments, we showed that 
IL-8 enhanced the expression of CYP1A1 and CYP1B1, leading to higher metabolic 
activity. As a consequence, higher levels of the metabolite B[a]P-7,8 diol were detected 
but, unexpectedly, also a reduction of the rate of B[a]P metabolism was observed. In 
order to explain these unexpected contradicting observations, the NOX pathway was 
investigated, because binding of IL-8 to its receptor will also activate this pathway [9, 58, 
59]. We initially hypothesized that IL-8 mediated activation of NOX would decrease the 
level of intracellular NADPH, which could limit the CYP1A1/1B1 activity. Additionally, 
we suggested that lower NADPH levels would change the metabolic profile towards the 
favorable formation of B[a]P-7,8 diol. As a consequence, the rate of B[a]P metabolism 
would be reduced and the concentration of unmetabolized B[a]P would remain 
relatively high, whereas B[a]P-7,8-diol could accumulate (Fig 3). It is known that when 
the concentration of unmetabolized B[a]P and B[a]P-7,8-diol stay high, this will keep 
triggering the aromatic hydrocarbon receptor (AHR) induced CYP1A1 and CYP1B1 gene 
expression [29, 60]. Indeed, B[a]P significantly decreased the NADPH levels, especially in 
conjunction with IL-8 exposure. This indicated that the NADPH level might be the 
rate-limiting factor for B[a]P metabolism and that the IL-8 reduced B[a]P metabolism 
might be due to the lower intracellular NADPH level. To address this hypothesis, an 
EROD assay was performed in the presence or absence of extra NADPH. Unexpectedly, 
the results showed that extra NADPH did not counteract the effect of IL-8 on EROD 
activity. Only, the overall EROD activity expression (RFU/min) was higher by extra 
NADPH, indicating that the NADPH level might be the limiting factor in the metabolic 
activity, but not the key factor which caused the higher CYP1A1/1B1 mRNA level and 
subsequent metabolism of  B[a]P to its 7,8-diol.  
To further address our hypothesis that NOXes activated by IL-8 can explain the results, 
pre-incubations with the general NOX inhibitor DPI were performed. Interestingly, the 
increased EROD activity induced by additional IL-8 after 24 and 48 hours incubation was 
significantly inhibited upon DPI pretreatment. Moreover, after 6 hours, the EROD 
activity was significantly enhanced by DPI, These results indicated that IL-8 indeed 
alters B[a]P induced EROD activity via NOXes, but the downstream mechanism is 
unlikely to be mediated by NADPH and thus remains unclear.  
As some studies have reported that IL-8 greatly enhanced the respiratory burst and 
generates ROS through the activation of NOXes [9, 61], the production of ROS might be 
involved in the changes of B[a]P metabolism. One of the most abundant intracellular 
antioxidant molecules is reduced glutathione (GSH), which removes potential toxic 
electrophiles [62]. Indeed, the intracellular GSH level was significantly decreased after 
stimulation with IL-8 for 24 hours. Meanwhile, GSH is a major phase II compound that 
forms conjugates with BPDE, B[a]P-7,8-oxide and other B[a]P metabolites, to protect 
cells from their toxicity [23]. Incubation of BEAS-2B cells with B[a]P for 24 hours did 
lower the intracellular GSH level, but not statistically significant (p=0.078). However, the 
combination of IL-8 with B[a]P decreased GSH levels with more than 50% when 
compared to control. In principle, cells maintain the balance of GSH in its reduced and 
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oxidized form (GSSG) with a GSH:GSSG ratio exceeding 100:1 [63]. During oxidative 
stress (in this particular case induced by exposure to B[a]P or B[a]P with IL-8), GSH is 
converted into GSSG and the ratio (GSH/GSSG) will decrease [63]. Indeed, we also 
observed that combined treatment with B[a]P and IL-8 significantly elevated the 
intracellular GSSG level and reduced the GSH/GSSG ratio to approximately 20:1. 
However, to maintain the GSH in a reduced state, the GSH redox cycle which is an 
NADPH-dependent reaction, is triggered. In this redox cycle, GSH is regenerated from 
GSSG using reduced NADPH, which will be converted into NADP+, [64]. Therefore, we 
hypothesize that when under low oxidative stress (e.g. IL-8 or B[a]P alone), cells can 
regenerate GSH via the GSH redox cycle. However, when cells face increased levels of 
oxidative stress (e.g. combination of B[a]P and IL-8), more GSH is converted into GSSG 
and the rate of GSSG to GSH conversion may be limited because NADPH is additionally 
used for B[a]P metabolism. Due to the lower GSH level, the formation of GSH conjugates 
will be slowed down which leads to accumulation of B[a]P-7,8-diol. In addition, 
accumulation of B[a]P-7,8-diol and B[a]P will keep triggering the aryl hydrocarbon 
receptor (AHR)-mediated CYP1A1/1B1 gene expression [29]. To further support this 
hypothesis, experiments with BSO, an inhibitor of GSH synthesis, were included. As 
expected, we observed that the intracellular GSH decreased and the extracellular B[a]P 
and B[a]P-7,8-diol concentrations increased after addition of BSO. 
B[a]P induced DNA adducts are the net effect of binding of B[a]P related metabolites to 
DNA and their removal by DNA repair [29]. In principle, higher levels of B[a]P-7,8-diol 
would result in higher levels of BPDE, and subsequently more DNA adducts. However, 
we found no significant differences in B[a]P-DNA adduct levels between B[a]P treated 
samples and samples that were additionally treated with IL-8. We examined whether 
this could be explained by the induction of DNA repair that counterbalances the 
increased formation of DNA adducts. Indeed, we observed a 3-fold induction of NER 
capacity by additional IL-8 exposure after 24 hour of stimulation. This induction of DNA 
damage repair can be explained by the depletion of intracellular GSH, as Langie et al [65] 
has previously reported that GSH depletion leads to induction of NER.  
In conclusion, this study demonstrated that exposure of BEAS-2B cells to B[a]P 
combined with IL-8 resulted in upregulation of B[a]P-induced CYP1A1/1B1 gene 
expression and its activity. Additionally, higher levels of B[a]P-7,8-diol and 
unmetabolized B[a]P were observed after incubation with additional IL-8. This could be 
due to IL-8 mediated activation of NOXes which subsequently depletes intracellular GSH, 
which is also needed to detoxify B[a]P metabolites. It results in higher levels of 
B[a]P-7,8-diol but unexpectedly also in a lower rate of B[a]P metabolism. Higher level of 
B[a]P and B[a]P-7,8-diol will keep triggering AHR-mediated CYP1A1/1B1 gene 
expression. It is yet unknown whether an IL-8 induced reduction in NADPH levels is 
involved in the reduction of B[a]P metabolism. DNA adduct levels were not increased, 
because the cells compensate by boosting their DNA repair activity (overall hypothesis is 
depicted in Fig 8). Our results show that the pro-inflammatory cytokine IL-8 can alter 
not only the B[a]P metabolism but also the formation as well as the removal of 
B[a]P-induced DNA adducts in human lung epithelial cells. This study expands the 
knowledge on how inflammation-associated cytokines can affect B[a]P induced 
carcinogenesis. 
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Figure 8. The potential mechanism of NADPH and GSH during incubation of  B[a]P and IL-8 in BEAS-2B 
cells. NADPH is involved in three pathways: First, B[a]P metabolism involves NADPH-dependent CYPs 
(CYP1A1/CYP1B1) mediated reactions. After B[a]P exposure, CYP1A1/CYP1B1 are significantly 
upregulated and converting B[a]P into B[a]P metabolites by consuming NADPH. Secondly, NOX dependent 
ROS production. IL-8 activates the NOX pathway which decreasing the NADPH level. Thirdly, the 
conversion of GSSG back to GSH needs NADPH. However, in the concurrent exposure to B[a]P and IL-8, 
GSH is the rate limiting factor compared to NADPH in the B[a]P metabolism. Furthermore, decreased GSH 
level leads to upregulation of DNA repair capacity (NER) which prevent from forming B[a]P-induced DNA 
adducts. However, IL-8-induced production of ROS increased the conversion of GSH into GSSG, therefore, 
resulting in less detoxification of B[a]P metabolism but increasing DNA repair capacity.  
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Figure 1. Effect of each treatment on BEAS-2B cell viability/cytotoxicity (MTT). Different treatments 
including control, IL-8 (10 ng/ml), B[a]P (1 µM), IL-8 with B[a]P and various DPI concentrations (0.01 to 
100 µM), and  incubation times (6, 24 and 48 hours) were used. Data is presented as percentage to 
control (mean±SEM, n=6). *p<0.05, **p<0.01 and ***p<0.001.  

 



 

 

 

 

  



 

 
 

 

Chapter 5 

Pulmonary Inflammation Impacts on 

CYP1A1-Mediated Respiratory Tract DNA 

Damage Induced by the Carcinogenic Air 

Pollutant Benzo[a]pyrene 

 

 

 
 

Arlt VM, Krais AM, Godschalk RW, Riffo-Vasquez Y, Mrizova I, Roufosse CA, Corbin C, Shi 

Q, Frei E, Stiborova M, van Schooten FJ, Phillips DH, Spina D. 

Toxicol Sci. 2015 Aug;146(2):213-25. doi: 10.1093/toxsci/kfv086. 

 

 

 

  



Chapter 5 

102 

 

ABSTRACT 

Pulmonary inflammation can contribute to the development of lung cancer in humans. 
We investigated whether pulmonary inflammation alters the genotoxicity of polycyclic 
aromatic hydrocarbons (PAHs) in the lungs of mice and what mechanisms are involved. 
To model non-allergic acute inflammation, mice were exposed intranasally to 
lipopolysaccharide (LPS; 20 µg/mouse) and then instilled intratracheally with 
benzo[a]pyrene (BaP; 0.5 mg/mouse). BaP-DNA adduct levels, measured by 
32P-postlabelling analysis, were ~3-fold higher in the lungs of LPS/BaP-treated mice 
than in mice treated with BaP alone. Pulmonary Cyp1a1 enzyme activity was decreased 
in LPS/BaP-treated mice relative to BaP-treated mice suggesting that pulmonary 
inflammation impacted on BaP-induced Cyp1a1 activity in the lung. Our results showed 
that Cyp1a1 appears to be important for BaP detoxification in vivo and that the decrease 
of pulmonary Cyp1a1 activity in LPS/BaP-treated mice results in a decrease of 
pulmonary BaP detoxification, thereby enhancing BaP genotoxicity (i.e. DNA adduct 
formation) in the lung. Because less BaP was detoxified by Cyp1a1 in the lungs of 
LPS/BaP-treated mice, more BaP circulated via the blood to extra-pulmonary tissues 
relative to mice treated with BaP only. Indeed, we observed higher BaP-DNA adduct 
levels in livers of LPS/BaP-treated mice compared to BaP-treated mice. Our results 
indicate that pulmonary inflammation could be a critical determinant in the induction of 
genotoxicity in the lung by PAHs like BaP. Cyp1a1 appears to be involved in both BaP 
bioactivation and detoxification although the contributions of other enzymes to 
BaP-DNA adduct formation in lung and liver under inflammatory conditions remains to 
be explored. 

Keywords: benzo[a]pyrene, pulmonary inflammation, cytochrome P450, carcinogen 
metabolism, DNA adducts, bronchoalveolar lavage.  
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INTRODUCTION 

Globally, lung cancer is the leading cause of cancer death. Tobacco smoking is the 
overwhelming cause of lung cancer, although vehicle engine exhaust (e.g. diesel exhaust) 
and ambient air pollution are also implicated [1, 2]. Inflammatory diseases of the lung, 
including fibrosis and chronic obstructive pulmonary disease (COPD), are associated 
with higher lung cancer risk [3, 4]. Lung cancer risk in smokers with COPD is increased 
up to 10-fold in comparison to smokers without COPD [3]. Many inflammatory agents 
can contribute to the development of diseases like COPD or asthma, including inhaled 
combustion derived particles such as cigarette smoke, ambient air particulate matter 
and diesel exhaust particles [5]. Inhalation of such particles can cause a local pulmonary 
response which is characterised by the influx of neutrophils into the airways [6]. In 
contrast to their innate protective role in immunity, neutrophils contribute to the 
pathogenesis of inflammatory lung diseases like COPD and promote tumour 
development [6, 7].  
A number of studies have found that occupational exposure to diesel exhaust leads to 
increased risk of lung cancer [8, 9] and the International Agency for Research on Cancer 
(IARC) has classified diesel engine exhaust as carcinogenic to humans (Group 1) [1]. 
However, the mechanism of diesel carcinogenesis and precise identity of the 
carcinogenic components of diesel exhaust are still incompletely understood, as is the 
magnitude of the carcinogenic risk from environmental exposure. Although exposure to 
diesel exhaust material induces pulmonary inflammation and exacerbates chronic 
respiratory inflammatory conditions [5], the contribution of such inflammation to diesel 
exhaust associated carcinogenic risk potential has not been examined in any great detail. 
By analogy with the causation of lung cancer by tobacco smoking [10] it was therefore 
the aim of this study to examine how inflammation in the lung alters the genotoxicity of 
polycyclic aromatic hydrocarbons (PAHs), which occur in the particulate phase of diesel 
exhaust, and what specific mechanisms are involved. 
PAHs such as benzo[a]pyrene (BaP), also an IARC Group 1 carcinogen [11], exert their 
carcinogenic effects only after metabolic activation. As shown in Figure 1 BaP is 
activated by cytochrome P450 (CYP) enzymes, CYP1A1 and CYP1B1 being the most 
important isoenzymes [12], resulting in highly reactive diol-epoxides capable of forming 
covalent DNA adducts that can lead to mutations through errors in DNA replication [13]. 
Inflammatory reactions in vivo involve the production and release of a range of 
signalling molecules including cytokines and chemokines [7, 14]. In vitro experiments 
have shown that cytokines like tumour necrosis factor- (TNF-) formed after 
environmental exposures can alter the expression of metabolic enzymes such as CYPs 
(e.g. CYP1A1, CYP1B1) involved in BaP bioactivation [15, 16]. Other in vitro studies have 
revealed that neutrophil-derived myeloperoxidase (MPO) can activate the BaP 
metabolite BaP-7,8-dihydrodiol to reactive species (i.e. 
BaP-7,8-dihydrodiol-9,10-epoxide [BPDE]) that form DNA adducts in lung cells [17, 18].   
In the present study we investigated whether lung inflammation alters the capacity for 
diesel exhaust carcinogens like BaP to cause DNA damage (e.g. DNA adducts) in vivo and 
the mechanisms involved. To model non-allergic acute inflammation, mice were exposed 
to lipopolysaccharide (LPS) and then instilled with BaP. DNA adduct formation was 
determined by 32P-postlabelling analysis. 
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Figure 1. Main metabolic pathway in the bioactivation and DNA adduct formation of BaP in lung. See text for 
details. CYP, cytochrome P450; mEH, microsomal epoxide hydrolase; MPO, myleoperoxidase.Inserts: 
Autoradiographic profiles of DNA adducts formed in lungs  of mice; the origin, at the bottom left-hand corner, 
was cut off before exposure. Autoradiographic profiles in the lungs are representative of those observed in the 
livers. The arrow shows 10-(deoxyguanosin-N2-yl)-7,8,9-trihydroxy-7,8,9,10-tetrahydro-BaP (dG-N2-BPDE). 

MATERIALS AND METHODS 

Carcinogen. Benzo[a]pyrene (BaP; purity ≥96%) was obtained from Sigma Aldrich.  

Animal treatment. C57B16 mice (male; ~8-10 weeks old, 20-25 g) were obtained from 
Charles River Laboratories. All animal experiments were carried out at King’s College 
London under license according to protocols approved by the Home Office under ‘The 
Animals (Scientific Procedures) Act (1986)’ after approval by the institutional ethics 
committee. Animals were kept under controlled pathogen-free conditions and allowed 
food and water ad libitum. In total, four groups of mice (n = 4 per experiment; repeated 
in triplicate; n = 12 in total) were used as follows (see Fig. 2): Group I: mice were 
instilled nasally with saline and 24 hours later instilled intratracheally with vehicle, 
tricaprylin (25 µL/mouse). Group II: to induce acute pulmonary inflammation mice 
received an intranasal dose of 20 µg lipopolysaccharide (LPS; Escherichia coli, serotype 
O55:B5; 1 mg/mL; Sigma), and 24 hours later they received tricaprylin (25 µL/mouse) 
by intratracheal instillation. Group III: mice were instilled nasally with saline and 24 
hours later instilled intratracheally with BaP (0.5 mg BaP dissolved in 25 µL tricaprylin). 
Group IV: mice received an intranasal administration of 20 µg LPS followed 24 hours 
later with BaP (0.5 mg BaP/mouse) by intratracheal instillation. In order to have 
sufficient material available for histopathology and several biological assays, 
experiments were performed in triplicate on separate occasions (3n = 4/group). All 
instillations were performed under anaesthesia with isoflurane (Sigma) following 
injection with ketamine/zylazine (1 mg/0.166 mg per mouse, respectively; Sigma). Mice 
were killed 3 days after exposure after anaesthesia with 2 g/kg body weight urethane 
(Sigma) by intraperitoneal administration and a cannula was inserted into the exposed 
trachea. For the collection of inflammatory cells by bronchoalveolar lavage (BAL) three 
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0.5-mL aliquots of sterile saline were injected into the lungs. Lung and liver tissue were 
also collected, snap-frozen in liquid nitrogen and stored at ‒80ºC until analysis. For 
histopathology lung sections were fixed for 48 hours in PBS containing 4% 
paraformaldehyde.  

 
Figure 2. Study design and animal treatment. See Materials & Methods for additional information. 

Assessment of the pulmonary inflammation by histopathology and BAL analysis. 
Fixed lung sections were embedded in paraffin and 7-micron sections were cut and 
stained with haematoxylin-eosin (H&E) [19]. Slides were randomized and analysed at 
10 magnification for the number of fields with inflammation, expressed as % of the 
total number of fields of lung tissue on the section. At 40 magnification, inflammation 
was qualified as either predominantly neutrophilic or predominantly monocytic. 
From the collected BAL fluid, a 50-µL aliquot was added to 50 µL of haemolysis (Turk) 
solution. The total number of cells in the BAL fluid was counted with an improved 
Neubauer haemocytometer. For differential cell counts, cytospin preparations were 
prepared from aliquots of BAL fluid (100 µL), centrifuged at 250 g for 1 min using a 
Shandon Cytospin 2 (Shandon Southern Instruments, Sewickley, PA, USA) at room 
temperature and stained with Diffquick. Two hundred cells were counted to determine 
the proportion of neutrophils, eosinophils and monocytes using standard morphological 
criteria [20]. 

Detection of DNA adducts. DNA from tissue was isolated by a standard 
phenol-chloroform extraction method. DNA adduct analysis was performed by the 
nuclease P1 enrichment version of the 32P-postlabelling method as described previously 
[21, 22] with minor modifications. DNA samples (4 μg) were digested with micrococcal 
nuclease (288 mU; Sigma) and calf spleen phosphodiesterase (1.2 mU; MP Biomedical), 
and then enriched and labelled as reported. Resolution of 32P-labelled adducts was 
performed by polyethyleneimine-cellulose (PEI) thin-layer chromatography (TLC) [23]. 
After chromatography TLC plates were scanned using a Packard Instant Imager (Dowers 
Grove, IL, USA). DNA adduct levels (RAL, relative adduct labelling) were calculated from 
adduct counts per minute (cpm), the specific activity of [-32P]ATP and the amount of 

Day 0 Day 1 Day 3
(sample collection)

Saline
(nasal)

Tricaprylin
(intratracheal)

24 h 48 h
Group I:

(n=12)

Day 0 Day 1

LPS/Saline
(nasal)

24 h 48 h
Group II:

(n=12)

Day 0 Day 1
24 h 48 h

Group III:
(n=12)

Day 0 Day 1
24 h 48 h

Group IV:
(n=12)

Tricaprylin
(intratracheal)

Saline
(nasal)

BaP/Tricaprylin
(intratracheal)

LPS/Saline
(nasal)

BaP/Tricaprylin
(intratracheal)

Day 3
(sample collection)

Day 3
(sample collection)

Day 3
(sample collection)

file://///unimaas.nl/Research/FHML_PHAR-TOX/Q.Shi/Thesis/Chapter%205%20in%20vivo%20paper%20from%20Volker/in%20vivo%20paper%20recover.docx%23_ENREF_19
file://///unimaas.nl/Research/FHML_PHAR-TOX/Q.Shi/Thesis/Chapter%205%20in%20vivo%20paper%20from%20Volker/in%20vivo%20paper%20recover.docx%23_ENREF_20
file://///unimaas.nl/Research/FHML_PHAR-TOX/Q.Shi/Thesis/Chapter%205%20in%20vivo%20paper%20from%20Volker/in%20vivo%20paper%20recover.docx%23_ENREF_21
file://///unimaas.nl/Research/FHML_PHAR-TOX/Q.Shi/Thesis/Chapter%205%20in%20vivo%20paper%20from%20Volker/in%20vivo%20paper%20recover.docx%23_ENREF_22
file://///unimaas.nl/Research/FHML_PHAR-TOX/Q.Shi/Thesis/Chapter%205%20in%20vivo%20paper%20from%20Volker/in%20vivo%20paper%20recover.docx%23_ENREF_23


Chapter 5 

106 

 

DNA (pmol) used. Results were expressed as DNA adducts/108 normal nucleotides (nt). 
An external BPDE-modified DNA standard was used to identify BaP-DNA adducts. 

Preparation of pulmonary and hepatic microsomal and cytosolic samples. Pooled 
pulmonary and hepatic microsomal and cytosolic fractions (n = 4) were isolated as 
described [23, 24]. Briefly, tissue samples were pulverized by grinding snap-frozen 
pooled lung or liver specimens in a Teflon container frozen in liquid nitrogen with a steel 
ball using a dismembrator (2600 UPM for 30 seconds; Braun Melsungen AG, Germany). 
The frozen tissue powder was then homogenized by hand in 0.067 M potassium 
phosphate buffer (pH 7.4) with 0.5% potassium chloride in a Potter-Elvehjem 
glass-Teflon homogenizer. The buffer volume (in µL) used was three times the weight 
(in mg) of the organ. Nuclei and debris were removed by centrifugation at 18,000 g for 
30 minutes at 4ºC. From the supernatant, microsomal pellets were obtained at 100,000 g 
after 1 hour. Supernatant (cytosolic fraction) was gently levered off the sediment into 
200-µL aliquots and stored at −80°C until further analysis. The sediment (microsomal 
fraction) was resuspended in phosphate buffer (lung in approximately the same volume 
(in µL) as their weight (in mg), liver in twice their weight) and small aliquots (100 µL) 
were stored at −80°C until further analysis. Protein concentrations in cytosolic and 
microsomal fractions were measured using the bicinchoninic acid (BCA) protein assay 
with bovine serum albumin as a standard. 

Expression of pulmonary and hepatic Cyp1 protein. Immunoquantitation of Cyp1a1 
and Cyp1b1 in microsomal fractions was carried out by sodium dodecyl sulphate 
(SDS)-10% polyacrylamide gel electrophoresis of samples containing 30 μg microsomal 
proteins. After migration, proteins were transferred onto polyvinylidenedifluoride 
membranes. Mouse Cyp1a1 protein was probed with goat-anti rat CYP1A1 polyclonal 
antibodies (1:2500, Antibodies-online GmbH, Aachen, Germany) as reported elsewhere 
[25]. The goat-anti rat CYP1A1 antibodies recognize this enzyme in mouse pulmonary 
and hepatic microsomes as one protein band. Rat recombinant CYP1A1 (in 
Supersomes™, Gentest Corp., Woburn, MA, USA) was used as positive controls to identify 
the band of Cyp1a1 in murine microsomes. Mouse Cyp1b1 protein was probed with 
rabbit-anti human CYP1B1 polyclonal antibodies (G-25) (1:200, Santa Cruz 
Biotechnology, Dallas, Texas, USA). The goat-anti rabbit CYP1B1 antibodies recognise 
this enzyme as one protein band. Human recombinant CYP1B1 (in Supersomes™) was 
used as positive control. The antigen–antibody complex was visualized with an alkaline 
phosphatase-conjugated rabbit anti-chicken IgG antibody and 
5-bromo-4-chloro-3-indolylphosphate/nitrobluetetrazolium as chromogenic substrate 
[26]. Glyceraldehyde phosphate dehydrogenase was used as loading control and 
detected by its antibody (1:750, Millipore; MA, USA). Band intensity was quantified using 
the GeneTools software. 

Measurement of pulmonary and hepatic Cyp1a enzyme activity. Microsomal Cyp1a 
enzyme activity (measured as relative fluorescence unit [RFU]/minute) was determined 
by following the conversion of 7-ethoxyresorufin into resorufin (EROD assay) using 
fluorescent measurement on a Synergy HT Plate Reader (Bio-TEK Instruments, USA; 530 
nm excitation, 580 nm emission) [27]. Cyp1a enzyme activity (measured as RFU/ 
minute) was also measured with 3-cyano-7-ethoxycoumarin (CEC) as substrate [24]. 
Briefly, in a 96-well plate the incubation mixture (200 µL) contained 67 mM potassium 
phosphate buffer (pH 7.4), 9 mM glucose-6-phosphate, 0.9 U glucose-6-phosphate 
dehydrogenase, 4.5 mM magnesium chloride, 0.9 mM NADP, 5 µM CEC (dissolved in 
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DMSO) and 50 µg of microsomal fraction. The reaction was initiated by the addition of 
CEC and the formation of 3-cyano-7-hydroxycoumarin was measured every 2 minutes 
for 30 minutes (409 nm excitation, 460 nm emission). 

Measurement of pulmonary and hepatic Nqo1 enzyme activity. Nqo1 enzyme activity 
in cytosolic samples was measured with menadione (2-methyl-1,4-naphthoquinone) as 
substrate essentially as described previously [27]. The standard assay system in a 
24-well plate contained in 1 mL (final concentration) 25 mM Tris-HCl (pH 7.5), 0.12 % 
bovine serum albumin, 200 μM NADH, 10 μM menadione (dissolved in methanol), 77 μM 
cytochrome c and 50 µg of cytosolic fraction. The reaction was initiated by the addition 
of the cytosolic fraction. Enzyme activity (measured as RFU/min) was determined by 
following the conversion of cytochrome c at 550 nm on a Synergy HT Plate Reader. 

Expression of Cyp1b1 gene expression in the lung. Gene expression analysis was 
essentially performed as described [28]. Briefly, RNA was isolated from lung samples 
using the GenElute Mammalian Total RNA Mini Prep Kit (Sigma, UK) according to the 
manufacturer’s instruction. Reserve transcription was performed using random primers 
and SuperScript® III Reserve Transcriptase (Life Technologies, UK) RNA expression was 
analysed by quantitative real-time polymerase chain reaction (qRT-PCR) using TaqMan® 
Universal PCR Master Mix (Life Technologies) and TaqMan® gene expression primers 
according to the manufacturer’s protocol with a 7500HT Fast Real Time PCR System 
(Applied Biosystems, UK). Probe (Life Technologies, UK) Cyp1b1-Mm00487229_m1 was 
used and expression levels were normalised to housekeeping gene Gapdh (4352341E). 
Relative gene expression was calculated using the comparative threshold cycle (CT) 
method [29]. 

Measurement of nucleotide excision repair (NER) capacity. The ability of NER-related 
enzymes present in isolated tissue extracts to detect and incise substrate DNA 
containing BPDE-DNA adducts was measured using a modified comet assay [30]. Tissue 
protein extracts were prepared as described previously [31], and protein concentrations 
were optimised for analysis of lung and liver samples (0.2 mg/mL). The ex vivo repair 
incubation and electrophoresis were performed according to the published protocol 
[30]. Dried slides stained with ethidium bromide (10 µg/mL) were viewed with a Zeiss 
Axioskop fluorescence microscope. Comets were scored using the Comet III system 
(Perceptive Instruments, UK). Fifty nucleoids were assessed per slide and each sample 
was analysed in duplicate. All samples were measured blindly. Tail intensity (% tail 
DNA) was used to calculate repair capacity of the tissue extracts [30]. 

Statistical analysis. Statistical analyses were performed with Prism GraphPad Software 
and P < 0.05 was considered significant. 

RESULTS 

Pulmonary histopathology 

Pulmonary inflammation three days after exposure to LPS was assessed by H&E staining 
(Fig. 3). The semi-quantitative assessment is summarised in Table 1. The bronchi and 
vessels in all groups appeared unaffected. In all four groups, there were foci of alveolar 
inflammation (pneumonia), but the size of the foci and the composition of inflammatory 
cells were different. Controls (Group I) showed few inflammatory foci (5-14% of fields), 
which were small in size and composed predominantly of neutrophils. LPS-treated 
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animals (Group II) showed an increase in inflammatory foci (26-92% of fields) as loose 
collections mainly of macrophages extending over a larger area. BaP and LPS+BaP 
treated animals (Groups III and IV) showed an intermediate number of inflammatory 
foci (4-32% and 4-41% respectively), roughly of the same composition and size as seen 
in the LPS-treated animals (Group II). 

 

Figure 3. Histological analysis of pulmonary inflammation. Representative photomicrographs of lung 
tissue section stained with H&E: (A) control mice: small sense foci of predominantly neutrophils; (B) LPS-, 
BaP- or LPS+BaP-treated lung: large loose foci of predominantly monocytes. Original magnification x10, 
left panel; x40, right panel. Semi-quantitative assessment of pulmonary inflammation is summarised in 
Table 1. 
 

Table 1: Semi-quantitative assessment of pulmonary inflammation from H&E staining of lung sections 
 

Treatment group 
(n= 4 per group) 

% of fields with 
inflammation (median) 

Size of inflammatory 
foci 

Predominant cell 
type 

Controls (Group I) 5-14 (6.5) Small dense Neutrophils 
LPS (Group II) 26-92 (79) Large loose Monocytes 
BaP (Group III) 4-32 (12.5) Large loose Monocytes 

LPS+BaP (Group IV) 4-41 (18.5) Large loose Monocytes 
 

Inflammatory response in BAL 

Using morphological criteria the number of monocytes, eosinophils and neutrophils 
were counted in BAL fluid (Fig. 4). LPS treatment (Group II) caused significant increases 
in neutrophils (Fig. 4B) and mononuclear leukocytes (Fig. 4C) recruitment to the lung 
relative to control mice (Group I). No such effect was seen for eosinophils (Fig. 4D). The 
recruitment of neutrophils, used as a measure of pulmonary inflammation, in mice 
treated with LPS and LPS/BaP was high (Fig. 4B). In LPS-treated mice (Group II) the 
number of neutrophils was ~22-fold higher than in control mice (Group I) and 
BaP-treated mice (Group III), however, additional treatment with BaP (Group IV) had no 
additional effect on neutrophil recruitment. More specifically, 2-way ANOVA showed a 

A1 – 10 A2 – 40

B1 – 10 B2 – 40

Untreated
(control)

1) LPS
2) BaP
3) LPS+BaP
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statistically significant effect of LPS-induced inflammation on neutrophil recruitment  
[F (1,41) = 31.11, P < 0.0001] but was not affected by BaP treatment. There was no 
significant interaction effect. 

 

DNA adduct formation in lung and liver 

The DNA adduct pattern observed by TLC 32P-postlabelling in BaP-treated mice (Groups 
III and IV) consisted of a single adduct spot, in both lung and liver. Although the 
32P-postlabelling method does not provide any structural information of the BaP-derived 
DNA adduct formed, using mass spectrometry the adduct formed in vivo was previously 
identified [23] as 10-(deoxyguanosin-N2-yl)-7,8,9-trihydroxy-7,8,9,10-tetrahydro-BaP 
(dG-N2-BPDE) (Fig. 1; inserts). DNA adducts were not detected either in control (Group I) 
or in LPS-treated animals (Group II). BaP-DNA adduct levels ranged from 10-30 adducts 
per 108 nucleotides (Fig. 5). Adduct levels were significantly higher in both lung 
(~2.5-fold) and liver (~3.5-fold) of LPS/BaP-treated mice (Group IV) than in mice 
treated with BaP alone (Group III).  
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Figure 4. Effect of BaP 
treatment on pulmonary 
inflammation assessing 
bronchoalveolar lavage fluid. 
Total (A), neutrophil (B), 
mononuclear leukocytes (C) 
and eosinophil (D) cells were 
quantified by 
haemocytometry from mice 
treated with LPS, BaP, 
LPS+BaP or vehicle only 
(control). All values are given 
as the means ± SEM (n = 12 
per group). In the figure F = 
fold difference in cell number 
in LPS/BaP group compared 
with cell number in BaP 
group. Statistical analysis 
was performed by two-way 
ANOVA followed by Tukey’s 
multiple comparisons test 
(*P < 0.05, versus control 
[untreated] mice; **P < 0.05, 
different BaP only treated 
mice). 
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Expression of BaP-metabolising enzymes in lung and liver 

Cyp1a1 protein levels measured by Western blotting showed a ~5-fold induction in the 
lungs after BaP treatment (Group III) (Fig. 6A). Similarly pulmonary Cyp1a1 protein 
levels increased ~5-fold in LPS/BaP-treated mice (Group IV) relative to mice treated 
with LPS alone (Group II). Even though intensities of the Cyp1a1 protein bands in 
control (untreated) and LPS-treated mice were weak, a clear increase in Cyp1a1 protein 
levels was detectable in BaP- and LPS/BaP-treated mice. In accordance with these 
findings treatment of mice with BaP led to a strong increase in EROD (Fig. 7A) and CEC 
activity (Fig. 7B) in pulmonary microsomes. Interestingly, pulmonary Cyp1a enzyme 
activity was significantly lower (~2-fold) in LPS/BaP-treated mice (Group IV) than in 
mice treated with BaP alone (Group III).  

 

Using Western blotting we found only a slight increase (~1.5 fold) in Cyp1a1 protein 
levels in the liver after BaP treatment (Group III) (Fig. 6B). Hepatic Cyp1a1 protein levels 
increased further in the LPS/BaP-treated mice (Group IV) relative to mice treated with 
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Figure 5. BaP-DNA adduct 
formation. DNA adduct levels (RAL, 
relative adduct labelling) were 
measured by 32P-postlabelling in 
lung (A) and liver (B) of mice treated 
with LPS, BaP, LPS+BaP or vehicle 
only (control). All values are given 
as the means ± SD (n = 4 per group). 
ND, not detected. In the figure F = 
fold difference in DNA binding in 
LPS/BaP group compared with DNA 
binding in BaP group. Statistical 
analysis was performed by unpaired 
two-tailed t-test (*P < 0.05, versus 
BaP only treated mice). 

Figure 6. Western blot 
analysis of Cyp1a1 
protein expression in 
lung (A) and liver (B) of 
mice treated with LPS, 
BaP, LPS+BaP or vehicle 
only (control). 
Representative images 
of the Western blotting 
are shown; duplicate 
analysis was performed 
on separate occasions. 
Gapdh protein 
expression was used as 
loading control. 
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BaP only (Group III). Similarly, hepatic EROD (Fig. 7C) and CEC activity (Fig. 7D) was up 
to ~2-fold higher in LPS/BaP-treated mice (Group IV) compared to mice treated with 
BaP only (Group III). In addition, LPS exposure alone let to a detectable Cyp1a1 activity 
in the liver with both substrates (Group II). 
As BaP derivates can also be partly metabolised by NQO1, we also determined the 
activity of Nqo1 in mice exposed to BaP. Nqo1 activity was detected in both lung and 
liver cytosolic samples of all groups (Fig. 8). Nqo1 enzyme activity was higher after LPS 
(Group II), BaP (Group III) and LPS/BaP exposure (Group IV) relative to controls (Group 
I), in both lung (Fig. 8A) and liver (Fig. 8B). Interestingly, pulmonary Nqo1 enzyme 
activity was significantly lower in LPS/BaP-treated mice (Group IV) than mice treated 
with BaP alone (Group III), although the magnitude of the effect was modest (1.2-fold) 
(Fig. 8A). No difference in Nqo1 enzyme activity between the BaP (Group III) and 
LPS/BaP group (Group IV) was observed in the liver (Fig. 8B). 
As previous studies have indicated that CYP1B1 may play a role in the metabolic 
activation of BaP within inflamed tissue [15, 16, 32], expression of Cyp1b1 mRNA in the 
lung was determined by qRT-PCR. However, as shown in Figure 9A no difference in 
Cyp1b1 expression was observed between treatment groups. These results were in line 
with Cyp1b1 protein expression determined in pulmonary microsomes (Fig. 9B). Only 
very faint Cyp1b1 protein bands were detectable by Western blotting in all treatment 
groups (Groups I-IV) which could not be accurately quantified. 
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Figure 7. Effect of BaP 
treatment on Cyp1a enzyme 
activity. Cyp1a1 enzyme activity 
as measured by EROD (A+C) or 
CEC activity (B+D) in 
microsomal fractions isolated 
from lung (A+B) or liver (C+D) 
tissues of mice treated with LPS, 
BaP, LPS+BaP or vehicle only 
(control). All values are given as 
the means ± SD of three separate 
determinations. RFU, relative 
fluorescence unit. ND, not 
detected. In the figure F = fold 
difference in enzyme activity in 
LPS/BaP group compared with 
enzyme activity in BaP group. 
Statistical analysis was 
performed by unpaired 
two-tailed t-test (*P < 0.05, 
versus BaP only treated mice). 
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Figure 8. Effect of BaP treatment on Nqo1 enzyme activity. Nqo1 enzyme activity was measured in 
cytosolic fractions isolated from lung (A) or liver (B) tissues of mice treated with LPS, BaP, LPS+BaP or 
vehicle only (control). All values are given as the means ± SD of three separate determinations. RFU, 
relative fluorescence unit. In the figure F = fold difference in enzyme activity in LPS/BaP group compared 
with enzyme activity in BaP group. Statistical analysis was performed by two-way ANOVA followed by 
Tukey’s multiple comparisons test (*P < 0.05 versus control [untreated] mice; **P < 0.05, versus BaP only 
treated mice). 

 

DNA repair capacity in lung and liver 

We assessed whether pulmonary inflammation had an influence on NER activity. We 
found that in the lung the repair capacity was higher (~4-fold) in LPS-treated mice 
(Group II) than in controls (Group I) (Fig. 10A). More specifically, 2-way ANOVA of the 
log-transformed data indicated that pulmonary repair capacity was significantly 
increased following LPS-induced inflammation [F(1,8) =10.9, P = 0.0131] (Group II) but 
was not further affected by BaP treatment (Groups III and IV). There was no significant 
interaction effect. 
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Figure 9. Expression of Cyp1b1 in the lung of mice treated 
with LPS, BaP, LPS+BaP or vehicle only (control). (A) Gene 
expression of Cyp1b1 assessed by RT-PCR. All values are given 
as the means ± SD (n = 4 per group). For statistical analysis 
the relative mRNA expression data was log2 transformed and 
analysed using a single sample t-test with Bonferroni 
correction against the population control mean of 0; no 
significant differences were observed. (B) Cyp1b1 protein 
expression determined by Western blot analysis. 
Representative images are shown; duplicate analysis was 
performed on separate occasions. Gapdh protein expression 
was used as loading control. 



Pulmonary Inflammation Impacts on Benzo[a]pyrene 

113 
 

BaP treatment alone (Group III) had no effect on NER activity. Pulmonary repair 
capacities in the LPS (Group II) and LPS/BaP (Group IV) groups were similar to each 
other but not significantly different in the LPS/BaP group (Group IV) relative to controls 
(Group I) due to large inter-individual variability (Fig. 10A). In the liver no significant 
changes in NER capacity were observed between groups (Fig. 10B). 

 
Figure 10. NER repair capacity was measured in tissue extracts isolated from lung (A) or liver (B) tissues 
of mice treated with LPS, BaP, LPS+BaP or vehicle only (control). All values are given as the means ± SD (n 
= 3 per group). For statistical analysis the relative repair capacity data was log-transformed and analysed 
by two-way ANOVA followed by Sidak’s multiple comparisons test (*P < 0.05, versus control [untreated] 
mice). 

DISCUSSION 

In the present study we have shown that pulmonary inflammation modulates the 
bioactivation of BaP and the concomitant respiratory tract DNA damage induced by it. 
To induce pulmonary inflammation we treated mice with LPS which is an established 
model to study non-allergic inflammation [31, 33, 34]. The BaP dose used in this study 
(0.5 mg/mouse) has been shown to induce mutagenicity in the lung of gpt delta mice 
after a single intratracheal instillation [35]. We found that BaP-induced DNA adduct 
formation in the lung was ~3-fold higher in LPS/BaP-treated mice compared to mice 
treated with BaP alone. Considering that inhaled combustion derived particles such as 
cigarette smoke, ambient air particulate matter and diesel exhaust particles contribute 
to pulmonary inflammation in humans [5] our results demonstrate that pulmonary 
inflammation could be a critical determinant in the induction of genotoxicity in the lung 
by particle-bound PAHs like BaP. 
Pulmonary inflammation induced by LPS initiates the synthesis of pro-inflammatory 
cytokines [36, 37]. It has been shown that LPS-induced expression of cytokines like 
TNF- and interleukin (IL)-1 in the liver is associated with altered CYP gene expression 
and CYP enzymes activities during inflammation [38]. In particular, it has been observed 
that Cyp1a1 gene expression is suppressed by LPS and TNF- in mouse liver and that 
activation of the nuclear factor-B (NF-B) plays an important role in Cyp1a1 
suppression [39, 40]. LPS-mediated decrease of hepatic Cyp1a1 was enhanced and 
accelerated in mice that lack the aryl hydrocarbon receptor (AhR) (i.e. AhR (-/-) mice) 
compared to AhR (+/+) mice [41]. Others have shown that enhanced expression of AhR 
in the thymus of LPS-treated mice was accompanied by increased Cyp1a1 expression 
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which could be repressed by inhibition of NF-B [42]. Further, induction of Cyp1a1 by 
LPS in the thymus depended on functional AhR as shown in AhR (-/-) mice [42]. 
Together these data show that there is a cross-talk between AhR and inflammatory 
response that can be critical for the expression of CYP1A1 [43]. However, the observed 
responses are complex and tissue-specific, but it is noteworthy that PAHs like BaP can 
induce Cyp1a1 transcription through binding to AhR [44, 45].  
In the present study we found a clear induction of Cyp1a1 protein in the lungs after BaP 
treatment both alone and in combination with LPS. In contrast no change of pulmonary 
Cyp1a1 protein was observed after LPS treatment alone. Interestingly pulmonary 
Cyp1a1 enzyme activity was lower in LPS/BaP-treated mice than in mice treated with 
BaP alone suggesting that pulmonary inflammation impacted on BaP-induced Cyp1a1 
enzyme activity in the lung. Because BaP-DNA adduct levels in the lung were increased 
in LPS/BaP-treated mice compared to BaP-treated mice this observation may appear 
puzzling at first. However, previous studies [23, 46, 47] have revealed a paradox, 
whereby CYP enzymes (particularly CYP1A1) appear to be more important for 
detoxification of BaP in vivo, despite being involved in its metabolic activation in vitro. 
Therefore, the decrease in pulmonary Cyp1a1 enzyme activity in LPS/BaP-treated mice 
relative to BaP-treated mice, as measured in pulmonary microsomes, led to a decrease in 
BaP detoxification, thereby enhancing BaP genotoxicity (i.e. DNA adduct formation) in 
the lung. It remains to be investigated how pulmonary inflammation really impacts on 
Cyp1a1 enzyme activity but not Cyp1a1 protein expression (see below). Some other 
studies have suggested that CYP1B1 could play a role in the bioactivation of BaP within 
inflamed tissue as CYP1B1 can be up-regulated by proinflammatory cytokines (i.e. 
TNF-) in BaP-treated cells in vitro and thus may redirect BaP metabolism to form 
higher amounts of BPDE and to potentiate DNA adduct formation [15, 16, 32]. However, 
Cyp1b1 gene expression and Cyp1b1 protein analysis in the lung provided no evidence 
for an impact of pulmonary inflammation on Cyp1b1-mediated BaP bioactivation in vivo. 
One mediator that may be involved in the suppression of pulmonary Cyp1a1 enzyme 
activity after LPS challenge could be the formation of reactive oxygen species (ROS) [48]. 
In this context it is noteworthy that CYP1A1 can produce ROS during its catalytic cycle 
[48]. It has been shown not only that LPS results in increased ROS production but also 
that ROS suppresses CYP1A1 expression in cultured human cells in vitro [49]. Therefore, 
it has been proposed that ROS such as hydrogen peroxide are involved in haemoprotein 
inactivation followed by haem loss [50, 51]. Similarly, BaP o-quinones formed during 
BaP metabolism have been shown to generate ROS [52]. Other potential mechanisms 
might involve the modification of certain amino acids at or near the active centre of the 
CYP1A1 enzyme by hydrogen peroxide [51]. Importantly, inactivated Cyp1a1 protein 
will retain the epitope for its recognition when assayed by Western blot analysis [53] 
but Cyp1a1 enzyme activity will be lost. Therefore, despite the induction of pulmonary 
Cyp1a1 protein, as measured by Western blotting in the LPS/BaP-treated mice, we 
propose that ROS formation leads to an inhibition of Cyp1a1 enzyme activity under the 
present experimental conditions.       
If BaP is detoxified more slowly by Cyp1a1 in the lungs of LPS/BaP-treated mice, it 
would be predicted that more BaP circulates via the blood to extra-pulmonary tissues in 
these mice relative to mice treated with BaP alone. Indeed we observed higher BaP-DNA 
adduct levels in the livers of LPS/BaP-treated mice compared with BaP-treated mice. 
Further, it would be predicted that if in LPS/BaP-treated mice more BaP is transported 
from the lung via the blood to the liver than in BaP-treated mice, induction of Cyp1a1 
protein and Cyp1a1 enzyme activity should be higher in the livers of LPS/BaP-treated 
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mice relative to mice treated with BaP alone. Indeed, we found Cyp1a1 protein induction 
as well as an increase in Cyp1a1 enzyme activity in the livers of LPS/BaP-treated mice 
compared with BaP-treated mice, as measured in hepatic microsomes. Thus it would 
appear that a higher circulation of BaP to the liver results in higher DNA adduct levels, 
overriding the tendency of increased Cyp1a1 enzyme activity to result in a greater 
capacity to detoxify BaP. Our results suggest a dual role of Cyp1a1 in both bioactivation 
and detoxification of BaP in vivo. Similarly a dual role of CYP1A1 has been shown in the 
metabolism of the plant carcinogen aristolochic acid I (AAI) where CYP1A1 is able to 
catalyse the reductive activation of AAI to N-hydroxyaristolactam I and the oxidative 
detoxification to 8-hydroxyaristolochic acid [54, 55]. These results in the liver also 
indicate that the presence of acute inflammation in one organ (i.e. lung) can influence the 
bioavailability of PAHs like BaP in other organs (i.e. liver) suggesting a systemic effect.  
LPS-induced pulmonary inflammation also impacted on the expression of other 
xenobiotic-metabolising enzymes such as Nqo1 which may be important as BaP 
derivatives can be metabolised by NQO1 [56-58]. We found that Nqo1 enzyme activity 
was increased in the lung, after LPS and BaP treatment both alone and in combination. 
This may be critical for the bioactivation of diesel exhaust particle-bound nitro-PAHs as 
NQO1 has been shown to be a key enzyme in the metabolic activation of nitro-PAHs [59, 
60]. Interestingly, pulmonary Nqo1 enzyme activity was decreased in LPS/BaP-treated 
mice relative to BaP-treated mice suggesting that the bioactivation of nitro-PAHs would 
be suppressed in these animals.  
NER is considered to be the main DNA repair pathway for bulky DNA adducts [61]. Using 
a modified comet assay we showed that tissue-specific NER capacity did not contribute 
to the higher BaP-DNA adduct levels observed in LPS/BaP-treated mice than in 
BaP-treated mice in either lung or liver. LPS treatment led to a significant increase 
(~4-fold) in NER capacity in the lung. In contrast, Gungor and coworkers [31] found that 
LPS exposure reduced NER capacity in lung tissue homogenate by ~50%. Although the 
LPS dose used was the same in both studies the discrepancy between the two studies 
might be attributable to the different LPS administration regimes (intratracheal 
instillation versus intranasal administration) but otherwise it remains unexplained at 
present.  
In summary we found that pulmonary inflammation can impact on enzymes (e.g. CYPs) 
involved the activation and detoxification of PAHs. Our findings suggest that 
inflammatory signals and carcinogenic PAHs like BaP may interact and that LPS-induced 
pulmonary inflammation inhibits Cyp1a1 enzyme activity, which leads to increased DNA 
damage through the enhanced formation of covalent BaP-DNA adducts in the lungs in 
vivo. Thus pulmonary inflammation could be a critical contributor to the induction of 
genotoxicity by particle-bound PAHs in the lung. 
  

file://///unimaas.nl/Research/FHML_PHAR-TOX/Q.Shi/Thesis/Chapter%205%20in%20vivo%20paper%20from%20Volker/in%20vivo%20paper%20recover.docx%23_ENREF_54
file://///unimaas.nl/Research/FHML_PHAR-TOX/Q.Shi/Thesis/Chapter%205%20in%20vivo%20paper%20from%20Volker/in%20vivo%20paper%20recover.docx%23_ENREF_55
file://///unimaas.nl/Research/FHML_PHAR-TOX/Q.Shi/Thesis/Chapter%205%20in%20vivo%20paper%20from%20Volker/in%20vivo%20paper%20recover.docx%23_ENREF_56
file://///unimaas.nl/Research/FHML_PHAR-TOX/Q.Shi/Thesis/Chapter%205%20in%20vivo%20paper%20from%20Volker/in%20vivo%20paper%20recover.docx%23_ENREF_59
file://///unimaas.nl/Research/FHML_PHAR-TOX/Q.Shi/Thesis/Chapter%205%20in%20vivo%20paper%20from%20Volker/in%20vivo%20paper%20recover.docx%23_ENREF_60
file://///unimaas.nl/Research/FHML_PHAR-TOX/Q.Shi/Thesis/Chapter%205%20in%20vivo%20paper%20from%20Volker/in%20vivo%20paper%20recover.docx%23_ENREF_61
file://///unimaas.nl/Research/FHML_PHAR-TOX/Q.Shi/Thesis/Chapter%205%20in%20vivo%20paper%20from%20Volker/in%20vivo%20paper%20recover.docx%23_ENREF_31


Chapter 5 

116 

 

References 

[1] IARC, Diesel and Gasoline Engine Exhausts and Some Nitroarenes, IARC Monographs on the Evaluation of 
Carcinogenic Risks to Humans2013. 
[2] D. Loomis, Y. Grosse, B. Lauby-Secretan, F. El Ghissassi, V. Bouvard, L. Benbrahim-Tallaa, N. Guha, R. Baan, H. 
Mattock, K. Straif, The carcinogenicity of outdoor air pollution, Lancet Oncol, 14 (2013) 1262-1263. 
[3] J.S. Brody, A. Spira, State of the art. Chronic obstructive pulmonary disease, inflammation, and lung cancer, Proc Am 
Thorac Soc, 3 (2006) 535-537. 
[4] D. Schottenfeld, J. Beebe-Dimmer, Chronic inflammation: a common and important factor in the pathogenesis of 
neoplasia, CA Cancer J Clin, 56 (2006) 69-83. 
[5] F.J. Kelly, J.C. Fussell, Air pollution and airway disease, Clin Exp Allergy, 41 (2011) 1059-1071. 
[6] A.M. Knaapen, N. Gungor, R.P. Schins, P.J. Borm, F.J. Van Schooten, Neutrophils and respiratory tract DNA damage 
and mutagenesis: a review, Mutagenesis, 21 (2006) 225-236. 
[7] S.I. Grivennikov, F.R. Greten, M. Karin, Immunity, inflammation, and cancer, Cell, 140 (2010) 883-899. 
[8] M.D. Attfield, P.L. Schleiff, J.H. Lubin, A. Blair, P.A. Stewart, R. Vermeulen, J.B. Coble, D.T. Silverman, The Diesel 
Exhaust in Miners study: a cohort mortality study with emphasis on lung cancer, J Natl Cancer Inst, 104 (2012) 
869-883. 
[9] D.T. Silverman, C.M. Samanic, J.H. Lubin, A.E. Blair, P.A. Stewart, R. Vermeulen, J.B. Coble, N. Rothman, P.L. Schleiff, 
W.D. Travis, R.G. Ziegler, S. Wacholder, M.D. Attfield, The Diesel Exhaust in Miners study: a nested case-control study 
of lung cancer and diesel exhaust, J Natl Cancer Inst, 104 (2012) 855-868. 
[10] T. Walser, X. Cui, J. Yanagawa, J.M. Lee, E. Heinrich, G. Lee, S. Sharma, S.M. Dubinett, Smoking and lung cancer: the 
role of inflammation, Proc Am Thorac Soc, 5 (2008) 811-815. 
[11] Some non-heterocyclic polycyclic aromatic hydrocarbons and some related exposures, IARC Monogr Eval 
Carcinog Risks Hum, 92 (2010) 1-853. 
[12] W.M. Baird, L.A. Hooven, B. Mahadevan, Carcinogenic polycyclic aromatic hydrocarbon-DNA adducts and 
mechanism of action, Environ Mol Mutagen, 45 (2005) 106-114. 
[13] D.H. Phillips, Macromolecular Adducts as Biomarkers of Human Exposure to Polycyclic Aromatic Hydrocarbons,  
The Carcinogenic Effects of Polycyclic Aromatic Hydrocarbons, PUBLISHED BY IMPERIAL COLLEGE PRESS AND 
DISTRIBUTED BY WORLD SCIENTIFIC PUBLISHING CO.2012, pp. 137-169. 
[14] P.E. Schwarze, A.I. Totlandsdal, M. Lag, M. Refsnes, J.A. Holme, J. Ovrevik, Inflammation-related effects of diesel 
engine exhaust particles: studies on lung cells in vitro, Biomed Res Int, 2013 (2013) 685142. 
[15] L. Smerdova, J. Smerdova, M. Kabatkova, J. Kohoutek, D. Blazek, M. Machala, J. Vondracek, Upregulation of CYP1B1 
expression by inflammatory cytokines is mediated by the p38 MAP kinase signal transduction pathway, 
Carcinogenesis, 35 (2014) 2534-2543. 
[16] L. Umannova, M. Machala, J. Topinka, Z. Novakova, A. Milcova, A. Kozubik, J. Vondracek, Tumor necrosis 
factor-alpha potentiates genotoxic effects of benzo[a]pyrene in rat liver epithelial cells through upregulation of 
cytochrome P450 1B1 expression, Mutat Res, 640 (2008) 162-169. 
[17] P.J. Borm, A.M. Knaapen, R.P. Schins, R.W. Godschalk, F.J. Schooten, Neutrophils amplify the formation of DNA 
adducts by benzo[a]pyrene in lung target cells, Environ Health Perspect, 105 Suppl 5 (1997) 1089-1093. 
[18] J.M. Petruska, D.R. Mosebrook, G.J. Jakab, M.A. Trush, Myeloperoxidase-enhanced formation of 
(+-)-trans-7,8-dihydroxy-7,8-dihydrobenzo[a]pyrene-DNA adducts in lung tissue in vitro: a role of pulmonary 
inflammation in the bioactivation of a procarcinogen, Carcinogenesis, 13 (1992) 1075-1081. 
[19] V.M. Arlt, J. Zuo, K. Trenz, C.A. Roufosse, G.M. Lord, J.L. Nortier, H.H. Schmeiser, M. Hollstein, D.H. Phillips, Gene 
expression changes induced by the human carcinogen aristolochic acid I in renal and hepatic tissue of mice, Int J 
Cancer, 128 (2011) 21-32. 
[20] T. Holand, Y. Riffo-Vasquez, D. Spina, B. O'Connor, F. Woisin, C. Sand, M. Marber, K.B. Bacon, C. Rohlff, C.P. Page, A 
role for mitogen kinase kinase 3 in pulmonary inflammation validated from a proteomic approach, Pulm Pharmacol 
Ther, 27 (2014) 156-163. 
[21] D.H. Phillips, V.M. Arlt, The 32P-postlabeling assay for DNA adducts, Nat Protoc, 2 (2007) 2772-2781. 
[22] D.H. Phillips, V.M. Arlt, 32P-Postlabeling Analysis of DNA Adducts, in: P. Keohavong, S.G. Grant (Eds.) Molecular 
Toxicology Protocols, Humana Press, Totowa, NJ, 2014, pp. 127-138. 
[23] V.M. Arlt, M. Stiborova, C.J. Henderson, M. Thiemann, E. Frei, D. Aimova, R. Singh, G. Gamboa da Costa, O.J. Schmitz, 
P.B. Farmer, C.R. Wolf, D.H. Phillips, Metabolic activation of benzo[a]pyrene in vitro by hepatic cytochrome P450 
contrasts with detoxification in vivo: experiments with hepatic cytochrome P450 reductase null mice, Carcinogenesis, 
29 (2008) 656-665. 
[24] F.L. Martin, Patel, II, O. Sozeri, P.B. Singh, N. Ragavan, C.M. Nicholson, E. Frei, W. Meinl, H. Glatt, D.H. Phillips, V.M. 
Arlt, Constitutive expression of bioactivating enzymes in normal human prostate suggests a capability to activate 
pro-carcinogens to DNA-damaging metabolites, Prostate, 70 (2010) 1586-1599. 
[25] M. Stiborova, F. Barta, K. Levova, P. Hodek, E. Frei, V.M. Arlt, H.H. Schmeiser, The influence of ochratoxin A on DNA 
adduct formation by the carcinogen aristolochic acid in rats, Arch Toxicol, 89 (2015) 2141-2158. 
[26] M. Stiborova, H. Dracinska, J. Hajkova, P. Kaderabkova, E. Frei, H.H. Schmeiser, P. Soucek, D.H. Phillips, V.M. Arlt, 
The environmental pollutant and carcinogen 3-nitrobenzanthrone and its human metabolite 3-aminobenzanthrone 
are potent inducers of rat hepatic cytochromes P450 1A1 and -1A2 and NAD(P)H:quinone oxidoreductase, Drug 
Metab Dispos, 34 (2006) 1398-1405. 



Pulmonary Inflammation Impacts on Benzo[a]pyrene 

117 
 

[27] J. Mizerovska, H. Dracinska, E. Frei, H.H. Schmeiser, V.M. Arlt, M. Stiborova, Induction of biotransformation 
enzymes by the carcinogenic air-pollutant 3-nitrobenzanthrone in liver, kidney and lung, after intra-tracheal 
instillation in rats, Mutat Res, 720 (2011) 34-41. 
[28] A.M. Krais, K.R. Muhlbauer, J.E. Kucab, H. Chinbuah, M.G. Cornelius, Q.X. Wei, M. Hollstein, D.H. Phillips, V.M. Arlt, 
H.H. Schmeiser, Comparison of the metabolic activation of environmental carcinogens in mouse embryonic stem cells 
and mouse embryonic fibroblasts, Toxicol In Vitro, 29 (2015) 34-43. 
[29] J.E. Kucab, D.H. Phillips, V.M. Arlt, Metabolic activation of diesel exhaust carcinogens in primary and immortalized 
human TP53 knock-in (Hupki) mouse embryo fibroblasts, Environ Mol Mutagen, 53 (2012) 207-217. 
[30] S.A. Langie, A.M. Knaapen, K.J. Brauers, D. van Berlo, F.J. van Schooten, R.W. Godschalk, Development and 
validation of a modified comet assay to phenotypically assess nucleotide excision repair, Mutagenesis, 21 (2006) 
153-158. 
[31] N. Gungor, A. Haegens, A.M. Knaapen, R.W. Godschalk, R.K. Chiu, E.F. Wouters, F.J. van Schooten, Lung 
inflammation is associated with reduced pulmonary nucleotide excision repair in vivo, Mutagenesis, 25 (2010) 77-82. 
[32] L. Smerdova, J. Neca, J. Svobodova, J. Topinka, J. Schmuczerova, A. Kozubik, M. Machala, J. Vondracek, 
Inflammatory mediators accelerate metabolism of benzo[a]pyrene in rat alveolar type II cells: the role of enhanced 
cytochrome P450 1B1 expression, Toxicology, 314 (2013) 30-38. 
[33] D. Medan, L. Wang, X. Yang, S. Dokka, V. Castranova, Y. Rojanasakul, Induction of neutrophil apoptosis and 
secondary necrosis during endotoxin-induced pulmonary inflammation in mice, J Cell Physiol, 191 (2002) 320-326. 
[34] N. Moriya, H. Kataoka, H. Fujino, J. Nishikawa, F. Kugawa, Effect of lipopolysaccharide on the xenobiotic-induced 
expression and activity of hepatic cytochrome P450 in mice, Biol Pharm Bull, 35 (2012) 473-480. 
[35] A.H. Hashimoto, K. Amanuma, K. Hiyoshi, H. Takano, K. Masumura, T. Nohmi, Y. Aoki, In vivo mutagenesis induced 
by benzo[a]pyrene instilled into the lung of gpt delta transgenic mice, Environmental and molecular mutagenesis, 45 
(2005) 365-373. 
[36] N. Gungor, J.L. Pennings, A.M. Knaapen, R.K. Chiu, M. Peluso, R.W. Godschalk, F.J. Van Schooten, Transcriptional 
profiling of the acute pulmonary inflammatory response induced by LPS: role of neutrophils, Respir Res, 11 (2010) 24. 
[37] T. Holand, Y. Riffo-Vasquez, D. Spina, B. O'Connor, F. Woisin, C. Sand, M. Marber, K.B. Bacon, C. Rohlff, C.P. Page, A 
role for mitogen kinase kinase 3 in pulmonary inflammation validated from a proteomic approach, Pulmonary 
pharmacology & therapeutics, 27 (2014) 156-163. 
[38] G.W. Warren, S.M. Poloyac, D.S. Gary, M.P. Mattson, R.A. Blouin, Hepatic cytochrome P-450 expression in tumor 
necrosis factor-alpha receptor (p55/p75) knockout mice after endotoxin administration, J Pharmacol Exp Ther, 288 
(1999) 945-950. 
[39] S. Ke, A.B. Rabson, J.F. Germino, M.A. Gallo, Y. Tian, Mechanism of suppression of cytochrome P-450 1A1 
expression by tumor necrosis factor-alpha and lipopolysaccharide, J Biol Chem, 276 (2001) 39638-39644. 
[40] B.N. Zordoky, A.O. El-Kadi, Role of NF-kappaB in the regulation of cytochrome P450 enzymes, Curr Drug Metab, 
10 (2009) 164-178. 
[41] D. Wu, W. Li, P. Lok, F. Matsumura, C.F. Vogel, AhR deficiency impairs expression of LPS-induced inflammatory 
genes in mice, Biochem Biophys Res Commun, 410 (2011) 358-363. 
[42] C.F. Vogel, E.M. Khan, P.S. Leung, M.E. Gershwin, W.L. Chang, D. Wu, T. Haarmann-Stemmann, A. Hoffmann, M.S. 
Denison, Cross-talk between aryl hydrocarbon receptor and the inflammatory response: a role for nuclear 
factor-kappaB, J Biol Chem, 289 (2014) 1866-1875. 
[43] J. Vondracek, L. Umannova, M. Machala, Interactions of the aryl hydrocarbon receptor with inflammatory 
mediators: beyond CYP1A regulation, Curr Drug Metab, 12 (2011) 89-103. 
[44] Y. Shimizu, Y. Nakatsuru, M. Ichinose, Y. Takahashi, H. Kume, J. Mimura, Y. Fujii-Kuriyama, T. Ishikawa, 
Benzo[a]pyrene carcinogenicity is lost in mice lacking the aryl hydrocarbon receptor, Proc Natl Acad Sci U S A, 97 
(2000) 779-782. 
[45] T. Wang, H.M. Gavin, V.M. Arlt, B.P. Lawrence, S.E. Fenton, D. Medina, B.A. Vorderstrasse, Aryl hydrocarbon 
receptor activation during pregnancy, and in adult nulliparous mice, delays the subsequent development of 
DMBA-induced mammary tumors, International journal of cancer, 128 (2011) 1509-1523. 
[46] V.M. Arlt, M.C. Poirier, S.E. Sykes, K. John, M. Moserova, M. Stiborova, C.R. Wolf, C.J. Henderson, D.H. Phillips, 
Exposure to benzo[a]pyrene of Hepatic Cytochrome P450 Reductase Null (HRN) and P450 Reductase Conditional Null 
(RCN) mice: Detection of benzo[a]pyrene diol epoxide-DNA adducts by immunohistochemistry and 32P-postlabelling, 
Toxicol Lett, 213 (2012) 160-166. 
[47] D.W. Nebert, Z. Shi, M. Galvez-Peralta, S. Uno, N. Dragin, Oral benzo[a]pyrene: understanding pharmacokinetics, 
detoxication, and consequences--Cyp1 knockout mouse lines as a paradigm, Mol Pharmacol, 84 (2013) 304-313. 
[48] Y. Morel, R. Barouki, Repression of gene expression by oxidative stress, Biochem J, 342 Pt 3 (1999) 481-496. 
[49] Y. Morel, R. Barouki, Down-regulation of cytochrome P450 1A1 gene promoter by oxidative stress. Critical 
contribution of nuclear factor 1, J Biol Chem, 273 (1998) 26969-26976. 
[50] Karuzina, II, A.I. Archakov, Hydrogen peroxide-mediated inactivation of microsomal cytochrome P450 during 
monooxygenase reactions, Free Radic Biol Med, 17 (1994) 557-567. 
[51] Karuzina, II, A.I. Archakov, The oxidative inactivation of cytochrome P450 in monooxygenase reactions, Free 
Radic Biol Med, 16 (1994) 73-97. 
[52] J.H. Park, D. Mangal, A.J. Frey, R.G. Harvey, I.A. Blair, T.M. Penning, Aryl hydrocarbon receptor facilitates DNA 
strand breaks and 8-oxo-2'-deoxyguanosine formation by the aldo-keto reductase product benzo[a]pyrene-7,8-dione, 
J Biol Chem, 284 (2009) 29725-29734. 



Chapter 5 

118 

 

[53] A.O. El-Kadi, A.M. Bleau, I. Dumont, H. Maurice, P. du Souich, Role of reactive oxygen intermediates in the decrease 
of hepatic cytochrome P450 activity by serum of humans and rabbits with an acute inflammatory reaction, Drug 
metabolism and disposition: the biological fate of chemicals, 28 (2000) 1112-1120. 
[54] M. Stiborova, K. Levova, F. Barta, Z. Shi, E. Frei, H.H. Schmeiser, D.W. Nebert, D.H. Phillips, V.M. Arlt, Bioactivation 
versus detoxication of the urothelial carcinogen aristolochic acid I by human cytochrome P450 1A1 and 1A2, Toxicol 
Sci, 125 (2012) 345-358. 
[55] M. Stiborova, F. Barta, K. Levova, P. Hodek, E. Frei, V.M. Arlt, H.H. Schmeiser, The influence of ochratoxin A on DNA 
adduct formation by the carcinogen aristolochic acid in rats, Archives of toxicology, 89 (2015) 2141-2158. 
[56] P. Joseph, A.K. Jaiswal, NAD(P)H:quinone oxidoreductase1 (DT diaphorase) specifically prevents the formation of 
benzo[a]pyrene quinone-DNA adducts generated by cytochrome P4501A1 and P450 reductase, Proc Natl Acad Sci U S 
A, 91 (1994) 8413-8417. 
[57] P. Joseph, A.K. Jaiswal, NAD(P)H:quinone oxidoreductase 1 reduces the mutagenicity of DNA caused by 
NADPH:P450 reductase-activated metabolites of benzo(a)pyrene quinones, Br J Cancer, 77 (1998) 709-719. 
[58] J. Shen, R.J. Barrios, A.K. Jaiswal, Inactivation of the quinone oxidoreductases NQO1 and NQO2 strongly elevates 
the incidence and multiplicity of chemically induced skin tumors, Cancer Res, 70 (2010) 1006-1014. 
[59] V. Purohit, A.K. Basu, Mutagenicity of nitroaromatic compounds, Chem Res Toxicol, 13 (2000) 673-692. 
[60] M. Stiborova, V. Martinek, M. Svobodova, J. Sistkova, Z. Dvorak, J. Ulrichova, V. Simanek, E. Frei, H.H. Schmeiser, 
D.H. Phillips, V.M. Arlt, Mechanisms of the different DNA adduct forming potentials of the urban air pollutants 
2-nitrobenzanthrone and carcinogenic 3-nitrobenzanthrone, Chem Res Toxicol, 23 (2010) 1192-1201. 
[61] E.C. Friedberg, How nucleotide excision repair protects against cancer, Nat Rev Cancer, 1 (2001) 22-33. 
 

 



 
 

 
 

 

  



 

 

 

  



 
 

 
 

 

Chapter 6 

Altered gene expression profiles in the lungs 

of benzo[a]pyrene-exposed mice in the 

presence of lipopolysaccharide-induced 

pulmonary inflammation 

 

 

 
Shi Q, Fijten RR, Spina D, Riffo Vasquez Y, Arlt VM, Godschalk RW, Van Schooten FJ 

Toxicol Appl Pharmacol. 2017 Oct 5;336:8-19. doi: 10.1016/j.taap.2017.09.023. 

 

 

 

  



Chapter 6 

122 

 

Abstract 

Patients with inflammatory lung diseases are often additionally exposed to polycyclic 
aromatic hydrocarbons like B[a]P and B[a]P-induced alterations in gene expression in 
these patients may contribute to the development of lung cancer. Mice were 
intra-nasally treated with lipopolysaccharide (LPS, 20 μg/mouse) to induce pulmonary 
inflammation and subsequently exposed to B[a]P (0.5 mg/mouse) by intratracheal 
instillation. Gene expression changes were analyzed in mouse lungs by RNA microarrays. 
Analysis of genes that are known to be involved in the cellular response to B[a]P 
indicated that LPS significantly inhibited gene expression of various enzymes linked to 
B[a]P metabolism, which was confirmed by phenotypic analyses of enzyme activity. 
Ultimately, these changes resulted in higher levels of B[a]P-DNA adducts in the lungs of 
mice exposed to B[a]P with prior LPS treatment compared to the lungs of mice exposed 
to  B[a]P alone. Using principle component analysis (PCA), we found that of all the 
genes that were significantly altered in their expression, those that were able to separate 
the different exposure conditions were predominantly related to immune-response. 
Moreover, an overall analysis of differentially expressed genes indicated that cell-cell 
adhesion and cell-cell communication was inhibited in lungs of mice that received both 
B[a]P and LPS. Our results indicate that pulmonary inflammation increased the 
genotoxicity of B[a]P via inhibition of both phase I and II metabolism. Therefore, 
inflammation could be a critical contributor to B[a]P-induced carcinogenesis in humans.  

Keywords: RNA microarray, Lipopolysaccharide (LPS), Benzo[a]pyrene (B[a]P), Mouse 
lung  
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1. Introduction 

During inflammation, a variety of inflammatory cells is recruited to the site of 
inflammation including macrophages, neutrophils and lymphocytes, which contribute to 
the establishment of an inflammatory micro-environment [1]. Within this 
micro-environment, a variety of inflammatory mediators or enzymes have been found, 
including reactive oxygen species (ROS), myeloperoxidase (MPO), β-glucuronidase, 
tumor necrosis factor (TNF-α) and interleukin (IL)-6, [2-6] that are suggested to 
additionally affect aryl hydrocarbon receptor (AhR) signaling. AhR signaling is 
important for the cellular response to many environmental carcinogens, such as 
polycyclic aromatic hydrocarbons (PAHs) like benzo[a]pyrene B[a]P. Indeed, individuals 
that are exposed to B[a]P in combination with pulmonary inflammation have an 
increased risk for developing lung cancer, for instance  patients with chronic 
obstructive pulmonary disease (COPD) or emphysema [7, 8].   
Most patients with chronic lung inflammatory disease are also exposed to environmental 
genotoxicants, such as cigarette smoke, diesel exhaust or ambient air particulate matter 
(PM) of various sources that can carry chemical carcinogens [9]. For example, over 70% 
of cigarette smokers show inflammatory responses in the lung and especially those 
people have an increased risk of developing lung cancer [10]. One major group of 
compounds in cigarette smoke are PAHs, with B[a]P as one of the best studied PAH that 
is classified as human carcinogen (Group1) by the International Agency for Research on 
Cancer (IARC) [11, 12]. B[a]P crosses the cell membrane and forms a complex with AhR. 
After binding, the complex translocates into the nucleus where it interacts with the aryl 
hydrocarbon receptor nuclear translocator (ARNT) and stimulates B[a]P metabolism by 
inducing the gene expression of cytochrome P450 1A1 (CYP1A1) and 1B1 (CYP1B1) [13, 
14]. B[a]P exerts its mutagenic and carcinogenic properties only after metabolic 
activation, in which CYPs and epoxide hydrolase are involved; B[a]P is converted into 
the ultimate carcinogenic derivative B[a]P-7,8-dihydrodiol-9,10-epoxide (BPDE), which 
can covalently bind to DNA and form pre-mutagenic adducts, preferentially at guanine 
residues (i.e. 10-(deoxyguanosin-N2-yl)-7,8,9-trihydroxy-7,8,9,10-tetrahydro-B[a]P 
[dG-N2-BPDE]) [3, 15, 16]. However, the majority of reactive B[a]P intermediates is 
detoxified by phase II enzymes, which convert these intermediates into water soluble 
metabolites. Enzymes that are involved in this detoxification include 
glutathione-S-transferases (GSTs), UDP-glucuronosyltransferases (UGTs) and 
sulfotransferases (SULTs) [17, 18]. In case a reactive intermediate reaches the DNA and 
forms an adduct, B[a]P-induced DNA damage induces cell cycle arrest by activation of 
the tumor suppressor protein p53 to provide enough time for removal of the adducts by 
DNA repair enzymes. Regarding the bulky DNA lesions that are induced by B[a]P, 
nucleotide excision repair (NER) is the most important DNA repair pathway [19, 20].  
Several studies have shown that B[a]P is capable of inducing an inflammatory response 
but vice versa inflammatory mediators can also enhance B[a]P-induced genotoxicity [21, 
22]. For instance, after exposing rats intratracheally to B[a]P for 2 days, lung 
inflammation, edema, and epithelial damage was observed [23], but additionally, 
exposure to B[a]P with concomitant activation of inflammatory-related pathways, 
largely increased B[a]P genotoxicity via various pathways. These pathways included 
signaling that was initiated by nuclear factor-κB (NF-κB), TNF-α, β-glucuronidase, 
hypoxia-inducible factor (HIF)-1, IL-6 and IL-8 [3, 14, 24-27].  However, although 
studies have revealed that many inflammation-related mediators promote B[a]P 
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genotoxicity, an overall view on how inflammation promotes B[a]P-induced DNA 
damage is still missing.  
In previous studies [3, 28] we used an animal model of inflammation (i.e. 
lipopolysaccharides (LPS)-treated mice) and showed that higher B[a]P-DNA adduct 
levels were observed in the lungs of LPS-treated mice that were additionally exposed to 
B[a]P relative to the lungs of mice exposed to B[a]P alone [3, 28]. In the current study, an 
RNA microarray analysis was performed (mouse whole genome arrays) on lung to get an 
overview of how inflammation can promote B[a]P-induced genotoxicity.  

2. Materials and Methods 

2.1 Chemicals 

Benzo[a]pyrene (B[a]P; CAS no. 50-32-8; purity >96%) was purchased from 
Sigma-Aldrich (St Louis, MO). All other chemicals were of analytical purity or better. 

2.2 Animal treatment 

All animal experiments were approved by the Institutional Ethics Committee and 
conducted in accordance with the protocols approved by the Home Office under “The 
Animals (Scientific Procedures) Act (1986)” at King’s College London [28]. C57B1/6 
mice (male; approximately 8-10 weeks old, 20-25 g) were obtained from Charles River 
Laboratories and kept under controlled pathogen-free conditions and allowed food and 
water ad libitum. Mice were divided into four groups as follows: Group I: control group 
(n=3), mice were nasally instilled with saline at day 0 and after 24 hours, mice were 
intratracheally instilled with tricaprylin (25 μl/mouse); Group II: LPS group (n=4), mice 
were nasally instilled with 20 μg LPS (Escherichia coli, serotype O55:B5; 1 mg/ml; 
dissolved in saline) at day 0 and after 24 hours, mice were intratracheally instilled with 
tricaprylin (25 μl/mouse); Group III: B[a]P group (n=4), mice were nasally instilled with 
saline at day 0 and after 24 hours, mice were intratracheally instilled with B[a]P (0.5 mg 
in 25 μl tricaprylin/mouse); and Group IV: LPS&B[a]P group (n=4), mice were nasally 
instilled with 20 μg LPS at day 0 and after 24 hours, mice were intratracheally instilled 
with B[a]P (0.5 mg/mouse). All instillations were performed under anesthesia with 
isoflurane followed by injection of ketamine/zylazine (1 mg/0.166 mg per mouse). Mice 
were sacrificed at day 3 by intraperitoneal administration of anesthesia (2 g/kg body 
weight urethane). Lung tissue was collected and snap-frozen in liquid nitrogen. Samples 
were stored at ‒80ºC until analysis. The selection of the 20 µg LPS/mouse is based on 
our previous study [29] and the use of the 0.5 mg B[a]P/mouse is based on a study 
published by Dr. Hashimoto who investigated the in vivo mutagenicity of B[a]P in gpt 
delta mice [30].  

2.3 RNA isolation, purification and quality assessment 

Total RNA was extracted from frozen lung tissue according to the manufacturer's 
instructions, using TRIzol reagent (Invitrogen, Breda, the Netherlands) and purified on 
columns using Qiagen RNeasy Micro Kit (Qiagen, Venlo, the Netherlands). RNA 
concentration and purity were assessed spectrometrically using a Nano Drop ND-1000 
spectrophotometer (Isogen, IJsselstein, The Netherlands). RNA quality was assessed on 
an Agilent 2100 bioanalyzer (Agilent Technologies, Amsterdam, the Netherlands). 
Microarray hybridization experiments were only performed on RNA samples with a RNA 
Integrity Number (RIN) >8.0.  
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2.4 Microarray processing 

Total RNA (100 ng) was labelled by a Whole Transcript Sense Target Assay and 
hybridized to mouse whole-genome Affymetrix Gene 1.1 ST arrays targeting 21,115 
unique genes (Affymetrix, Santa Clara, CA). Hybridization, washing, and scanning of all 
Affymetrix Genechips was performed according to standard Affymetrix protocols. Scans 
of the Affymetrix arrays were processed using the Affymetrix GeneTitan Instrument.  
Quality control was performed on raw data by assessing the signal distribution by using 
scatter plot, MA-plot and a normal probability plot. Positive (landmark) and negative 
(blank) spots were used in the quality control and not used in further analyses. 
Normalized data were visualized by Principal Component Analysis (PCA) for additional 
quality assessment. The gene expression data have been deposited in NCBI's Gene 
Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) and are accessible through 
GEO Series accession number GSE102016. 

2.5 Analysis of microarray data 

Microarray analysis was performed using the MADMAX pipeline for statistical analysis of 
microarray data [31]. Briefly, microarrays were normalized with the robust multichip 
average method and probes were annotated according to Dai et al. [32, 33]. Individual 
genes were defined as changed when comparison of the normalized signal intensities 
showed a p≤ 0.05 in a 2-tailed paired intensity-based moderated t-statistics (IBMT) and 
a fold change of >1.2 or <-1.2 [34].  
A first dedicated analysis focused on genes that were selected on basis of their known 
involvement in B[a]P metabolism (phase I and phase II enzymes), DNA repair and 
transport of B[a]P metabolites over the cell membrane (phase III). Meanwhile, 
comparison between the gene expression changes and phenotypic assays, which were 
published in previous work [28], were made, such as Cyp1a (i.e. 
7-ethoxy-resorufin-O-deethylase [EROD] and 3-cyano-7-ethoxycoumarin [CEC] assay), 
NAD(P)H:quinone oxidoreductase (Nqo1) and β-glucuronidase enzyme activity assays, 
NER capacity assay, and 32P-postlabelling for BPDE-DNA adducts. A second approach 
used PCA on all differentially expressed genes (DEGs) to identify the key variables to 
distinguish the four different treatments (i.e. control, LPS, B[a]P and LPS&B[a]P) [35]. 
These genes were subsequently analysed for Gene Ontology (GO, 
http://www.geneontology.org/) and Kyoto Encyclopedia of Genes and Genomes (KEGG, 
http://www.genome.jp/kegg/pathway.html) pathway enrichment analysis by using the 
Database for Annotation, Visualization and Integrated Discovery (DAVID; version 6.8, 
http://david.abcc.ncifcrf.gov/summary.jsp) online software [36]. The GO function 
provides ontologies to attributes of gene function in three domains, including biological 
process (BP), molecular function (MF) and cellular component (CC) [37]. The KEGG 
pathway analysis is a software which establish pathway maps that contain current 
knowledge on biological networks [38]. Finally, an overall analysis was performed on 
the identified DEGs using DAVID.  

2.6 Principal Component Analysis (PCA) analysis 

Principal Components Analysis (PCA) was applied to separate each treatment based on 
the gene expression and visualize the distribution of the data. Before PCA analysis, a 
pool of genes (4731 genes) was pre-selected in each treatment versus control on basis of 
the statistical significance (p<0.05) and fold change (> |1.2). The data for these 

http://www.geneontology.org/
http://www.genome.jp/kegg/pathway.html
http://david.abcc.ncifcrf.gov/summary.jsp


Chapter 6 

126 

 

significant genes was visualized by PCA. Further reduction of the important genes was 
done by calculating the norm of the PCA loadings to assign a distance measure for each 
gene. A cut-off of 0.02 was used to select the genes with the highest norm value as they 
have the largest influence on the PCA distribution of the samples. Calculations were 
performed in the Matlab™ software package (The MathWorks, Inc., Natick, MA). 

3. Results 

3.1 Number of genes changed after each exposure  

When compared with control, a total of 3797, 2208 and 3407 genes were significantly 
(p≤ 0.05, fold change > |1.2|) differentially expressed in LPS-exposed, B[a]P-exposed and 
LPS- combined with B[a]P-exposed mouse lungs, respectively (Fig 1). Among the 2208 
genes altered by B[a]P treatment, 1132 genes were up-regulated and 1076 genes were 
down-regulated. Of the 2208 genes that were differentially expressed after B[a]P 
exposure, 585 were also differentially expressed after LPS exposure, but not necessarily 
in the same direction. The combined exposure to B[a]P and LPS showed overlap with 
exposure to B[a]P only for 592 genes, but again not necessarily in the same direction. 
Finally, 318 genes were differentially expressed by all three treatments when compared 
to controls.  

 
Figure 1. Venn diagram, where each circle shows the number of genes significantly expressed after 
different treatments (i.e. LPS, B[a]P and LPS with B[a]P) versus control. 

3.2 Dedicated analysis of gene expression profiles involved in B[a]P metabolism 
and DNA damage response 

To gain further insight into the effect of LPS on B[a]P-induced carcinogenesis, a list of 57 
genes were derived from published literature that indicated that these genes are 
involved in B[a]P metabolism, the cellular response to B[a]P and DNA repair. We divided 
the gene expression profiles into four categories, phase I metabolism, phase II 
metabolism, DNA damage response (DDR) and phase III reactions. In this analysis, we 
focused on the expression of LPS combined with B[a]P versus expression by B[a]P only 
to establish how LPS exposure can affect the B[a]P-induced gene expression changes. As 
shown in Table 1, 15 out of 17 genes belonging to phase I, phase II and DDR were 
significantly inhibited by additional exposure to LPS compared to B[a]P alone, including 
Cyp1a1, Ephx1, Nqo2, Comt, Cat, Gss, Sult1a1, Gstp1, Gstm1, Gstt1, Gpx3, Sod3, and Ddb1. 
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Only Xpa and Nox1 were up-regulated by additional exposure to LPS, when compared to 
B[a]P exposure only.  

Table 1: Summary of 57 genes that related to B[a]P metabolism and B[a]P-induced DNA damage 
Category Entrez 

ID 
gene 
name 

Gene description LPS&B[a]P 
versus B[a]P 
(Log2 
based) Fold 
change 

t-test  
p-value 

References 

Phase I 13076 Cyp1a1 cytochrome P450, family 1, 
subfamily a, polypeptide 1 

-4,44 0,02872 [28, 62, 63] 

Phase I 13078 Cyp1b1 cytochrome P450, family 1, 
subfamily b, polypeptide 1 

1,01 0,96422 [62-65] 

Phase I 13077 Cyp1a2 cytochrome P450, family 1, 
subfamily a, polypeptide 2 

1,04 0,79911 [62, 63, 
65-67] 

Phase I 13112 Cyp3a11 cytochrome P450, family 3, 
subfamily a, polypeptide 11 

-1,09 0,61748 [63, 65, 68] 

Phase I 13095 Cyp2c29 cytochrome P450, family 2, 
subfamily c, polypeptide 29 

1,13 0,26600 [63, 65, 66] 

Phase I 13095 Cyp2c38 cytochrome P450, family 2, 
subfamily c, polypeptide 38 

1,18 0,05241 [63, 65, 66] 

Phase I 17523 Mpo myeloperoxidase 1,14 0,14159 [69] 
Phase I 13849 Ephx1 epoxide hydrolase 1, microsomal -1,74 0,00119 [62, 70] 
Phase I 11863 Arnt aryl hydrocarbon receptor nuclear 

translocator 
-1,11 0,04787 [71] 

Phase I 58810 Akr1a1 aldo-keto reductase family 1, 
member A1 (aldehyde reductase) 

1,11 0,36576 [72] 

Phase I 70861 Akr1cl aldo-keto reductase family 1, 
member C-like 

1,02 0,74712 [72] 

Phase I 12408 Cbr1 carbonyl reductase 1 -1,42 0,00165 [73] 
Phase I 18984 Por P450 (cytochrome) oxidoreductase -1,49 0,00082 [74] 
Phase I 237038 Nox1 NADPH oxidase 1 1,39 0,02639 [75] 
Phase I 224480 Nox3 NADPH oxidase 3 -1,04 0,68945 [75] 
Phase I 50490 Nox4 NADPH oxidase 4 1,03 0,87572 [75] 
Phase I 18104 Nqo1 NAD(P)H dehydrogenase, quinone 1 -1,40 0,08864 [76, 77] 
Phase I 18105 Nqo2 NAD(P)H dehydrogenase, quinone 2 -1,14 0,02715 [76, 78] 
Phase I 12846 Comt catechol-O-methyltransferase -1,31 0,01349 [79] 
Phase II 394436 Ugt1a1 UDP glucuronosyltransferase 1 

family, polypeptide A1 
1,44 0,12914 [80, 81] 

Phase II 394435 Ugt1a6b UDP glucuronosyltransferase 1 
family, polypeptide A6B 

1,22 0,42449 [81, 82] 

Phase II 394434 Ugt1a9 UDP glucuronosyltransferase 1 
family, polypeptide A9 

1,11 0,75507 [81, 82] 

Phase II 394430 Ugt1a10 UDP glycosyltransferase 1 family, 
polypeptide A10 

1,06 0,63962 [81, 82] 

Phase II 110006 Gusb glucuronidase, beta 1.37 0,07471 [3] 
Phase II 20887 Sult1a1 sulfotransferase family 1A, 

phenol-preferring, member 1 
-1,50 0,03487 [83] 

Phase II 20860 Sult1e1 sulfotransferase family 1E, member 
1 

-1,22 0,23284 [83] 

Phase II 14854 Gss glutathione synthetase -1,27 0,01461 [84] 
Phase II 14870 Gstp1 glutathione S-transferase, pi 1 -1,65 0,00053 [85, 86] 
Phase II 14862 Gstm1 glutathione S-transferase, mu 1 -1,99 0,00049 [87, 88] 
Phase II 14871 Gstt1 glutathione S-transferase, theta 1 -1,42 0,03348 [89] 
Phase II 14782 Gsr glutathione reductase 1,19 0,14067 [90] 
Phase II 14775 Gpx1 glutathione peroxidase 1 1,12 0,33496 [90] 
Phase II 14776 Gpx2 glutathione peroxidase 2 -1,22 0,13192 [90] 
Phase II 14778 Gpx3 glutathione peroxidase 3 -1,31 0,00163 [90] 
Phase II 625249 Gpx4 glutathione peroxidase 4 1,01 0,95164 [90] 
Phase II 14780 Gpx5 glutathione peroxidase 5 1,04 0,57018 [90] 
Phase II 75512 Gpx6 glutathione peroxidase 6 -1,03 0,82376 [90] 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=394436
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=394435
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=394434
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=394430
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=14782
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=14775
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=14776
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=14778
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=625249
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=14780
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=75512
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Phase II 67305 Gpx7 glutathione peroxidase 7 -1,18 0,24477 [90] 
Phase II 69590 Gpx8 glutathione peroxidase 8 (putative) -1,01 0,91315 [90] 
Phase II 20655 Sod1 superoxide dismutase 1, soluble -1,02 0,81073 [91] 
Phase II 20656 Sod2 superoxide dismutase 2, 

mitochondrial 
1,16 0,49365 [91] 

Phase II 20657 Sod3 superoxide dismutase 3, 
extracellular 

-1,97 0,00001 [91] 

Phase II 12359 Cat catalase -1,62 0,00054 [61] 
DDR 13870 Ercc1 excision repair cross-complementing 

rodent repair deficiency, 
complementation group 1 

-1,14 0,15908 [4] 

DDR 22590 Xpa xeroderma pigmentosum, 
complementation group A 

1,27 0,01806 [4] 

DDR 22591 Xpc xeroderma pigmentosum, 
complementation group C 

-1,03 0,79776 [4] 

DDR 50505 Ercc4 excision repair cross-complementing 
rodent repair deficiency, 
complementation group 4 

-1,02 0,84055 [4] 

DDR 22592 Ercc5 excision repair cross-complementing 
rodent repair deficiency, 
complementation group 5 

-1,04 0,60135 [4] 

DDR 13871 Ercc2 excision repair cross-complementing 
rodent repair deficiency, 
complementation group 2 

-1,10 0,31138 [92] 

DDR 71991 Ercc8 excision repaiross-complementing 
rodent repair deficiency, 
complementation group 8 

1,01 0,94476 [93] 

DDR 319955 Ercc6 excision repair cross-complementing 
rodent repair deficiency, 
complementation group 6 

1,07 0,51230 [93] 

DDR 13194 Ddb1 
(Xpe) 

damage specific DNA binding 
protein 1 

-1,31 0,00168 [94] 

DDR 107986 Ddb2 damage specific DNA binding 
protein 2 

1,11 0,25741 [95] 

DDR 19359 Rad23b 
(Xpg) 

RAD23b homolog (S. cerevisiae) -1,09 0,20104 [96] 

DDR 22059 Trp53 transformation related protein 53 -1,19 0,22330 [97] 
DDR 16653 Kras v-Ki-ras2 Kirsten rat sarcoma viral 

oncogene homolog 
1,09 0,28840 [97] 

Phase III 26357 Abcg2 ATP-binding cassette, sub-family G 
(WHITE), member 2 

-1,03 0,75372 [98] 

Phase III 12780 Abcc2 ATP-binding cassette, sub-family C 
(CFTR/MRP), member 2 

1,02 0,75995 [98] 

Red= up-regulated >1.2 and p<0.05 
Green=down-regulated < -1.2 and p<0.05 

3.3 Confirmation of DEGs by phenotypic assays 

The expression of several key enzymes in B[a]P metabolism and the response to B[a]P 
appeared to be differentially expressed after additional exposure to LPS. In order to 
validate these results, the gene expression data were compared with several phenotypic 
assays, including the measurement of Cyp1a activity (EROD and CEC assay), Nqo1 
activity, β-glucuronidase activity, and NER capacity (Fig 2). Also B[a]P-DNA adduct 
levels were assessed as net result of B[a]P exposure, metabolism and DNA repair.  
Gene expression of Cyp1a1 correlated with Cyp1a enzymes activity as determined by 
both EROD and CEC assays (Fig 2A and B).  
Although gene expression of Nqo1 was not significantly (p=0.089) inhibited by LPS, 
Nqo1 enzyme activity was slightly lower (1.2-fold; p<0.05) in LPS&B[a]P when 
compared to B[a]P exposure only. Interestingly, Nqo2 mRNA expression was 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=67305
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=69590
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=20655
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=20656
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=20657
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significantly down-regulated in the B[a]P&LPS group when compared to B[a]P exposure 
only, which may in part be reflected in this phenotypic assay (Fig 2C).  
β-glucuronidase is produced and released by inflammatory cells after LPS exposure. 
Indeed, the β-glucuronidase activity was 1.5-fold higher in lungs of animals that were 
exposed to LPS&B[a]P, and similarly, the gene expression of Gusb was also 1.4-fold 
higher in LPS&B[a]P-exposed lungs compared to lungs exposed to B[a]P only (Fig 2D). 
Finally, NER capacity was assessed by a modified comet assay, and the expression of Xpa 
demonstrated the best correlation with this phenotypic endpoint (Fig 2E). Xpa showed a 
1.3-fold higher gene expression in LPS&B[a]P-exposed animals than after B[a]P 
exposure only. All other DNA repair enzymes did not have statistically significant 
changes in their expression; except for Ddb1, which showed a 1.3-fold lower expression 
in the LPS&B[a]P group compared to the B[a]P group. Ddb1 was initially implicated in 
the process of NER, but later it was found that Ddb1 primarily functions as a core 
component of E3 ubiquitin ligase complexes that regulate numerous essential processes 
in the cell, including DNA repair, DNA replication and chromatin remodeling [39].  
Of course mRNA expression does not always reflect phenotypic effects due to 
posttranslational modifications, but still most phenotypic assays in this study reflect the 
mRNA expression of their underlying genes. The relationship with DNA repair is more 
complicated, because of the involvement of many proteins in the NER process and NER 
is mostly post-translationally regulated. DNA repair activity was (non-significantly) 
up-regulated in the LPS&B[a]P group, which may be a direct response to increased levels 
of DNA damage. Indeed, B[a]P-DNA adduct levels after LPS&B[a]P exposure were 
2.6-fold (p<0.05) higher than after B[a]P exposure only (Fig 2F). 
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Figure 2. In vitro assay phenotypic data were partly derived from previously published work [28] [3]. (A) and (B) are 
EROD and CEC assay that mainly measure the Cyp1a enzyme activity in microsomal fractions isolated from lung 
tissues of mice treated with vehicle (control), LPS, B[a]P and LPS&B[a]P, respectively. (C) Nqo1 enzyme activity in 
cytosolic fractions from lung tissues. (D) β-glucuronidase activity in cytosolic fractions from lung tissues. (E) NER 
repair capacity in tissue extracts isolated from lung tissues. (E) B[a]P-DNA adduct formation (i.e. dG-N2-BPDE) 
measured by 32P-postlabeling in lung of mice treated with vehicle (control), LPS, B[a]P and LPS&B[a]P. The potentially 
relevant gene expression data for each phenotype were listed below each figure. Each gene in different treatments 
was corrected by setting control values as 1. For each phenotypic assay, the best correlating gene was marked in grey 
color. All values are given as the means ± SD (n=4). ND, not detected. RFU, relative fluorescence unit. Statistical 
analysis in the phenotypic assays was performed by 2-way ANOVA followed by Tukey’s multiple comparisons test, 
and the gene expression data were analyzed by a 2-tailed paired intensity-based moderated t-statistics (IBMT) 
(*p <0 .05 compared to mice treated with B[a]P only). 

3.4 PCA and KEGG pathway analysis 

In order to investigate the interrelationship among all four groups of treatment, PCA was 
applied on all DEGs to identify those genes that could distinguish between the various 
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treatments (Fig 3). Of all the DEGs, 398 genes were identified that could differentiate 
between control, LPS, B[a]P and LPS&B[a]P group. To get further insights into the 
pathways in which these 398 genes are involved, KEGG pathway analysis was performed. 
As shown in Table 2, identified pathways related to the immune response and response 
to infections dominated the list of significantly altered pathways. Since the expression of 
these genes could also distinguish between control and B[a]P-exposed lung samples this 
indicates that B[a]P exposure alone can already affect inflammation and vice versa. 

 
Figure 3. PCA analysis results of gene expressions that optimally differentiate between control, LPS, B[a]P 
and LPS&B[a]P treatment. 

Table 2: KEGG pathway analysis of genes derived from PCA analysis 
Term Count % Benjamini 
Phagosome 23 5.8 4.40E-08 
Herpes simplex infection 22 5.5 3.80E-06 
Cell adhesion molecules (CAMs) 21 5.3 3.20E-07 
Tuberculosis 20 5 4.70E-06 
Regulation of actin cytoskeleton 20 5 6.30E-05 
Endocytosis 17 4.3 2.00E-02 
Leishmaniasis 16 4 1.10E-08 
Leukocyte transendothelial migration 16 4 1.50E-05 
Influenza A 16 4 6.00E-04 
Focal adhesion 15 3.8 9.10E-03 
Staphylococcus aureus infection 14 3.5 2.80E-08 
Measles 14 3.5 7.60E-04 
Antigen processing and presentation 13 3.3 3.10E-05 
Osteoclast differentiation 13 3.3 1.30E-03 
Viral myocarditis 11 2.8 6.20E-04 
Chagas disease (American trypanosomiasis) 11 2.8 3.50E-03 
Hepatitis C 11 2.8 2.20E-02 
Ribosome 11 2.8 3.20E-02 
Graft-versus-host disease 10 2.5 1.40E-04 
Type I diabetes mellitus 10 2.5 5.50E-04 
Adherens junction 10 2.5 1.30E-03 
Rheumatoid arthritis 10 2.5 2.90E-03 
Toxoplasmosis 10 2.5 2.20E-02 
Allograft rejection 9 2.3 1.30E-03 
Autoimmune thyroid disease 9 2.3 4.90E-03 
Pertussis 9 2.3 6.20E-03 
Toll-like receptor signaling pathway 9 2.3 3.20E-02 
Arrhythmogenic right ventricular cardiomyopathy (ARVC) 8 2 2.10E-02 
Complement and coagulation cascades 8 2 2.70E-02 
Prion diseases 7 1.8 1.80E-03 
Inflammatory bowel disease (IBD) 7 1.8 3.00E-02 
Biosynthesis of unsaturated fatty acids 5 1.3 3.20E-02 
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3.5 Overall analysis of impact of LPS and B[a]P exposure: Identification of DEGs 

Finally, to investigate the effect of LPS on B[a]P-induced genotoxicity, an unsupervised 
analysis was performed. DEGs had to have a p≤ 0.05 in a 2-tailed paired intensity-based 
moderated t-statistics (IBMT) and a cut-off of fold change of >|1.2|. We filtered data and 
identified DEGs by using the following criteria: 1) Genes are significantly differentially 
expressed in B[a]P-exposed versus control animals; and 2) Genes are additionally 
significantly differentially expressed in the LPS&B[a]P group versus B[a]P group. In 
other words, we focused on genes that are differentially regulated by B[a]P and their 
expression is subsequently altered by the presence of inflammation. With these selection 
criteria, the DEGs that were identified will not represent an LPS effect. This resulted in a 
total of 971 DEGs (Fig 4). 9 genes were down-regulated after B[a]P exposure when 
compared to controls and further significantly down-regulated by the combined 
exposure to LPS and B[a]P. Similarly, 13 genes were up-regulated by the B[a]P group 
and further significantly up-regulated in the LPS&B[a]P group. In total, these 22 genes 
showed a synergistic effect of the combined treatment. However, most DEGs (949 genes) 
demonstrated an inhibition in the combined exposure. For example, 619 genes were 
significantly up-regulated after B[a]P exposure when compared to controls, but these 
genes were again significantly down-regulated in the LPS&B[a]P group. Similarly, 330 
genes were significantly down-regulated in the B[a]P group compared to control, 
whereas up-regulated in combination with LPS treatment.  

 

Figure 4. Hierarchical 
clustering of genes in 
Control, LPS, B[a]P and LPS 
& B[a]P treated samples. In 
hierarchical clustering, the 
red color represents 
up-regulation and the green 
denotes down-regulation. 
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3.6 Functional and pathway enrichment analysis 

Due to the limited number of genes that were identified in the ‘synergistic effect’ gene 
set (22 genes), further analysis focused on the ‘inhibitory effect’ gene set (949 genes). 
We assigned the 619 genes that were up-regulated by B[a]P but their increased 
expression was subsequently inhibited by LPS as group 1, and the other 330 genes as 
group 2. The list of 949 genes that were identified were analyzed using DAVID to further 
explore the functions of these DEGs. The top 4 GO terms in each Biological Process (BP), 
Cellular Component (CC) and Molecular Function (MF) are presented in Fig 5 and Fig 6. 
The group 1 gene set (619 genes) (Fig 5) was significantly enriched in cell adhesion (35 
[number of genes involved], 6% [the percentage over whole gene set]), protein binding 
(173, 28%), cytoplasm (250, 40%), extracellular exosome (161, 26%), membrane (313, 
51%), and lipid metabolic process (33, 5%) (for complete analysis see Supplementary 
Data 1). The results for group 2 (330 genes) (Fig 6) were as follows: translation (17, 
5.2%), poly(A) RNA binding (43, 13.1%) and nucleus (103, 31.4%) (for complete 
analysis see Supplementary Data 2). The same groups were used for pathway analysis 
by KEGG (Table 3). Group 1 genes were mainly involved in pathways associated with 
adherence junction, endocytosis, focal adhesion, N-glycan biosynthesis, acute myeloid 
leukemia, steroid biosynthesis, extracellular matrix (ECM)-receptor interaction, and 
axon guidance. In addition, pathways related to cancer were also observed for the group 
1 gene set. On the other hand, only ‘ribosome’ (p= 0.0088) was identified in the KEGG 
pathway analysis for the group 2 gene set. Thus, both analyses (GO terms and KEGG) 
suggest that cell-cell adhesion and the extracellular matrix is modulated by the 
combined exposure to B[a]P and LPS when compared to B[a]P exposure only.  

 
Figure 5. The numbers of genes and the percentage over whole gene set in each enriched GO terms that 
were identified for group 1 gene set (619 genes). Dark bar represent Biological Process (BP); Grey bar 
represents cellular component (CC) and light grey bar represents Molecular Function (MF).    
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Figure 6. The numbers of genes and the percentage over whole gene set in each enriched GO terms that 
were identified for group 2 gene set (330 genes). Dark bar represents Biological Process (BP); Grey bar 
represents Cellular Component (CC)and light grey represents Molecular Function (MF).    

Table 3: KEGG pathway enrichment analysis of DEGs 
Term Count % Benjamini 
Functional Annotation for 619 genes 
Pathways in cancer 26 4.2 2.40E-02 
Endocytosis 24 3.9 2.40E-03 
Proteoglycans in cancer 17 2.7 2.60E-02 
Focal adhesion 16 2.6 4.70E-02 
Axon guidance 14 2.3 1.60E-02 
Adherens junction 12 1.9 3.20E-03 
ECM-receptor interaction 11 1.8 2.00E-02 
N-Glycan biosynthesis 8 1.3 2.30E-02 
Acute myeloid leukemia 8 1.3 4.50E-02 
Steroid biosynthesis 6 1 1.40E-02 
Thyroid cancer 6 1 4.40E-02 
Functional Annotation for 330 genes 
Ribosome 10 3 8.80E-03 

4. Discussion 

It has been extensively described that B[a]P forms DNA adducts in mouse lung which are 
involved in lung carcinogenesis [40]. More recently, it has become clear that 
inflammation can further increase the genotoxicity of B[a]P [28]. Because inflammatory 
signaling is complex, and the fact that inflammation can impact on carcinogenesis at 
multiple levels, there is a lack of complete understanding of how inflammation affects 
B[a]P-induced carcinogenesis and therefore more knowledge is needed to effectively 
intervene in the process. To get more insight into the processes that are altered by B[a]P 
exposure during acute pulmonary inflammation, we used microarray technology in a 
mouse model to identify gene expression patterns that were affected by both stimuli. 
The resulting gene expression profiles were additionally compared with results of our 
previous studies [3, 15, 27, 28] which have measured multiple molecular endpoints to 
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further increase our biological understanding of the influence of LPS on B[a]P-induced 
genotoxicity.  
It is known that B[a]P by itself is not genotoxic because it does not contain active groups 
in the molecule, but it’s reactive metabolites may contain highly reactive groups that can 
bind covalently to macromolecules (e.g. protein and DNA). A variety of enzymes are 
involved in B[a]P metabolism, including enzymes encoded by Cyp1a1, Cyp1b1, Ephx or 
Arnt [40-42]. Since a lot of information is already available about the metabolic 
pathways of B[a]P, targeted analysis of gene expression profiles was performed, in 
which we focused on genes that are known to be involved in B[a]P metabolism and 
B[a]P-induced DNA damage response. A total of 57 genes were selected based on studies 
previously published (Table 1). We directly compared the expression of these genes in 
the B[a]P and LPS&B[a]P treatment group and showed that gene expression of several 
key enzymes in phase I metabolism (e.g. Cyp1a1, Ephx1, Arnt, Cbr1, Por, Nqo2 and Comt) 
were significantly inhibited by additional exposure to LPS. This may theoretically lead to 
slower metabolism of B[a]P. On the other hand, exposure to B[a]P is reported to cause 
gene up-regulation of various phase II detoxification enzymes, including GSTs, UGTs and 
SULTs [43]. In our study gene expression of a majority of these phase II detoxification 
enzymes was significantly down-regulated by prior exposure to LPS, including Sult1a1, 
Gstp1, Gstm1, Gstt1 and Gpx3. In contrast our results indicated that UGTs like Ugt1a1 and 
Ugt1a6 were all up-regulated by prior exposure to LPS although these changes were not 
statistically significant; UGTs are major detoxification enzymes catalyzing the 
conjugation of B[a]P-7,8-dihydrodiol to glucuronides. B[a]P-glucuronides can be cleaved 
by β-glucuronidase (Gusb). Interestingly, although Gusb gene expression was not statistic 
significantly up-regulated (p=0.075) β-glucuronidase enzyme activity was significantly 
up-regulated in animals that were treated with both B[a]P and LPS. Therefore, 
β-glucuronidase could convert glucuronided B[a]P metabolites back into their active 
forms [3]. Due to the down-regulation of the phase II enzymes, cells can subsequently 
not sufficiently detoxify the active metabolites, potentially leading to more DNA adducts. 
Indeed, higher levels of B[a]P-induced adducts were found in inflamed lungs after B[a]P 
exposure.  
In addition, Nox1 was significantly up-regulated in the LPS&B[a]P group. Nox1 is a 
biomarker for cellular oxidative stress, indicating that more ROS are produced in 
LPS&B[a]P-exposed animals, which may cause additional DNA damage [44]. It was 
previously reported that ROS may inhibit NER [45]. However, in the present study, out of 
the 11 selected NER-related genes, only Xpa and Xpe were significantly up-regulated and 
down-regulated by LPS, respectively. In this case, gene expression changes did not 
necessarily reflect repair activity, probably because DNA repair activity is mainly 
regulated at the post-translational level.  
To visualize the potential phenotypic effects of gene expression changes, we linked the 
gene expression profiles with phenotype data which were published by us in our 
previous studies (Fig 2). The EROD and the CEC assay both mainly measure the activity 
of CYP1 family enzymes [46, 47]. Using the EROD and CEC assay we observed a 
significant inhibitory effect in the LPS&B[a]P-treated animals compared to animals 
treated with B[a]P only; Cyp1a1 expression changes observed here correlated with the 
phenotype. In contrast to Cyp1a1 gene expression and enzyme activity, the quantitation 
of Cyp1a1 and Cyp1b1 proteins by Western blotting showed no difference between 
B[a]P- and LPS&B[a]P-exposed mouse lungs  (previously published data; Arlt et al., 
2015). At this moment it is unknown why gene expression and protein levels of these 
Cyp1 enzymes do not represent Cyp1 activity. One possible reason is the selection of a 
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single time point (48 hours) for both measurements; Cyp1a1 gene expression is an early 
event whereas protein expression would be considered a later event and enzyme 
activity may additionally be modulated by posttranslational protein modification. 
Moreover, CYP activity can also be inhibited by ROS [48-50], which is produced in excess 
by additional exposure to LPS, which may provide one explanation why protein levels 
and enzyme activity do not correlate.  
In addition, Cyp1a1 is the most induced CYP enzyme after B[a]P exposure in both in vitro 
and in vivo studies, and it is most relevant for B[a]P metabolism [16, 51, 52]. However, 
the role of Cyp enzymes in B[a]P-induced genotoxicity is still not fully elucidated. While 
in in vitro studies increased activity of Cyp1a1 is predominantly involved in the 
activation of B[a]P, paradoxically in in vivo studies it seems that Cyp1a1 is more 
important for B[a]P detoxification [16, 53]. Since the current study was an in vivo 
experiment, a decreased expression of Cyp1a1/Cyp1a1 by the presence of inflammation 
might indicate that less B[a]P is detoxified. Also some for other phenotypic assays, the 
gene expression pattern did not correspond directly to activity (i.e. NER and NQO1 
activity). NER is the major repair mechanism for B[a]P induced DNA damage and the 
measured repair activity is the net effect of a combination of enzymes during NER 
process (recognition and incision) (including Xpa, Xpc, Ercc1, Ercc2, and Ercc 4) [54]. 
NER capacity was higher in the LPS&B[a]P group than in the B[a]P-exposed animals or 
controls, but it did not reach statistical significance. Enhanced NER activity seems logical 
as a reaction to B[a]P-induced DNA damage, but due to the LPS-induced oxidative stress 
both expression of some NER-related genes (Fig 2 E) and activity can be inhibited [55]. 
Since the level of DNA damage is determined by the formation of DNA adducts and their 
removal, the higher levels of DNA damage that were observed in the LPS&B[a]P group 
cannot be related to changes in DNA repair activity alone.  
NQO1 can protect cells against oxidative stress that is induced by redox cycling of 
B[a]P-quinones [56]. The B[a]P-induced activity of Nqo1 was significantly inhibited by 
LPS. However, in the current study we found that Nqo2 gene expression displayed a 
better correlation than Nqo1 gene expression with the phenotypic measure of Nqo1 
enzyme activity. It is possible that the phenotypic assay is not specific for Nqo1 alone, 
but may additionally reflect Nqo2 enzyme activity. Interestingly, higher gene expression 
of Nox1 and lower gene expressions of Nqo1 and Nqo2 might lead to higher levels of 
oxidative stress in LPS&B[a]P animals than animals treated with B[a]P or even LPS alone, 
further driving the inflammatory response. Indeed, PCA analysis indicated that 398 
genes could differentiate animals among all treatment groups (control, LPS, B[a]P and 
LPS&B[a]P), and most of these genes are known to be involved in immune response and 
inflammation (Table 2). Interestingly, both B[a]P and BPDE have been reported to 
induce inflammation and immune responses in both in vitro and in vivo studies [23, 57]. 
These data suggest that genes involved in inflammation may be key determinants in 
B[a]P-induced genotoxicity. 
To further analyze the data in an unsupervised approach we identified DEGs on the basis 
of 2 criteria: 1. They were altered in expression by B[a]P exposure and 2. The additional 
exposure to LPS modified their gene expression. This resulted in genes that mainly 
displayed an inhibitory effect (i.e. gene expression initially changed by B[a]P but again 
altered towards controls in the presence of inflammation), and we subsequently 
performed GO and KEGG enrichment analysis on gene set group 1 (619 genes, initially 
up-regulated by B[a]P) and 2 (330 genes, initially down-regulated by B[a]P) via the 
online tool DAVID. Among the GO terms identified for the Group 1, the majority of genes 
were involved in cellular components: membrane (313 genes), cytoplasm (250 genes) 
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and extracellular exosome (161 genes). These cellular components are essential for 
maintaining cellular intactness and interaction between cells [58, 59]. Many of these 
genes were related to cell adhesion. Cell adhesion plays a significant role in inhibiting 
the processes in multistage carcinogenesis, cancer cell local invasion and metastasis [60]. 
However, our data indicate that inflammation (induced by LPS treatment) inactivated 
cell adhesion, which may further stimulate lung cancer development that was initially 
induced by B[a]P. For the group 2 gene set (initially down-regulated by B[a]P), genes 
related to ‘RNA translation’ processes were identified. This was unexpected because it is 
known that B[a]P can enhance its own bio-activation by inducing gene expression (e.g. 
Cyp1a1, Cyp1b1 and Mpo) via binding to xenobiotic-response elements in the nuclear 
DNA [61]. This should lead to increased RNA production and subsequent translation. It 
is possible that part of the phenotypic inhibition is due to a slower translation of mRNA 
into functional proteins. However, it should be noted that we measured RNA expression 
at 48 hours after B[a]P exposure, and at that time point the largest part of B[a]P may 
already be metabolized and removed. LPS inhibited the metabolism of B[a]P and 
therefore we might detect a delayed effect of B[a]P in the lung in the presence of LPS. 
Another possibility could be that LPS inhibited the down-regulation of genes involved in 
RNA translation.  
The KEGG pathway enrichment analysis showed similar results as the analysis of GO 
terms. For example, pathways involved in endocytosis and adherens junction were 
identified for the group 1 gene set and pathways involved in ribosome function was 
found for the group 2 gene set. Besides that, several pathways related to cancer were 
observed for group 1 genes. Specifically, genes related to cytokine-cytokine receptor 
interaction, Wnt signaling pathway and mitogen-activated protein kinase (MAPK) 
signaling pathway were found. Moreover, the endpoint of these pathways all point to cell 
proliferation and differentiation. This might provide additional evidence for the delayed 
effect of B[a]P due to prior LPS exposure; after exposure to B[a]P for 48 hours, cells are 
recovering from the B[a]P-induced damage by modulating cell cycle, DNA repair, and cell 
proliferation and differentiation [51]. But, in the presence of LPS, all of these normal 
cellular responses after B[a]P exposure are inhibited and may happen at or later than 48 
hours after the exposure to B[a]P.  
The current study has some limitations that need to be mentioned. Firstly, the RNA 
microarray was performed on RNA derived from whole mouse lung. Therefore, part of 
the gene expression changes may be related to the influx of inflammatory cells into the 
lung. For instance, increased expression and activity of β-glucuronidase is probably not 
due to increased expression of this gene in lung epithelial cells, but may be due to the 
fact that activated inflammatory cells expressing this gene are present in higher amounts 
in the lung after LPS exposure. Nevertheless, the gene expression changes observed in 
the current study still give an indication for the general underlying mechanism(s) and 
help to understand why the presence of inflammation in the lung leads to higher levels 
of DNA damage. Secondly, the effect of LPS treatment was not directly included in in the 
selection of DEGs. Therefore, some of the DEGs that were selected based on our criteria 
may be related to an LPS effect only. Indeed, we showed that over 50% of the DEGs in 
the LPS and LPS&B[a]P group overlap (Fig 1). However, since it was not the focus of our 
study to investigate a pure LPS effect on gene expression, these data is not shown but all 
gene expression data has been deposited.  
Last but not least, the animals were sacrificed at one single time point after exposure. 
Indeed, 48 hours may be too late for assessing very early B[a]P metabolic events, but in 
our previous studies in which we exposed rodents to B[a]P, highest DNA adduct levels 
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were always found at approximately 2 days after the exposure [28]. Therefore, to 
investigate cellular effects at the highest level of DNA damage, 48 hours was chosen as 
exposure time point. Studying earlier (<48 hours) cellular effect of B[a]P was beyond the 
scope of the present study.   

5. Conclusion 

Many previous microarray studies have investigated the effect of B[a]P exposure in vitro 
and in vivo, and we confirmed these results by showing that B[a]P can disrupt 
cholesterol (steroid) metabolism, DNA repair and cell cycle at 48 hours after exposure. 
The additional treatment to LPS is less well studied, but may mimic real life situations 
much better, because many types of environmental exposures (e.g. cigarette smoke, 
vehicle exhaust, ambient air particulate matter) not only result in the exposure to PAHs 
but are also capable of inducing inflammation. Combined exposure of mice to LPS and 
B[a]P resulted in a complex gene expression response which pointed towards delayed 
metabolism of B[a]P. Although the expression of genes that code for enzymes that are 
known to activate B[a]P were inhibited by inflammation, genes of enzymes in phase II 
detoxification reactions were also down-regulated by LPS (Fig 7). Consequently, 
exposure to LPS seems to slow down B[a]P metabolism and this leads to a prolonged 
exposure of lung cells to B[a]P. As a consequence higher B[a]P-DNA adduct levels were 
observed in mouse lung after 48 hours of exposure. Additionally, our analysis indicated 
that cell-cell communication is disturbed, which is important for the process of lung 
carcinogenesis. Overall, our data support the idea that the combined exposure to PAHs 
and inflammation will lead to an increased risk for developing lung cancer. 
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Figure 7. Proposed alternation of B[a]P metabolism pathway after initial LPS-induced inflammation. This 
pathway is based on our transcriptome analysis together with previous phenotypic analyses, suggesting 
that LPS inhibits Cyp1a1, epoxide hydrolase, GSTs, SULTs. Although UGTs are up-regulated by LPS, 
β-glucuronidase, which could convert UGTs conjugated B[a]P metabolites into their free form, is also 
up-regulated. Finally, LPS enhanced the B[a]P-induced DNA damage by forming BPDE-DNA adducts.       
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Supplement Data 

Supplemental table 1 
Gene Ontology for 619 genes, GOTERM_DIRECT_BP_CC_MF     
 Category Term Count % P-Value Benjamini 
 GOTERM_BP_DIRECT cell adhesion 35 5,7 7,00E-06 8,80E-03 
 GOTERM_BP_DIRECT lipid metabolic process 33 5,3 1,40E-05 1,20E-02 
 GOTERM_BP_DIRECT cell-cell adhesion 22 3,6 3,70E-07 9,30E-04 
 GOTERM_BP_DIRECT cholesterol biosynthetic process 8 1,3 4,20E-05 2,60E-02 
 GOTERM_CC_DIRECT membrane 313 50,6 6,50E-19 1,40E-16 
 GOTERM_CC_DIRECT cytoplasm 250 40,4 6,10E-06 2,90E-04 
 GOTERM_CC_DIRECT extracellular exosome 161 26 4,20E-19 1,80E-16 
 GOTERM_CC_DIRECT cytosol 84 13,6 3,40E-05 1,30E-03 
 GOTERM_CC_DIRECT endoplasmic reticulum 79 12,8 6,00E-09 5,20E-07 
 GOTERM_CC_DIRECT Golgi apparatus 76 12,3 6,80E-10 7,30E-08 
 GOTERM_CC_DIRECT cytoskeleton 57 9,2 9,80E-05 2,30E-03 
 GOTERM_CC_DIRECT focal adhesion 45 7,3 4,10E-14 5,80E-12 
 GOTERM_CC_DIRECT endoplasmic reticulum membrane 42 6,8 4,90E-05 1,50E-03 
 GOTERM_CC_DIRECT perinuclear region of cytoplasm 41 6,6 5,80E-05 1,70E-03 
 GOTERM_CC_DIRECT cell junction 40 6,5 2,60E-04 5,10E-03 
 GOTERM_CC_DIRECT cytoplasmic vesicle 38 6,1 1,30E-04 2,90E-03 
 GOTERM_CC_DIRECT intracellular membrane-bounded 

organelle 
38 6,1 2,10E-03 3,30E-02 

 GOTERM_CC_DIRECT endosome 35 5,7 4,60E-05 1,50E-03 
 GOTERM_CC_DIRECT cell-cell adherens junction 29 4,7 3,30E-07 2,00E-05 
 GOTERM_CC_DIRECT Golgi membrane 29 4,7 3,50E-05 1,20E-03 
 GOTERM_CC_DIRECT extracellular matrix 28 4,5 2,60E-07 1,90E-05 
 GOTERM_CC_DIRECT proteinaceous extracellular matrix 25 4 3,10E-05 1,30E-03 
 GOTERM_CC_DIRECT cell-cell junction 22 3,6 7,00E-07 3,80E-05 
 GOTERM_CC_DIRECT apical plasma membrane 22 3,6 9,30E-04 1,60E-02 
 GOTERM_CC_DIRECT membrane raft 18 2,9 2,40E-03 3,50E-02 
 GOTERM_CC_DIRECT early endosome 17 2,7 1,30E-03 2,20E-02 
 GOTERM_CC_DIRECT actin cytoskeleton 15 2,4 3,00E-03 4,20E-02 
 GOTERM_CC_DIRECT brush border 11 1,8 9,60E-05 2,40E-03 
 GOTERM_CC_DIRECT caveola 11 1,8 2,40E-04 5,00E-03 
 GOTERM_CC_DIRECT basement membrane 11 1,8 6,50E-04 1,20E-02 
 GOTERM_CC_DIRECT ruffle 10 1,6 2,20E-03 3,30E-02 
 GOTERM_CC_DIRECT extracellular vesicle 9 1,5 9,30E-05 2,50E-03 
 GOTERM_CC_DIRECT adherens junction 9 1,5 2,20E-04 4,60E-03 
 GOTERM_CC_DIRECT stress fiber 9 1,5 8,40E-04 1,50E-02 
 GOTERM_MF_DIRECT protein binding 173 27,9 8,00E-07 3,00E-04 
 GOTERM_MF_DIRECT cadherin binding involved in cell-cell 

adhesion 
27 4,4 4,00E-07 3,00E-04 

 

Supplemental table 2 
Gene Ontology for 330 genes, GOTERM_DIRECT_BP_CC_MF 

    
 

Category Term Count % P-Value Benjamini 

 
GOTERM_BP_DIRECT translation 17 5,2 5,50E-05 4,20E-02 

 
GOTERM_CC_DIRECT nucleus 103 31,4 1,90E-04 1,40E-02 

 
GOTERM_CC_DIRECT nucleoplasm 42 12,8 5,50E-04 2,50E-02 

 
GOTERM_CC_DIRECT nucleolus 24 7,3 3,90E-04 2,20E-02 

 
GOTERM_CC_DIRECT intracellular ribonucleoprotein complex 16 4,9 1,30E-05 3,10E-03 

 
GOTERM_CC_DIRECT ribosome 12 3,7 2,60E-05 3,00E-03 

 
GOTERM_MF_DIRECT poly(A) RNA binding 43 13,1 1,20E-09 3,70E-07 

 
GOTERM_MF_DIRECT structural constituent of ribosome 13 4 2,60E-04 3,90E-02 
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Abstract 

Exposure to benzo[a]pyrene (B[a]P) is known to play a role in lung carcinogenesis and 
the underlying processes can be modified by the presence of inflammation. The 
inflammatory process can for instance enhance the concentration of reactive 
metabolites that bind to DNA and may also diminish DNA repair. Additionally, during the 
inflammatory process mediators are released that create a microenvironment which is 
suitable for further stimulation of cancer development. Various transcriptional 
pathways are activated by inflammation, including pathways that are mediated via 
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), signal transducer 
and activator of transcription 3 (STAT-3), and hypoxia-inducible factor-1 (HIF-1). 
Crosstalk between these pathways and the aryl hydrocarbon receptor (AhR) occurs at 
multiple levels and thereby boosts B[a]P induced carcinogenesis. This review focuses on 
inflammatory mediators, including cytokines, chemokines and extracellular enzymes 
that modulate molecular events in B[a]P induced cancers.   

Key words: Inflammation, Inflammatory mediators, Carcinogens, Benzo[a]pyrene, 
Cytochrom P450 1A1  
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1. Introduction 

The development of cancer is a multistage process [1] which can be initiated by DNA 
damaging events for instance after exposure to environmental pollutants, UV-radiation 
or endogenously formed reactive oxygen species.  DNA damage can lead to the 
accumulation of mutations if not repaired or not repaired in time before DNA replication. 
Accumulation of unfavorable mutations over time may lead to the transformation of 
normal cells into tumor cells. An additional risk factor for the development of cancer 
may be the presence of inflammation, and it has been estimated that up to 20% of all 
human malignancies are linked to chronic inflammatory conditions that may be 
provoked by environmental and lifestyle factors or induced by microbial pathogen 
infections (Table 1) [2]. After the primary stimulants, the host initiates an inflammatory 
response which involves the activation and migration of leukocytes (e.g., neutrophils, 
monocytes and lymphocytes) from the venous system to the sites of damage or infection 
[3, 4]. At the site of inflammation, a range of cytokines, chemotactic cytokines 
(chemokines), enzymes, reactive oxygen species (ROS) and reactive nitrogen species 
(RNS) are subsequently produced or released [5-7]. Recent studies indicate that all these 
inflammation related factors can contribute to tumorigenesis by inducing mutations, 
genomic instability, and epigenetic modifications [8]. Moreover, inflammation results in 
a hostile microenvironment, where premalignant cells can survive, expand and 
accumulate additional mutations and epigenetic changes [8].  
Now, the development of cancer might not be a process that is solely driven by exposure 
to chemical carcinogens or inflammatory mediators, but is a process in which both are 
synergistically involved; in other words, inflammation and chemical carcinogens may be 
partners in crime. [2]. This review summarizes multiple pathways through which 
inflammatory mediators may affect chemically induced carcinogenesis, identifies gaps of 
knowledge and hints on future developments on how these insights may be translated to 
more effective cancer prevention.  

Table 1: Inflammation and related cancers 
Inductor Inflammation Cancer 
Gut pathogens Inflammatory bowel disease Colorectal cancer 
Tobacco smoke Bronchitis Bronchial lung caner 
Helicobacter pylori Gastritis Gastric cancer 
Human papilloma virus Cervicitis Cervical cancer 
Hepatitic B/C virus Hepatitis  Hepatocellular carcinoma 
Bacteria, gall bladder stones Cholecystitis Gall Bladder cancer 
Tobacco, genetics, alcohol Pancreatitis Pancreatic cancer 
Epstein-Barr virus Mononucleosis Brukitt’s lymphoma 
Ultraviolet light Sunburn Melanoma 
Asbestos fibers Asbestosis Mesothelioma 
Gram-uropathogens Schistosomiasis (Bilharzia) Bladder cancer 
Gastric acid, alcohol, tobacco Esophagitis Esophageal adenocarcinoma 
Table was adapted from Multhoff et al., [4]. 

2. Chemical carcinogenesis: benzo[a]pyrene as example. 

It is already known for more than 100 years that exposure to certain chemicals or 
mixtures of chemicals, including chimney soot, shale oil, vinyl chloride, benzene and 
cigarette smoke, is associated with the induction of cancer in humans. [9, 10]. These 
chemicals act as initiators of a complex series of events, and the earliest stage is that 
these chemicals are metabolized into reactive derivatives that can damage DNA and 
subsequently induce mutations [11]. A well-known example is the group of polycyclic 
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aromatic hydrocarbons (PAHs), with benzo[a]pyrene (B[a]P) being one of the best 
studied compounds [12]. PAH are widely spread in the environment due to pollution and 
natural burning processes, and humans can be exposed via tobacco smoke, diesel 
exhaust, and wood combustion emissions [13, 14]. B[a]P is lipophilic and easily crosses 
the cell membrane. Intracellularly, it forms a complex with the aryl hydrocarbon 
receptor (AhR), which stimulates its own metabolism by inducing the expression of 
cytochrome P450 isoforms 1A1 (CYP1A1) and 1B1 (CYP1B1) [15]. The expression of 
these genes is induced, because the AhR-B[a]P complex translocate into the nucleus 
where it dimerizes with the aryl hydrocarbon receptor nuclear translocator (ARNT) [16]. 
This AhR/ARNT complex activates gene expression by binding to highly conserved DNA 
enhancer sequences, which are also known as xenobiotic response elements (XRE), 
located in a variety of genes including CYP1A1 and CYP1B1 [17, 18]. These cytochrome 
P450’s combined with epoxide hydrolase convert B[a]P to its ultimate carcinogen 
benzo[a]pyrene-7,8-diol-9,10-epoxide (BPDE), that can covalently bind to DNA to form 
adducts preferentially at guanine residues. It is generally accepted that the formation of 
such DNA adducts leads to mutations that are relevant for carcinogenesis [19]. For 
instance Denissenko et al. showed that the specific location of BPDE-DNA adducts in the 
TP53 tumor suppressor gene, can induce a mutational profile that is typical for the 
mutations found in lung cancer of cigarette smokers [20].  Of course, cells are able to 
prevent this damage by B[a]P, and the majority of activated B[a]P will be detoxified in 
phase II reactions, where B[a]P metabolites are further converted into water soluble 
metabolites by conjugation reactions that include glutathione-S-transferases (GST’s), 
UDP-glucuronosyltransferases (UGTs) and sulfotransferases (SULTs) (Fig 1) [21-23]. 
Another important mechanism to prevent the accumulation of mutations after exposure 
to DNA reactive chemicals is the removal/repair of B[a]P-induced DNA damage by 
various DNA repair processes, such as homologous (HR) and non-homologous end 
joining (NHEJ) in the repair of double-strand breaks (DSBs), mismatch repair (MMR), 
base excision repair (BER) and nucleotide excision repair (NER) [24-28]. Each repair 
pathway is a response to specific types of DNA damage. For B[a]P induced DNA damage, 
NER is the most important type of DNA repair, since NER is responsible for te removal of 
bulky lesions (for more details on DNA repair mechanisms, please consult relevant 
reviews [29-32]). Interestingly, a recent study shows that metabolism of B[a]P and 
mutations in tumor suppressor genes can be closely linked; B[a]P can mutate the TP53 
tumor suppressor gene, which not only leads to the escape from critical cell cycle 
checkpoints and DNA repair, but TP53 mutations also change the metabolism of B[a]P 
towards the formation of more reactive metabolites [24, 33, 34]. 
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Figure 1. Pathway of B[a]P metabolism (phase I and II) and subsequent formation of DNA damage.  

3. Inflammatory key players and cancer  

Inflammation is a double edged sword: the purpose of the inflammatory response is to 
fight  the intruding pathogens by activating specific immune cells such as macrophages 
and leukocytes (neutrophils, monocytes and lymphocytes) [8]. Similarly, exposure as for 
instance to inhalatory particles may lead to an inflammatory response in the lung [35]. 
After the threat has passed, these immune cells should no longer receive a “stay-alive” 
signal and immune cells should no longer be attracted to the site of inflammation. 
However, in case of inadequate pathogen eradication or repeated particle exposures, 
recurring tissue injury, prolonged inflammatory signaling or failure of anti-inflammatory 
mechanisms, chronic inflammation can develop, which leads to unintended damage to 
the host’s own cells [36]. Furthermore, numerous studies have provided evidence that 
chronic inflammation contributes to cancer/tumor development by facilitating 
unlimited replicative potential, independence of growth factors, resistance to growth 
inhibition, escape of programmed cell death, enhanced angiogenesis, tumor 
extravasation and metastasis [37]. The impact of inflammation on tumorigenesis and 
cancer development can be attributed to the release of inflammatory mediators and 
related activated pathways (Table 2). Reactive oxygen species (ROS) (e.g. superoxide 
anion, H2O2 and hydroxyl radicals) and RNS (e.g. peroxynitrite), which are released by 
leukocytes (mainly neutrophils), are major players/chemical effectors in 
inflammation-driven carcinogenesis [38]. Due to their ability to bind to important 
cellular proteins and lipids, exposure to ROS and RNS has several molecular 
consequences, including induction of apoptosis, DNA repair, cell cycle arrest and cell 
senescence [39]. Additionally, ROS and RNS induce DNA damage, including DNA strand 
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breaks, DNA base modifications and DNA cross-links, which if not properly repaired lead 
to an increased mutational load that can activate oncogenes and/or inactivate tumor 
suppressor genes [24]. For example, mutations in Ras and TP53 leading to activation of 
the Ras oncogene and loss-of-function of TP53 tumor suppressor gene have been 
observed in many inflammation-associated cancers [40, 41]. Next to the ROS and RNS, 
inflammatory cells produce a variety of soluble factors; cytokines and chemokines 
including interleukins (ILs), tumor necrosis factor-α (TNF-α), growth factors and 
differentiation factors are secreted and they regulate various physiological processes 
[24, 42]. These mediators bind to cell-specific cognate receptors (toll-like receptors) and 
activate downstream transcription pathways, predominately STAT-3 and NF-κB related 
pathways [43]. Activation of these pathways stimulates cell proliferation and 
differentiation, inhibits apoptosis, and stimulates inflammatory angiogenesis by 
upregulating proangiogenic factors [24]. Moreover, these mediators recruit and activate 
various leukocyte populations (mainly neutrophils) to the site of inflammation, which 
creates a microenvironment that promotes an even more pronounced release of 
inflammatory mediators, thereby, creating a positive amplification loop [36]. In this 
inflammation driven micro-environment, complex networks of inflammatory signaling 
pathways are elicited, including HIF-1, STAT-3 and NF-κB signaling [8]. These pathways 
can also activate/crosstalk with each other, by sharing the same upstream signaling 
components. One important type of crosstalk is with AhR signaling, because 
inflammation and exposure to chemical carcinogens should not be regarded as isolated 
events, but often occur together. For instance, exposure to cigarette smoke induces 
inflammation in the lung, but also increases exposure to chemicals like B[a]P. Indeed, 
epidemiological studies provide evidence that patients with chronic obstructive 
pulmonary disease (COPD) are at increased risk for developing lung cancer [44], which 
is further elevated when the patient has a smoking history [45]. Similar examples were 
reported for other organs and exposure to carcinogens, for example alcohol abuse and 
hepatitis leading to liver cancer [46], the combination of aflatoxin exposures and 
hepatitis accelerating into liver cancer [47] and ulcerative colitis and foodborne 
mutagens playing a role in the development of colon cancer [48, 49].  

Table 2: Key players in inflammation-associated carcinogenesis 
Inflammatory mediators Role in inflammation-associated carcinogenesis 
Cytokines Promote tumor growth 

Induce DNA damage and inhibit DNA repair 
Stimulate inflammatory angiogenesis  
Stimulate cell proliferation and inhibit apoptosis 

Chemokines Attract inflammatory and immune cells to the site of inflammation 
Promote tumor cell migration, invasion and metastasis 
Stimulate inflammatory angiogenesis 

ROS/RNS Induce DNA damage and disrupt DNA damage response 
Downstream effector of NF-κB and inflammatory cytokine-mediated signaling 
Stimulate cell proliferation 

NF-κB Promote production of ROS and RNS 
Promote tumor invasion and metastasis 
Promote expression and production of pro-inflammatory mediators and 
amplifies the inflammatory signal transduction 
Protect transformed cells from apoptosis 
Promote chronic inflammation 

STAT-3 Promote cell proliferation, apoptosis resistance and immune tolerance 
Activated by pro-inflammatory cytokines 

HIF-1 Promote chronic inflammation 
Increase production of pro-inflammatory cytokines 
Promote angiogenesis, invasion and metastasis 
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4. Influence of inflammation on chemical carcinogenesis 

4.1 Influence of soluble factors released by inflammatory cells on carcinogen metabolism. 

Polymorphonuclear neutrophils (PMNs) are recruited to the site of 
inflammatory/damage to eliminate invading pathogens during acute inflammation [50]. 
Neutrophils are short-lived and dismissed/cleared from the circulation in the liver, 
spleen and bone marrow after acute inflammation [51, 52]. However, due to continuous 
attracting stimuli during chronic inflammation, neutrophils may be persistently present 
in tissues and may contribute to the development of chronic diseases such as COPD, 
Bechet’s disease and inflammatory arthritis [51, 53]. Their contribution to the disease 
etiology is related to the soluble factors they release after being activated at the site of 
inflammation. These soluble factors include reactive oxygen species (ROS, see section 
4.2), the enzymes myeloperoxidase and β-glucuronidase (see section 4.3 and 4.4 
respectively), and various inflammatory mediators (for instance interleukines, see 
section 4.1.4), which all can affect the way in which the organism deals with chemical 
carcinogens. Additionally, the release of such soluble factors can also change the 
micro-environment into an environment in which mutagenesis by environmental 
mutagens is facilitated. Therefore, we will discuss hypoxia and acidity in more detail in 
section 5. 

4.2 Reactive oxygen species (ROS) 

Most tissue/DNA damage caused by activated neutrophils comes from the production of 
ROS. After the initiation of a respiratory burst, high concentrations of ROS such as NO•, 
O2–, HO•, 1O2 and H2O2, will be generated via NADPH oxidases (NOXs) or nitric oxide 
synthases in order to neutralize pathogens [54, 55]. Among these ROS, hydroxyl radicals 
(HO•) are considered to be the most DNA reactive radicals which generate a multiplicity 
of products from all 4 DNA bases [56, 57].  
Exposure to B[a]P can also induce oxidative stress and generate ROS via two different 
pathways; firstly, B[a]P exposure activates the NF-κB signaling pathway: after in vitro 
exposure to endothelial cells to B[a]P, mRNA expression of the NF-κB subunits p65 and 
p50 was significantly upregulated, leading to increased levels of IL-1β, TNF-α and ROS 
production [58]. In order to maintain the intracellular stress balance, glutathione (GSH) 
reacts with ROS and serves as the most important ROS scavenger [59]. GSH is present in 
relatively high concentrations (up to mM levels) and it can be regenerated from its 
oxidized form (GSSG) by the NADPH-dependent reductases [59]. However, despite the 
possibility to regenerate GSH from GSSG, we recently showed that activation of 
NADPH-oxidases can significantly decrease the concentration of GSH, which shifted the 
metabolism of B[a]P towards higher concentrations of activated metabolites, including 
B[a]P-7,8 diol, instead of detoxification [60]. Moreover, activation of NOXs can decrease 
the concentration of NADPH, which is an important co-factor for cytochrome P450. 
Therefore, the metabolism of B[a]P by cytochrome P450 can be slowed down under 
inflammatory conditions, suggesting that the CYP-dependent formation of reactive 
metabolites is inhibited. However, since inactivating phase II reactions by for instance 
GSH-conjugation are also decreased in their activity, the net effect remains unfavorably 
towards higher concentrations of DNA-reactive metabolites [60]. 
Secondly, B[a]P induces ROS production after the formation of  B[a]P-quinone 
metabolites. During B[a]P metabolism, B[a]P-dihydrodiol can be further converted into 
redox active o-quinones by dihydrodiol dehydrogenase and peroxidases [61]. This 
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B[a]P-quinone has the capacity of undergoing one-electron redox cycling with its 
semiquinone radicals, which causes the formation of ROS and subsequent lipid 
peroxidation [62]. In response to the formation of these quinones, various cellular 
defense system are triggered, including NAD(P)H quinone oxidoreductase (NQO1), 
which changes the quinone into a less toxic form. Moreover, GSH can detoxify the 
B[a]P-quinone by covalently binding to it [63, 64]. Despite the possibilities to inactivate 
these quinones, it was reported that generation of excess ROS during B[a]P metabolism 
increased lipid peroxidation and decreased the antioxidant defense system, 
subsequently forcing B[a]P metabolism towards toxification, such as more reactive 
metabolites and DNA adduct formation [61].      

4.3 Myeloperoxidase (MPO) 

MPO is an enzyme found in human neutrophils [65] and the presence of neutrophils in 
inflamed tissue increased formation of highly DNA reactive and mutagenic compounds 
after exposure to a variety of environmental chemical carcinogens via the promotion of 
metabolic activation of these chemicals [66]. Currently, ample evidence suggests that 
MPO is involved in the metabolic activation of chemical carcinogens (Table 3). The idea 
that MPO can act as a metabolic enzyme for carcinogens originates from experiments by 
Kensler et al. [67] and Trush et al. [68] in the 1980’s. They demonstrated that after 
co-incubation of activated polymorphonuclear leukocytes (PMNs) with pro-carcinogens 
(for instance B[a]P-7,8-dihydrodiol), the concentration of the ultimate carcinogenic form 
of the carcinogen was increased and covalently bound to DNA. In contrast to PMNs, 
stimulated alveolar macrophages (AMs) which lack MPO activity, failed to elicit such an 
effect. In addition, incubation of stimulated PMNs with the MPO inhibitor sodium azide 
showed significant inhibition of the metabolic activation of carcinogens [68]. The role of 
MPO was further demonstrated by Mallet et al. [69] and Petruska et al. [70], who showed 
that the pre-carcinogen B[a]P-7,8-diol may serve as a substrate for MPO which enhanced 
the formation of BPDE. In addition, the stereo-chemical analysis of tetraol products 
showed a similar reaction which generated primarily anti-diolepoxides from 
B[a]P-7,8-diol with an anti/syn ratio greater than 5 [69]. Consequently, co-incubated 
activated neutrophils with B[a]P enhance BPDE-DNA adduct formation, which was later 
confirmed by Borm et al. [71]. Moreover, the role of MPO in the activation of chemical 
carcinogens was further supported by work of London et al. [72], Rojas et al. [73] and 
Van Schooten et al. [74]. In 1997, London et al. described that a single base substitution 
(G to A) in the promoter region of the MPO gene reduces its transcription and among the 
smokers who inherit two copies of the A-allele (A/A) a markedly decreased risk for lung 
cancer was found [72]. In the study by Rojas et al., it was convincingly demonstrated that 
MPO had a significant role in B[a]P activation in human skin tissue; BPDE-DNA adducts 
levels in skin of atopic dermatitis patients treated with coal tar was strongly affected by 
the MPO -463 G→A polymorphism [73]. Moreover, the syn/anti ratio of BPDE-DNA 
adducts that was reported by Rojas et al. further supports the involvement of the 
peroxidase. This finding was subsequently further confirmed by Van Schooten, who 
performed a study in bronchial alveolar lavage (BAL) fluid and cells from 106 smoking 
Caucasian lung patients. Subjects with the MPO -463AA genotype exhibited lower MPO 
activity/neutrophil than MPO -463AG and MPO -463GG patients. Furthermore, the DNA 
adducts level in MPO -463AA individuals were significantly lower than in MPO -463AG 
and MPO –463GG subjects.  Overall, these related studies define the role of MPO in 
human pulmonary carcinogenesis by increasing metabolism of environmental mutagens. 
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Additionally it was originally described by Güngör et al. [75] that the MPO product HOCl 
could also inhibit DNA repair. However, a recent study by Shi et al. [76] suggested that 
this may be related to a decrease of local pH (see section 5.1). 

Table 3: Examples of MPO mediated activation of environmental chemicals into genotoxic 
metabolites 
Carcinogens compound Mutagenic/carcinogenic 

product or effect 
Possible mechanism References 

N-arylhydroxamic acids 2-nitroso-fluorene (2-NOF) MPO peroxidation [77] 
Aromatic amine (ABZ) ABZ-DNA adduct MPO peroxidation [78] 
Aromatic amine (ABZ) 3’-Nitro-ABZ Catalyzed by MPO in 

presence of nitrite 
[79] 

2-Aminofluorene (2-AF) 2-AF-DNA adduct MPO catalyzed [80] 
Mutagenesis (Ames test) MPO catalyzed [81] 

Heterocyclic amines 
(MeIQx) 

N-nitroso-compounds MPO catalyzed 
nitrosation 

[82] 

Heterocyclic amines (IQ) IQ-DNA adduct MPO catalyzed [83] 
Aromatic Amine (3-ABA) 3-ABA-DNA adduct MPO catalyzed [84] 
PAH (B[a]P) B[a]P-DNA adduct MPO-dependent 

bioactivation 
[85, 86] 

4.4 β-Glucuronidase 

β-glucuronidase is an enzyme released by neutrophils during inflammation [87]. There 
is little knowledge about the role of β-glucuronidase and how it could directly activate 
chemical mutagens, however, there seems to be a link between β-glucuronidase and 
detoxification reactions of toxic compounds. Glucuronidation is an important 
detoxification mechanism for many chemical carcinogens including B[a]P [23, 88]. 
Glucuronidation is performed by UDP-glucuronosyltransferases (UGTs) which are 
classified as phase II enzymes and are members of a supergene family of endoplasmic 
reticulum-bound enzymes [85, 86]. Thirty-one UGT genes have been identified in human 
[86]. Without UGTs, several environmental carcinogens may further oxidate to their 
toxic reactive intermediates that can react with cellular macromolecules, thereby 
leading to toxicity [89]. Indeed, Hu and Wells (1992) showed with experiments in rats 
that had a genetic deficiency in bilirubin conjugating UGTs, that the glucuronidation of 
B[a]P metabolites was decreased, the level of B[a]P that covalently bound to hepatic 
DNA and microsomal proteins was increased, and that the B[a]P induced embryo 
toxicity was enhanced [90]. β-glucuronidase can deconjugate glucuronidated phase II 
metabolites and make them reactive again [91]. This has been further demonstrated by 
Shimoi K and Nakayama T, who showed higher levels of β-glucuronidase activity and 
free unconjugated metabolites in four kinds of LPS-treated human cells (neutrophils, 
human umbilical vein endothelial cells, IMR-90, and Caco-2 cells) and in LPS-treated rats, 
and they suggested that β-glucuronidase may hydrolyze glucuronide-conjugates to free 
aglycones at the site of inflammation [87]. Such a reactivation mechanism may also hold 
true for glucuronidated chemicals such as B[a]P metabolites (e.g. B[a]P-7,8-diol), 
thereby leading to higher concentration of BPDE and increased level of DNA adducts at 
the site of inflammation [92]. Interestingly, we previously showed an additional 
signaling role of β-glucuronidase in in vitro experiments, indicating that β-glucuronidase 
initially blocks CYP1A1 expression, which delayed the metabolism of B[a]P. The 
intracellular signaling of extracellular β-glucuronidase may be mediated by binding to 
the IGF2 receptor, because co-incubation of lung cells with the IGF2R inhibitor 
mannose-6-phosphate completely abolished the effect of β-glucuronidase on CYP1A1 
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expression. Interestingly, at later time points, β-glucuronidase significantly enhanced 
CYP1A1 expression, probably because β-glucuronidase de-glucuronidated B[a]P 
metabolites, which continued to trigger the aryl hydrocarbon receptor (Ah receptor) and 
induced expression of CYP1A1. Consequently, significantly higher concentrations of 
B[a]P metabolites and DNA adducts were found in β-glucuronidase-treated cells. Overall, 
these data show that β-glucuronidase alters the cellular response to chemical 
carcinogens, including B[a]P, and ultimately enhanced DNA adduct levels. [92]. It should 
be noted that β-glucuronidase has a pH-optimum of <6, which is actually reached at sites 
of inflammation (see section 5.1). 

4.5 Impact of released interleukins on carcinogen metabolism 

Various interleukins are secreted during inflammation and they play a crucial role in 
both pro-inflammatory (e.g. IL-1, IL-6, IL-8) and anti-inflammatory (e.g. IL-1, IL-10, IL-13) 
processes [3]. Due to limited knowledge about how each of these ILs can affect 
metabolism of carcinogens, we only focus on ILs which have been shown to potentially 
affect the genotoxicity of B[a]P.  
IL-1 has been identified in several human tumors and it has the ability of promoting 
tumor growth and metastasis [93]. IL-1 has two isoforms, IL-1α and IL-1β, but they 
mediate different functions. IL-1α is expressed by malignant cells and it induces an 
anti-tumor immune response, stimulates cell differentiation and cell growth. Low 
concentrations of IL-1β could down-regulate inflammation and immune responses, 
thereby preventing the immune system to recognize tumor cells, whereas high 
concentrations of IL-1β promote inflammation-associated tissue damage and tumor 
invasiveness [3, 94]. Both IL-1α and IL-1β bind to the IL-1 receptor type I (IL-1RI) which 
leads to the production of various inflammatory mediators (e.g. IL-1, TNF-α, IL-6, IL-8 
etc.) that additionally promote AhR signaling [95-98]. Therefore, IL-1 could increase 
B[a]P metabolism and it’s genotoxicity [99], but it has also been reported that IL-1β 
inhibits CYP1A1 enzyme activity (EROD) in human hepatocytes [100]. Therefore, the 
role of IL-1 in changing the metabolism of chemical carcinogens is not yet fully 
understood and needs further investigation. 
IL-6 is another NF-κB regulated pro-inflammatory mediator, which showed the capacity 
of promoting tumor growth and was found in numerous types of tumors [101, 102]. 
Although IL-6 plays an important role in terminating inflammation [103], it can bind to 
the soluble form of the IL-6R (sIL6R) and induce IL-6-trans-signaling, which serves as 
the major pro-inflammatory pathway that leads to anti-apoptotic gene expression [104, 
105]. What is more, IL-6 has been reported to inhibit the function of wild-type p53 
protein in a murine myeloid leukaemic cell line [106], whereas proper p53 function is 
important to regulate the cellular defense mechanisms against chemically induced DNA 
damage (also see section 7 on bypassing p53). Finally, a recent study reported that IL-6 
promotes B[a]P induced DNA damage in a dose-dependent manner in a colorectal cancer 
cell line, which was mediated by increasing CYP1B1 expression, but not by changing 
TP53 expression [107].  
IL-8 serves as an important chemokine that binds to G protein-coupled receptors 
(CXCR1 and CXCR2), which subsequently chemoattracts neutrophils to the site of 
infection, promotes angiogenic responses and increases proliferation and survival of 
cancer cells [108]. Similar to IL-6, many inflammation-associated pathway, which may 
potentially enhance genotoxicity of B[a]P can be activated after IL-8 binds to its 
corresponding receptors, including stimulation of HIF-1, NF-κB, AP-1, STAT-3 and 
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β-Catenin related pathways [108]. Recently, our group showed that IL-8 changed the 
B[a]P metabolism via significantly decreasing intracellular GSH levels with subsequent 
increased concentrations of the pro-carcinogen B[a]P-7,8-diol [60]. However, the B[a]P 
induced DNA adduct levels were not enhanced by IL-8, because the decreased GSH level 
is compensated for by increased NER activity. Increased DNA repair activity as response 
to decreasing GSH levels was also described by Langie et al. after exposure of human 
lung epithelial cells to hydrogen peroxide in combination with the inhibitor of GSH 
synthesis, BSO [109]. On the other hand, exposure to ROS alone inhibited DNA repair 
very strongly. Obviously, GSH plays a central role in regulating the cellular response to 
carcinogens, because depletion of GSH may result in decreased conjugation of chemical 
carcinogens by glutathione transferases in phase II reactions, but it may also result in 
increased DNA repair activities. The regeneration of GSH from GSSG is a NADPH 
dependent reaction of glutathione reductase. Combined exposure to IL-8 and B[a]P 
significantly reduced NADPH levels in lung epithelial cells, which could thus interfere 
with NADPH dependent reactions in the metabolism of chemical carcinogens [60]. 

4.6 Influence of other inflammatory mediators 

Tumor Necrosis Factor-α (TNF-α). TNF-α is regarded to be a key pro-inflammatory 
cytokine in controlling inflammatory cell populations as well as mediating many other 
aspects of the inflammatory process [2, 110]. Many cells can generate TNF-α, including T 
and B lymphocytes, natural killer (NK) cells, neutrophils, mast cells, endothelial cells, 
smooth and cardiac muscle cells, fibroblasts and osteoclasts, but the main source of 
TNF-α are activated macrophages and tumor cells [111, 112]. TNF binds to the 
membrane-bound homotrimeric receptor TNF-α receptor I and II (TNFRI and TNFRII) 
which initiates an inflammatory cascade [4]. TNF-α is undetectable in healthy 
individuals, but increased serum and tissue levels of TNF-α can be found in acute and 
chronic inflammatory conditions, including trauma, sepsis, infection and rheumatoid 
arthritis [110, 113]. In addition, TNF-α plays a critical role in both anti-cancer and 
pro-cancer actions [114]: high concentration of TNF-α leads to removal of damaged 
tissue, tissue recovery and tissue remodeling [114], whereas, low concentrations of 
TNF-α might induce inflammation, may lead to DNA damage, inhibits DNA repair and 
can promote tumor growth [115-117].  
A recent study described that TNF-α enhanced the genotoxicity of B[a]P in rat liver 
epithelial WB-F344 cells and rat lung epithelial RLE-6TN cells through upregulation of 
CYP1B1 [118, 119]. Additionally, TNF-α can alter B[a]P metabolism by reducing the 
expression of aldo-keto reductase 1C14, which could compete with CYP1B1 for 
B[a]P-7,8-diol and divert it’s metabolism from the formation of ultimate carcinogen 
BPDE [119]. Moreover, TNF-α significantly enhanced p53 phosphorylation, suggesting 
that it triggered a cellular response to genotoxic stress [118, 120]. Furthermore, B[a]P 
and TNF-α acted synergistically and strongly induced inflammatory responses that are 
known to enhance the genotoxic effect of chemical carcinogens, including the expression 
of inducible NO synthase (NOS), COX-2, prostaglandin E2, IL6 and p38 kinase [121].  

Transforming growth factor-β (TGF-β). TGF-β is known as a pleiotropic cytokine that is 
very potent in regulating inflammatory activity [122]. After TGF-β binds to TGF-β 
receptor I or II, the activated receptor complex leads to nuclear translocation of Smad 
molecules which induces transcription of target genes [123]. TGF-β is regarded as 
pro-inflammatory, because it stimulates migration of monocytes, lymphocytes, 
neutrophils and fibroblasts [124]. In addition, TGF-β can promote inflammation and 
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augment autoimmune conditions by differentiating naïve CD4+ T cells into T helper 17 
(Th17) cells in the presence of IL-6 [125]. Still, TGF-β may also play an important role in 
the anti-inflammatory response; for example, after treating HUVEC cells with TGF-β1, a 
time and dose-dependent inhibition of IL-8 and E-selectin was observed [126]. Moreover, 
the best reflection of the anti-inflammatory function of TGF-β1 can be observed in 
TGF-β1 deficient mice, which die in utero due to widespread inflammation [127, 128]. 
Although TGF-β is well known as a regulator of tumor initiation, progression and 
metastasis [129], its link with metabolism of chemical carcinogens is hardly investigated. 
One study reported that TGF-β1 showed 100% inhibition of B[a]P-induced CYP1A1 
mRNA expression and EROD activity in human hepatocytes [130]. This observation is 
actually in line with previous findings, in which inflammatory mediators slow down 
metabolism of B[a]P by both phase I, but also phase II reactions. The net result may be 
that less active metabolites are initially formed, but because these are also less 
effectively removed by phase II reactions, reactive metabolites may accumulate at the 
site of inflammation (see Fig 2). Although these effects may be compensated for by 
increased DNA repair, it seems that the inflammatory micro-environment is more in 
favor of inhibiting repair activity (see next section). 

 

Figure 2. Schematic illustration of the tentative model for the combined role of B[a]P and inflammation in 
carcinogenesis. A. After exposure to B[a]P in absence of inflammation, B[a]P is metabolically activated 
through phase I metabolism. Part  of these phase I activated B[a]P metabolites are subsequently 
detoxified via phase II metabolism and DNA damage is removed by DNA repair.; B. However, when 
exposure to B[a]P coincides with inflammatory conditions, inflammatory mediators can inhibit not only 
phase I and II metabolism of B[a]P but also the repair of DNA adducts. As a consequence, B[a]P derived 
reactive metabolites are formed less effectively, but they are also removed at a lower extent by phase II 
reactions. The DNA adducts that are formed are also less well removed; the net effect is higher levels of 
B[a]P-induced DNA damage if exposure to B[a]P coincides with inflammation. 
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5. Altered micro-environment 

5.1 Acidic pH microenvironment 

A acidic/low pH can be found in both the chronic inflammatory as well as tumor 
microenvironment [131]. Under normal physiological conditions, the local pH of blood 
and tissue is strictly controlled around pH 7.4, whereas a local pH range from 7.0 to 5.5 
or even lower has been observed in inflamed tissues [132-134]. As an example, the pH of 
exhaled breath condensate of COPD patients is decreased and related to disease severity 
[135], and abnormal intestinal luminal pH was observed in inflammatory bowel disease 
(IBD) patients [136]. In general, Na+-HCO3- co-transporters and Cl-/HCO3- exchangers 
contribute to the uptake of H+, where the Na+/H+ exchanger (NHE), H+-lactate 
co-transporters, monocarboxylate transporters (MCTs) and the H+-ATPase (H+ pump) 
are responsible for the secretion of H+ [131, 137, 138]. However, the acidic condition in 
tumor tissue is due to the “Warburg effect” which produces acidic metabolites (e.g. lactic 
acid from anaerobic glycolysis in hypoxia) or generation of H+ by carbonic anhydrase 
(CA) via catalyzing hydration of CO2 through the pentose phosphate pathway [131, 139]. 
The acidic microenvironment created by inflammation is mainly caused by damage of 
surrounding tissues and the production of acidic compounds during inflammatory 
responses, including hypochloric acid (HOCl) [65, 140].  
pH regulates various cellular activities and has been extensively studied over the last 20 
years, but how pH affects xenobiotic metabolism is not well understood. Some studies 
suggested that an acidic pH influenced the immune function of cells and it might change 
the pattern of B[a]P metabolism [131, 141]. Indeed, some biomarkers of the 
inflammatory response (e.g. TNF-α, COX-2, iNOS and IL-8) were upregulated via NF-κB 
under acidic conditions [142-144], and these inflammation-associated mediators can 
increase the genotoxicity of B[a]P via various pathways which were mentioned 
previously (see section 4). What is more, some acidic compounds that are generated 
during inflammation such as HOCl, can promote the genotoxicity of B[a]P by inhibiting 
DNA nucleotide excision repair (NER) capacity [75]. Although it was originally thought 
that HOCl, that is produced by MPO, could specifically inhibit NER, but later we showed 
that the decreased DNA repair activity is a more general response to decreased pH [75, 
76]. Indeed, inducing pulmonary inflammation in MPO knock out animals or in animals 
that were neutrophil depleted (the major MPO producing cell type), did not abolish the 
inhibitory effect of inflammation on DNA repair [145]. This could be related to the fact 
that pH also decreases at sites of inflammation even in the absence of MPO/ HOCl. It 
should be noted that an acidic pH can lead to a marked increase in cytotoxicity [146], but 
once cells survive and adapt to these conditions, it can lead to a more aggressive 
behavior of cells, very similar to the process of tumorigenesis, including the continuous 
induction of inflammation, increased drug resistance and the cells can form their own 
cellular microenvironment [131, 147]. If this is the case, the cells that actually survived 
under acidic conditions would be more affected by exposures to carcinogens. Although 
B[a]P is again less well metabolized under different acidic conditions, a low pH resulted 
in higher concentrations of the pro-carcinogen B[a]P-7,8-diol, decreased DNA repair and 
increased formation of B[a]P-DNA adducts and γH2AX foci, when compared to normal 
conditions (pH 7.8) [76].   
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5.2 Local hypoxia induced by inflammation 

It is not yet clear whether hypoxia causes inflammation or inflammation induces hypoxia, 
however, it is generally accepted that hypoxia and inflammation have been associated 
with a large number of inflammatory diseases and inflamed tissues are often severely 
hypoxic [148, 149]. For example, significant increased serum levels of inflammation 
markers (e.g. interleukin-6, interleukin 1 receptor antagonist and C-reactive protein) 
were observed in healthy volunteers who spent 3 nights above 3400m altitude [150]. 
When hypoxia occurs, the hypoxia-inducible transcription factor (HIF1) is activated in 
order to adapt to the new conditions. HIF1 is inactivated when oxygen is abundant [151], 
because HIF-1 is continuously synthesized and degraded under normoxic conditions, 
whereas hypoxia prohibits the degradation of the HIF-1α by the ubiquitin proteasome 
system. This lack of degradation triggers the nuclear localization of HIF-1α [152]. 
Interestingly, when inflammation is initiated, HIF can be activated before tissues become 
hypoxic. For example, the HIF-1α transcription level is increased after exposure to LPS 
[153].     
HIF activation is an important hallmark for hypoxia and it crosstalks with many other 
pathways, such as Nuclear Factor-kappa B (NF-κB) and Aryl hydrocarbon Receptor (AhR) 
signaling [148, 152]. Since AhR is the receptor for a large amount of environmental 
pollutants, including dioxins (e.g. 2,3,7,8-tetrachlorodibenzo-p-dioxin, TCDD) and PAH 
[154], hypoxic responses may interfere with the metabolism of these compounds. 
Interestingly, HIF-1 consists of two subunits (HIF-1α and HIF-1β) and HIF-1β is identical 
to ARNT [155, 156]. Thus, there is a possibility that B[a]P metabolism is affected by 
hypoxic condition, because the binding of AhR to ARNT may compete with the binding of 
HIF-1β to HIF-1β/ ARNT.  
However, there is still debate about the crosstalk between HIF and AhR.  Nie et al., 
(2001) reported that desferrioxamine (Dfx) and CoCl2, both are hypoxia inducers, 
significantly reduced AhR mediated CYP1A1 activity (Dfx decreased CYP1A1 activity by 
67% in Hepa1 cells and reduced CYP1A1 activity to background level in B-1 cells) [152]. 
This inhibitory effect was also observed in A549 cells in which CYP1A1 mRNA 
expression level was inhibited after combined exposure to B[a]P and CoCl2. No 
differences were observed in DNA adduct formation, but exposure to B[a]P and CoCl2, 
increased the B[a]P induced mutation HPRT frequency approximately 3 times [154]. In 
that study, there was no direct measurement of DNA repair activity, but single cell gel 
electrophoresis experiments indicated that there was a decrease in the formation of 
transient DNA strand breaks in the combined incubation with B[a]P and CoCl2 compared 
to B[a]P alone. These data confirmed the findings that hypoxia reduced NER [157]. 
In order to further confirm these results, Schults et al., exposed A549 cells to B[a]P 
under different oxygen concentrations (20% and 0.2%) [158]. They found opposite 
results when compared to cells exposed to hypoxia inducers (e.g. Dfx and CoCl2). Under 
hypoxia condition (0.2% oxygen), mRNA expression of CYP1A1 and CYP1B1 were 
significantly enhanced compared to the normoxic condition (20% oxygen). In addition, 
the level of of B[a]P metabolites (e.g. B[a]P-7,8-diol) and unmetabolised B[a]P were 
3.7-fold and 9-fold higher in hypoxic conditions than under normoxic condition. 
Furthermore, under hypoxic condition, the amount of DNA adducts formed was about 
1.6 times higher than under normoxic conditions. It can be speculated that exposure of 
cells to hypoxia inducers increased HIF-1 level, but it does not cause real hypoxia inside 
the cell (O2 is still available). Therefore, the later experiment may give a more realistic 
view on how cells metabolize B[a]P under low oxygen conditions. In a nutshell, hypoxia 
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prolongs exposure to B[a]P by altering kinetics of metabolism, consequently leading to 
higher DNA damage to cells. HIF induction may additionally inhibit DNA repair. 
Taken together, inflammatory conditions seem to slow down various mechanisms that 
are related to the metabolism of chemical carcinogens and the repair of their DNA 
binding products. The net effect is more DNA damage that may lead to an environment 
that favors accumulation of mutations (Fig 2). 

6. Cross-talk between inflammatory signaling pathways with AhR 

6.1 Cross talk between NF-κB and aryl hydrocarbon receptor  

The NF-κB pathway is considered to be a prototypical inflammatory signaling pathway 
and NF-κB is suggested to play a key role in pro-inflammatory processes [159]. As a host 
protective mechanism, NF-κB is triggered to produce cytokines and chemokines which 
attract and activate various innate and adaptive immune cells at the site of injury or 
pathogen invasion [160]. Moreover, in order to increase the self-defense of cells at the 
site of inflammation, NF-κB induces expression of anti-apoptotic factors, scavengers of 
ROS, growth factors and angiogenic factors, which subsequently restore local tissue 
integrity [161]. However, continuously activation of NF-κB mostly contributes to 
genomic and epigenetic instability which are likely to be responsible for the 
pro-carcinogenic effects of chronic inflammation [43], especially if these cells are 
additionally exposed to chemical carcinogens.  
Among the transcription factors affected by B[a]P exposure, NF-κB regulated pathways 
showed the best correlation with B[a]P induced DNA adduct levels [162]. In vitro and in 
vivo studies have demonstrated that LPS induced the expression of AhR which was 
NF-κB-dependent because inhibition of the NF-κB pathway also suppressed 
AhR-dependent genes (e.g. CYP1A1) [98]. However, one study pointed out that unligated 
AhR repressed NF-κB activation and only ligated AhR could induce the inflammatory 
response [163]. Next to the fact that B[a]P exposure can elicit the NF-κB signaling 
pathway, NF-κB itself can have strong cross talk with AhR signaling, which is important 
for subsequent B[a]P metabolism [164, 165] and B[a]P induced tumorigenesis [58]. The 
majority of studies showed that activation of both NF-κB and AhR directly regulates a 
large amount of genes after B[a]P exposure in a variety of cell types and these genes 
contributed to elevated B[a]P genotoxicity [119, 166, 167].  

6.2 STAT-3 regulates AhR 

Activation of STAT-3 is found in various types of cancer (e.g. breast, ovarian, prostate, 
brain, leukemia, lymphoma and multiple myeloma) and also in inflammation [4, 145, 
168, 169]. STAT-3 induces the expression of inflammation-associated mediators (e.g. 
cytokines, chemokines, pro-angiogenic factors and growth factors) and these released 
mediators bind to their corresponding receptors which activate STAT-3 mediated 
pathways [4, 68]. In this case, a positive amplification loop is formed which will 
continuously activate STAT-3. This activation will not only promote cancer-related 
inflammation, but it also suppress anti-inflammatory immune responses [4, 67]. In 
addition, STAT-3 contributes to the persistent activation of NF-κB by inhibiting IKK and 
promoting transcription of RelA-encoded target genes (e.g. IL-6) [4]. Beside these 
pro-inflammatory effects of STAT-3, it has also shown the capacity to regulate AhR and 
its downstream targets [170-172]. For example, gene expression of AhR was 
significantly inhibited after silencing STAT-3, and loss of AhR-induced genes was 
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observed in STAT-3-/- mice [69, 70]. Hence, although there is no direct evidence 
indicating the correlation between B[a]P metabolism and STAT-3, it is reasonable to 
hypothesize that STAT-3 signal pathway might influence B[a]P metabolism via AhR.  

7. Bypassing p53 

The p53 protein is regarded to be the “guardian of the genome” and the “cellular 
gatekeeper” and thus plays a key role in tumor suppression [173, 174].  In response to 
DNA damage, oncogene activation, acidic pH or hypoxia, the p53 protein transmits a 
variety of stress-inducing signals resulting in an anti-proliferative cellular responses, 
apoptosis, cell-cycle arrest, irreversible arrest (senescence) or modulation of autophagy 
[175-178]. In general, p53 is activated through several basic steps. First, stabilization of 
p53 is performed via the amino-terminal phosphorylation of p53 that prevent the 
interaction with Mdm2, which is a negative regulator that mediates a ubiquitin-mediated 
degradation of p53 [175]. Following p53 stabilization, p53 binds to DNA in a 
sequence-specific manner [179, 180]. After stabilization and binding to specific 
sequences, p53 activates or suppresses its target genes [178, 181, 182]. The TP53 gene 
is one of the most commonly mutated genes in various types of human cancers and the 
binding region of TP53 is a “hot spot” for the majority of tumor-associated mutation in 
TP53 [183]. Therefore, maintaining proper p53 function is of importance for the 
integrity of the genome after exposure to chemical carcinogens [174, 183].   
On the other hand, a large amount of experimental evidence indicates a mutual negative 
regulation between chronic inflammation (mainly NF-κB) and p53 [43, 184, 185]. In 
response to stress conditions (i.e. DNA damage, inflammatory cytokines and 
chemokines), both inactivate forms of NF-κB and p53 are released from their inhibitors, 
translocate into the nucleus, bind to their specific DNA binding-sites and initiate the 
transcription of numerous responsive genes [43]. Interestingly, both NF-κB and p53 
induce the expression of genes whose proteins are antagonists of each other’s action 
[185]. For example, activation of p53 result in cell cycle arrest, senescence or apoptosis, 
but activation of NF-κB upregulates transcription of positive growth regulators and 
various anti-apoptotic factors [186]. What is more, due to the limited amount of the 
transcriptional coactivator proteins (i.e. p300 or related CREB binding protein), both 
NF-κB and p53 compete and suppress each other [187, 188]. In addition, NF-κB develops 
several ways to maximize its activity, which can make NFkB the ‘ultimate winner’ of this 
competition with p53. For example, NF-κB induces the expression of pro-inflammatory 
cytokines (e.g. IL-6 and MIF) which can inhibit p53 transcriptional activity or NF-κB 
upregulates the levels of the Mdm2 which is the major p53 inhibitor [106, 189-191]. 
Hence, continuous activation of NF-κB during chronic inflammation creates conditions 
equivalent to genetic TP53 deficiency, which leads to the increased frequency of 
genomic rearrangements, genomic instability and eliminates the growth arrest response 
or apoptotic response induced by DNA damaging genotoxic insults [183, 192-195].  
Additionally, B[a]P exposure activates p53 proteins, because p53 plays important roles 
in the defense against B[a]P-induced DNA damage [196]. Substantial in vitro and in vivo 
studies have documented the correlation between p53 protein and B[a]P-induced DNA 
adducts [24, 197, 198]. As it is known that reactive B[a]P metabolites (BPDE) can 
covalently bind to DNA and this induces TP53 mRNA expression, cell cycle arrest and 
DNA repair [183, 196, 199].  
However, for a long period of time, p53 was thought to only contribute to this cellular 
reaction to DNA damage, but recent studies show that p53 can also affect the 
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metabolism of B[a]P. Treatment of TrP53(+/+), TrP53(+/-) and TrP53(-/-) mice with 
B[a]P, not only resulted in significantly higher DNA adduct levels in liver and kidney of 
TrP53(-/-) mice than of TrP53(+/+) mice, but it also affected the profile of B[a]P 
metabolites. Bypassing the need for metabolic activation by treating mice with the 
ultimate genotoxin B[a]P-7,8-dihydrodiol-9,10-epoxide (BPDE) resulted in similar 
adduct levels in all studied organs and cells, confirming that the influence of p53 is via 
the biotransformation of the parent compound and not only as a response after DNA 
damage. Higher B[a]P-related DNA adduct levels in livers of TrP53(-/-) mice correlated 
with higher CYP1A protein levels and increased CYP1A enzyme activity, further 
demonstrating that p53 is also involved in the metabolism of B[a]P in vivo. Since 
inflammation may lead to a situation that mimics p53 deficiency, these data are of 
relevance for the further understanding of the link between inflammation and 
carcinogen metabolism. 

8. Discussions and Conclusions 

8.1 Complexity of the interaction between inflammation and chemical carcinogenesis 

Differentiating friend from foe after a combined exposure to chemical challenges and 
simultaneous release of cytokines/chemokines/enzymes during inflammation is not an 
easy task. Triggering inflammation is the natural response of the human body to defend 
itself against invaders of various types, including for instance bacteria and viruses, but 
also particles and chemicals can induce inflammation [200]. Still, many studies indicate 
that inflammation contributes to a vast number of diseases, including highly prevalent 
chronic disease (e.g. atherosclerosis, COPD, IBD and Crohn’s disease and cancer) [2, 200] 
and these subjects are unavoidably exposed to environmental or dietary chemicals. 
Therefore, over the decades, researchers have begun to investigate the mechanisms that 
underlying inflammation and its consequences in different kinds of inflammatory related 
diseases, but the large amount of molecular profiles after different inflammatory stimuli 
is complex and the addition of their interaction with chemical carcinogens is adding 
another level of complexity. Thus, researchers started to investigate the role of every 
inflammatory mediator (e.g. cytokine, chemokine and enzyme) individually and 
subsequently try to put the pieces together and tried to distinguish harmful from 
harmless. Figure 3 illustrates the complexity of interactions between inflammation and 
chemical carcinogenesis). New developments, including advanced microscopy, different 
specific transgenic or knock-out cell models or mouse/rat animal models, and various 
high throughput analyses may lead to a deeper understanding of how inflammation 
works and how it interferes or collaborates with carcinogen-induced diseases. 

8.2 Different results between in vitro and in vivo studies 

From a toxicological point of view, animal models seem the most appropriate model for 
testing medicines or drugs. However, many in vitro results cannot be reproduced in vivo 
and vice versa, which is also the case for the role of CYP1A1 in B[a]P metabolism; 
although in vitro studies clearly indicate that cytochrome P450 can activate B[a]P, in vivo 
studies suggest that CYP’s are more involved in the detoxification of B[a]P [201]. 
Additionally, the mechanism of p53 mediated alterations of CYP1A1 gene expression and 
activity seem different in the in vitro and in vivo situation [24]. Inflammatory conditions 
changed the in vitro effects of B[a]P exposure in such a way, that it mimics in vivo studies; 
for instance, in vitro inhibition of CYP1A1 activity by hypoxia or lowered pH, led to 
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higher DNA adduct levels, which was also seen in CYP-knockout models in vivo. 
Therefore, including inflammatory mediators in genotoxicity studies may improve in 
vitro investigations of chemical carcinogens. Especially, since we know that exposure of 
many chemical carcinogens may already elicit an inflammatory response, without 
additional exposure to known inflammatory triggers like LPS. 

8.3 Conclusions and Perspective 

Inflammation can link to every aspect of cancer development and progression that is 
induced by chemical carcinogens (e.g. B[a]P) [4]. In the past two decades, several 
inflammation-associated mediators have been identified as being implicated in 
carcinogen-induced carcinogenesis, such as pro-inflammatory cytokines, 
invasion-promoting factors, inflammatory enzymes as well as chemokines. Among them, 
IL-1, TNF-α, IL-6, IL-8, MPO and β-glucuronidase act as crucial mediators of 
inflammation and B[a]P driven carcinogenesis. In Fig 3, we summarize known 
underlying interactions between inflammation-associated mediators and B[a]P 
metabolism as discussed in this review. Chronic inflammation can contribute to a 
cancer-prone microenvironment [145], which also affects the way cells handle chemical 
carcinogens, such as B[a]P. Unfortunately, there are still many contradicting results 
between different cell lines and between in vitro and in vivo experiments, which has 
become another hurdle on the way of understanding inflammation and B[a]P induced 
carcinogenesis. Moreover, Figure 3 is probably far from complete. In conclusion, since 
inflammation and chemically induced cancers seem to be linked to each other very 
tightly, a combination of anti-inflammatory approaches and reducing exposure to 
genotoxic chemicals may lead to a reduction of cancer incidences in people with chronic 
inflammatory diseases such as COPD. Molecular approaches and animal models for 
inflammation-derived cancers will be necessary and helpful to further elucidate this 
intriguing puzzle. We believe that the carcinogen is like the match that lights the fire, and 
inflammation is the fuel that feeds the flame (or vice versa). 
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Figure 3. Simplified overview of the complex interaction network of inflammatory mediators in 
B[a]P-induced DNA damage and cancer development. Among the inflammatory factors, STAT-3 and NF-κB 
activate all kinds of inflammatory mediators and their down-stream effects, which influence different 
stages of B[a]P metabolism. Green arrow indicates promotion and red arrow indicates inhibition.  

 

Glossary 
Abbreviations 
AhR Aryl hydrocarbon receptor 
B[a]P Benzo[a]pyrene 
BPDE Benzo[a]pyrene-7,8-diol-9,10-epoxide 
CYP1A1/1B1 Cytochrome P450 1A1/1B1 
GSH Glutathione 
HIF-1 hypoxia-inducible factor-1 
ILs Interleukins  
LPS Lipopolysaccharide 
MPO Myeloperoxidase  
NER Nucleotide excision repair  
NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells 
PMNs polymorphonuclear neutrophils 
ROS Reactive oxygen species 
STAT-3 signal transducer and activator of transcription 3 
TGF-β Transforming growth factor-β 
TNF-α Tumor necrosis factor-α  
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On basis of epidemiological observations it is widely accepted that combined presence of 
inflammation together with exposure to chemical carcinogens leads to a more than 
additional increasing risk of cancer. However, the molecular and cellular mechanisms 
mediating this relationship remain unresolved. Therefore, the main objective of the 
present thesis was to investigate the underlying mechanisms of how inflammatory 
factors can alter the metabolism of chemical carcinogens and subsequent formation of 
DNA damage. The well known environmental mutagen benzo[a]pyrene was used as a 
model compound in the studies described in this thesis. 

1. Chapter 2: Inflammation-associated extracellular β-glucuronidase alters 
cellular responses to the chemical carcinogen benzo[a]pyrene 

The aim of this study was to show the effect of β-glucuronidase on B[a]P induced 
genotoxicity in in vitro cultured cells and to identify possible underlying mechanisms.  

1.1 Main findings 

β-glucuronidase is an enzyme released by neutrophils during inflammation. Our original 
hypothesis proposed that β-glucuronidase could re-activate detoxified B[a]P metabolites 
via hydrolysis of glucuronide conjugates. Hence, the presence of β-glucuronidase will 
increase the level of B[a]P metabolites and may ultimately result in higher B[a]P-DNA 
adduct formation. However, after co-incubation of liver and lung cells with 
β-glucuronidase and B[a]P , we initially observed a significantly lower level of the 
pre-carcinogenic metabolite B[a]P-7,8-dihydrodiol, as well as CYP1A1 expression in 
comparison with B[a]P only. In contrast, at a later time point (t=24 h), the presence of 
β-glucuronidase indeed significantly enhanced B[a]P-7,8-dihydrodiol levels, CYP1A1 
expression, and B[a]P-DNA adduct levels. Interestingly, the concentration of 
unmetabolized B[a]P remained higher for a longer period of time by addition of 
β-glucuronidase to the B[a]P treatment. 

1.2 Discussion 

Based on these observations, we proposed and verified several possible modes of action. 
Firstly, there is a possibility that β-glucuronidase prevents B[a]P from entering cells 
because it could bind with the parent compound, because β-glucuronidase is a large 
protein which contains multiple binding sites for various different substrates [1]. Hence, 
when β-glucuronidase is released at the site of inflammation, B[a]P might bind to 
β-glucuronidase and consequently results in a slower rate of B[a]P entering into cells. 
Indeed, a high concentrations of B[a]P was able to reduce β-glucuronidase activity by 
approximately 20% (indicating an interaction between both). This 20% should however 
be considered as a minor effect and it is unlikely to be the cause of the significant 
inhibition of CYP1A1 expression and delayed B[a]P metabolism, because in the cell 
incubations B[a]P was added in ~10 fold excess when compared to the amount of 
β-glucuronidase. Secondly, it was investigated whether β-glucuronidase activity is 
needed for the inhibition of CYP1A1 expression at 6 hours. Therefore, we added the 
β-glucuronidase inhibitor D-saccharic acid 1,4-lactone monohydrate to the incubations 
with B[a]P and β-glucuronidase. However, the inhibition of β-glucuronidase activity did 
not change the down regulation of CYP1A1 expression by β-glucuronidase. Since the 
inhibitory effect on CYP1A1 expression was activity independent, it was studied whether 
blocking the cellular binding site of β-glucuronidase (i.e., insulin-like growth factor 2 
receptor (IGF2R)) by mannose-6-phosphate could explain the down regulation of 
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CYP1A1 expression. High concentrations of mannose-6-phosphate competitively inhibit 
β-glucuronidase binding to IGF2R. This time, the β-glucuronidase induced inhibition of 
β-glucuronidase was abolished. Therefore, we suggested a connection between IGF2R as 
receptor of extracellular β-glucuronidase and intracellular AhR-signalling after B[a]P 
exposure. It should be mentioned that this connection between IGF2R and AhR signaling 
could be mediated by transforming growth factor β (TGF-β), because binding of ligands 
to IGF2R activates TGF-β, which suppresses AhR-mediated gene expression including 
the expression of CYP1A1 [2, 3]. Unfortunately, assessment of TGF-β activity was not 
included in current work and needs further investigation and confirmation in the future. 
One more remark that needs to be made is that all experiments in Chapter 2 were 
conducted at pH 5.5, because β-glucuronidase activity has a pH optimum at pH<6. 
Therefore, the effect of lowered pH was further investigated as described in Chapter 3. 

1.3 Implications 

It is known that B[a]P metabolites can be detoxified via UDP-glucuronosyltransferase 
(UGT) and β-glucuronidase at sites of inflammation could cleave the conjugated B[a]P 
metabolites by which reactive metabolites are re-activated. We confirm in chapter 2, for 
the first time, that β-glucuronidase indeed hydrolysis glucuronidated B[a]P metabolites. 
In addition, the current study also indicated another pathway in which β-glucuronidase 
enhanced B[a]P induced DNA damage by interacting with the IGF2R. Whether 
β-glucuronidase or IGFR2 can serve as possible targets for preventing the increased 
cancer risk in subjects with inflammatory diseases needs further investigation. 
Moreover, these findings might also be applicable to other chemicals which are known to 
be conjugated via UGT.  

2. Chapter 3: Acidic cellular microenvironment modifies carcinogen-induced DNA 
damage and repair. 

An acidic microenvironment is very common at the site of inflammation. The reason for 
this acidic microenvironment is primarily the secretion of lactate from anaerobic 
glycolysis and some other acidic metabolites released during inflammatory reactions 
(e.g. HOCl). Since the majority of studies on the genotoxicity of B[a]P have been 
performed under neutral conditions (i.e. pH 7.4-7.8), it was investigated how B[a]P is 
metabolized under acidic conditions. The role of acidity in biotransformation processes 
is currently poorly understood.  

2.1 Main findings 

In Chapter 3, we co-incubated A549 and BEAS-2B cells with B[a]P in media with 
different extracellular pH conditions (i.e. pHe 7.8, 7, 6.5, 6 and 5.5). We observed a pH 
dependent decrease of CYP1A1 and CYP1B1 gene expression, EROD activity, 
B[a]P-7,8-dihydrodiol levels, nucleotide excision repair (NER) capacity, B[a]P-DNA 
adduct levels and other types of DNA damage (γ-H2AX foci) at t=6h after the initiation of 
exposure. At later time points up to 48 hours, when the pH recovers to near neutral 
levels, the trend was reversed and a pH dependent increase was observed, except for 
NER capacity. In addition, the changes in intracellular pH (pHi) and extracellular pH (pHe) 
were examined, and a time dependent increased pH (restoration towards neutral 
conditions (pH 7.4-7.8)) was found. We concluded that acidic pH inhibits CYP1A1 gene 
expression and enzyme activity, leading to lower B[a]P metabolism. However, when the 
pHe and pHi restored, CYP1A1 expression and enzyme activity also recovered. 
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Consequently, more B[a]P-7,8-dihydrodiol and B[a]P induced DNA adducts were seen in 
the acidic pH samples. Although cells try to compensate by increasing repair activity 
(after the pH is restored), it could not prevent DNA adduct accumulation. 

2.2 Discussion 

We could explain the altered cellular response to genotoxins by acidic pH by assuming 
that at low pH enzyme activity is inhibited. However, some enzymes may actually have a 
higher activity at slightly decreased pH, dependent on their pH optimum. Moreover, 
there are many other factors that can be affected by acidic pH, which may contribute to 
lowered B[a]P metabolism which need to be verified in the future. For example, lowering 
intracellular pH can activate certain inflammation related pathways and its downstream 
targets, including activator protein 1 (AP-1), MAPK/ERK, nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-κB) pathways, as well as tumor 
necrosis factor α (TNF-α), extracellular signal-regulated kinases (ERK1/2), isoforms of 
nitric oxide synthase (iNOS), and p38 [4-6]. In addition, the acidic pH microenvironment 
causes hypoxia like reactions, oxidative stress and ROS formation. All these phenomena 
added up makes the interpretation of the results observed from our current study more 
complicated to explain from a mechanistic point of view [4, 6-8]. 

2.3 Implications 

The majority of studies that investigate the genotoxic effects of B[a]P in vitro, were 
performed under near to neutral conditions (i.e. pH 7.4-7.8). However, during 
inflammation, the pH at the site of inflammation may vary from 7.2 to 5.5, and this acidic 
microenvironment might alter the metabolic pattern of chemicals. Therefore, in this 
chapter, we demonstrated how B[a]P is metabolized under lowered pH conditions, and 
how pH influences B[a]P induced genotoxicity in more detail. This including changes in 
the intra- and extra-cellular pH, gene expression and enzyme activity of CYP1A1 which is 
critical for metabolizing B[a]P, and B[a]P induced DNA damage and repair. These 
findings might give further clues to explain some previous findings of inflammation 
induced cellular effects. For example, we previously observed an inhibition of DNA 
repair by hypochlorous acid (HOCl), which is generated during inflammation, and we 
now propose that the observed inhibitory effect on DNA repair can also be caused by 
acidic pH. It is unclear at this moment whether restoring the lowered pH to more neutral 
conditions would be a good intervention to prevent genotoxic effects in subjects with 
inflammatory diseases, because a low pH is also required for an adequate immune 
response against potential ‘invaders’. In addition, this chapter also included a summary 
table that describes the relationship between each measured parameter (e.g. gene 
expression, CYP1A1 enzyme activity, DNA damage, DNA repair etc.,), which might 
provide the starting parameters that are needed for in silico computer modelling.   

3. Chapter 4: Effect of interleukin (IL)-8 on benzo[a]pyrene metabolism and DNA 
damage in human lung epithelial cells. 

Interleukin-8 (IL-8) is an essential chemoattractant cytokine found in a variety of tissues 
and blood which attracts and activates neutrophils in inflammatory regions [9]. 
However, there is currently little knowledge on how IL-8 can affect B[a]P induced 
genotoxicity. Therefore, in Chapter 4, we investigated the effect of IL-8 on B[a]P 
metabolism in BEAS-2B cells and describe a possible underlying mechanism. 
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3.1 Main findings 

After culturing BEAS-2B cells with IL-8 and B[a]P for 6 hours, there is no difference 
between the two treatments regarding genotoxic endpoints. But at t=24 h, we observed 
a significantly increased level of CYP1A1, CYP1B1 gene expression, EROD activity and 
B[a]P-7,8-dihydrodiol concentrations in comparison of cell culture with B[a]P alone. 
Moreover, the unmetabolized B[a]P concentration remains higher in IL-8 samples at all 
timepoints than in samples that were not treated with IL-8. Overall, there is no 
difference in B[a]P-DNA adducts level between the samples of different treatment 
conditions. 

3.2 Discussion 

In theory, IL-8 could both activate as well as inhibit certain pathways that are important 
for B[a]P metabolism. For instance, IL-8 is known to induce a respiratory burst and it 
increases oxidative stress because it activates nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidases (Noxes) [10]. Because IL-8 could activate various Noxes, 
we hypothesized that stimulation by IL-8 reduced the intracellular NADPH level which 
inhibits CYP1A1 activity since CYP1A1 is a NADPH dependent enzyme. Consequently, 
less B[a]P-7,8-dihydrodiol is produced and less B[a]P is metabolized. This delayed B[a]P 
metabolism, which is similar to the effect seen after β-glucuronidase and acidic pH, will 
continue to trigger CYP1A1/CYP1B1 gene expression, therefore resulting in a higher 
CYP1A1, CYP1B1 gene expression, EROD activity, B[a]P-7,8-dihydrodiol concentration 
and B[a]P induced DNA adducts at later timepoints (i.e. t= 24 and 48 h). In order to 
confirm this, we measured the intracellular NADPH level and performed EROD assays 
with and without addition of NADPH. Indeed, IL-8 lowered the intracellular NADPH level. 
Although EROD enzyme activity was higher after addition of extra NADPH to the 
reaction mix, it appeared not to be the rate limiting factor for the effect of IL-8 on B[a]P 
metabolism. After that, we blocked Nox activity by adding the general Nox inhibitor 
(DPI), because IL8 is known to activate these type of enzymes. Interestingly, the IL-8 
effect was abolished which indicated that the downstream effects of IL8 on B[a]P 
metabolism is mediated via Noxes. Therefore, we further investigate the effects of Noxes 
after IL-8 exposure. It has been reported that IL-8 can enhanced oxidative stress via 
generating ROS, which could subsequently deplete intracellular GSH level, and GSH is 
important for phase II detoxification of reactive B[a]P metabolites. Indeed, we observed 
a significant decreased level of GSH after IL-8 treatment or with IL-8 combined with 
B[a]P. Moreover, the GSSG level significantly increased only in the combination 
treatment (IL-8 and B[a]P). All these observations provide evidence that GSH plays a 
central role in the IL-8 induced delayed B[a]P metabolism. Hence, BSO, which is a 
glutathione synthesis inhibitor, was used to validate our hypothesis. Indeed, after 
depletion of GSH by BSO, B[a]P metabolism is similarly delayed as observed after 
exposure to IL-8. As a result, higher concentrations of unmetabolized B[a]P and 
B[a]P-7,8-dihydrodiol were found when comparing samples treated with BSO and B[a]P 
with samples only treated with B[a]P. Despite the higher concentrations of 
pre-mutagenic B[a]P metabolites, no increased levels of B[a]P related DNA adducts were 
observed. In order to answer this discrepancy, we examined NER capacity, which is the 
main mechanism for repairing B[a]P induced DNA damage. A previous study indeed 
showed that the depletion of GSH could enhance NER capacity [11]. As we hypothesized, 
IL-8 showed a 3-fold induction of NER activity after 24 hours stimulation.  
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3.3 Implications 

IL-8 is another important inflammatory mediator that can increase the genotoxicity of 
chemicals. In this study, we demonstrated that IL-8 acts on B[a]P metabolism, which 
could further clarify the role of IL-8 in the combined effect of inflammation and B[a]P on 
cancer risk, but is also illustrative for the complexity of this relationship, because IL8 
acted not only on B[a]P metabolism but also the cellular defense against oxidative stress, 
and DNA repair. Still, depletion of GSH seemed to play a central role, and therefore, it 
may be beneficial to restore GSH pool in people with chronic inflammatory diseases. 
This could be achieved by N-acetylcysteine (NAC), a GSH precursor. Although NAC is not 
considered successful in the treatment of COPD, patient may still benefit on the long run 
by preventing malignant diseases.  

4. Chapter 5: Pulmonary Inflammation Impacts on CYP1A1-Mediated Respiratory 
Tract DNA Damage Induced by the Carcinogenic Air Pollutant Benzo[a]pyrene. 

In order to further confirm and compare the observations in previous in vitro studies, an 
in vivo mouse model was used and investigated in Chapter 5. 

4.1 Main findings 

After exposing mice intra-nasally to LPS and subsequently to intra-tracheally instilled 
B[a]P, several phenotypic endpoints were examined in lung tissue and bronchoalveolar 
lavage fluid (BAL fluid), including histopathology of pulmonary inflammation, enzyme 
activities (e.g. Cyp1a, Nqo1, and β-glucuronidase), repair capacity, and the formation of 
DNA adducts. After the inflammatory trigger, larger amounts of inflammatory cells 
(mainly monocytes) were found in mouse lung, even in combination with B[a]P 
(LPS&B[a]P), when compared to control. β-glucuronidase activity was also increased in 
BAL, indicative for the presence and activation of inflammatory cells. However, a lower 
level of Cyp1a and Nqo1 enzyme activity was observed in the LPS&B[a]P exposed mice 
than in mice treated with B[a]P alone. Although there is a lower level of Cyp1a enzyme 
activity in the LPS&B[a]P group, the B[a]P induced DNA adduct levels were significantly 
higher by the simultaneous exposure to B[a]P and inflammation. There were no 
differences in CYP1B1 activity and NER capacity. Thus, it was concluded that the 
decrease of CYP1A1 activity in the lungs of LPS&B[a]P treated mice results in a decrease 
of B[a]P detoxification, consequently leading to an increasing in B[a]P-DNA adduct 
formation in the lung. 

4.2 Discussions 

Interestingly, the inhibition of Cyp1a1 was also observed in our previous in vitro studies 
(β-glucuronidase or IL8 exposure and acidic microenvironment). The difference 
between in vivo and in vitro studies regarding the role of CYP1A1 activity and 
subsequent genotoxicity of B[a]P is still a matter of debate. In vitro, it was considered 
that CYP1A1 activity was indispensable for genotoxicity of B[a]P, whereas in vivo studies 
seemed to point to the opposite; CYP1A1 is indispensable for the detoxification of B[a]P 
[12, 13]. Therefore, it seems that mimicking inflammatory conditions in vitro, can 
reproduce the in vivo findings with more accuracy. More work should be done to 
understand the role of CYP1A1 on B[a]P induced genotoxicity and how inflammatory 
markers can affect that relationship. For a better understanding of the effect of LPS on 
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B[a]P induced genotoxicity in mouse lungs, we applied microarray technology (next 
chapter), to find further leads for underlying mechanisms.  

4.3 Implications 

This study gave evidence that air pollution is health threatening in multiple ways; by 
inducing inflammation, and also by increasing the genotoxicity of chemicals that are 
simultaneously inhaled. It confirmed our in vitro experiments, and therefore it can be 
stated that for optimal prevention, both sides of the coin need to be addressed. Not only 
exposure should be limited but also inflammation (due to presence of disease or induced 
by the exposure) should be avoided as much as possible. In regulatory toxicology, the 
presence of inflammation is not at all taken into account. We show here, however, that 
the genotoxic potential of compounds might be higher in the presence of 
inflammation/inflammatory mediators. Therefore, a better view of reality may be 
obtained by choosing other test conditions such as combination of inflammation and 
chemical carcinogens.  

5. Chapter 6: Altered gene expression profiles in the lungs of 
benzo[a]pyrene-exposed mice in the presence of lipopolysaccharide-induced 
pulmonary inflammation 

To gain more insight into the mechanism of how LPS influences B[a]P induced 
genotoxicity in the lungs of mice, RNA microarray technology was applied in Chapter 6. 

5.1 Main findings 

By performing a dedicated analysis of genes that are known to be involved in the cellular 
response to B[a]P, we confirmed the phenotypic observations as described in the 
previous Chapter 5. For instance, a down-regulation of Cyp1a1 (p<0.05) and Nqo1 
(p=0.088), an up-regulation of Gusb (β-glucuronidase, p=0.075), and no significant 
differences in Cyp1b1 were shown in comparing lungs of mice exposed to LPS&B[a]P 
with lungs of mice that were exposed to B[a]P alone. Besides that, many other genes 
related to phase I and II metabolism of B[a]P were significantly inhibited after exposure 
to LPS, including Ephx1, Arnt, Cbr1, Por, Nqo2 and Comt, as well as Sult1a1, Gstp1, Gstm1, 
Gstt1 and Gpx3. Despite the fact that we did not observe a difference in NER capacity, a 
few NER related genes were significantly up- (i.e. Xpa) and down-regulated (i.e. Ddb1). 
Moreover, we applied a principal component analysis (PCA) analysis in order to identify 
the interrelationship among each exposure (i.e. Control, B[a]P, LPS and LPS&B[a]P) and 
genes that were able to separate the different exposure conditions were predominantly 
related to immune-response. This immune-response dependent separation of all 
exposure conditions is a further confirmation that B[a]P alone can already induce an 
inflammatory responses, and is also an indication that inflammation may play an 
underestimated role in B[a]P induced genotoxicity and possibly carcinogenicity. Finally, 
we also performed a global analysis based on the differentially expressed genes (DEGs) 
and a high percentage of the genes that were differentially regulated by B[a]P, were 
inhibited by LPS. For example, cell-cell adhesion, cell-cell communication, RNA 
translation and ribosome related processes were altered in such a way. This may 
indicate that pathways/cellular events to recover from the B[a]P exposure may be  
postponed by additional induction of inflammation by LPS.    
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5.2 Discussions 

We confirmed in vivo our hypothesis that LPS, by counteracting some of the B[a]P 
transcriptomic changes, is actually prolonging the time window of B[a]P action and 
actually increased its overall genotoxic potential. However, there are some limitations of 
the study, which need to be addressed. For instance, CYP1a1 gene expression and 
CYP1a1 protein activity is usually induced by B[a]P, but this was not found in the current 
study. This might be due to the selection of a single time point (48 hours) for both 
measurements; Cyp1a1 gene expression is an early event, whereas protein expressions 
can be considered as a later event but enzyme activity additionally relies on 
posttranslational protein modifications. For instance, CYP activity can be inhibited by 
ROS, which is produced in excess by additional exposure to LPS, which may provide one 
explanation for the discrepancy between protein levels and enzyme activity, which do 
not correlate. 48 hours may thus be too late for assessing very early B[a]P metabolic 
events, but in our previous studies in which we exposed rodents to B[a]P, highest DNA 
adduct levels were always found at approximately 2 days after the exposure (Chapter 5). 
Therefore, to investigate cellular effects at the highest level of DNA damage, 48 hours 
was chosen as the exposure time point.  

5.3 Implications 

This study is the continuation of the study in Chapter 5 and aimed at obtaining more 
insight in additional underlying mechanisms for further research. The general concept 
that the presence of inflammation can inhibit the initial metabolism of B[a]P by phase I 
and II metabolism was confirmed at the level of gene transcription. New leads for future 
research could aim on cell-cell communication and cell adhesion. All data that were 
obtained in this study are shared and publicly available online for other researchers, 
who could benefit from our findings in explaining their in vivo findings with other 
genotoxic chemicals.  

6. Concluding remarks and future perspective 

The present thesis focused on the effect of inflammation on B[a]P metabolism and 
B[a]P-DNA adduct formation in vitro and in vivo. Currently, there is accumulating 
evidences that chronic inflammation contributes to the genotoxicity and carcinogenicity 
of chemical carcinogens, ultimately leading to cancer. However, due to the complex 
underlying network, there are only few studies that have investigated how inflammation 
contributes to the chemically induced carcinogenesis. Moreover, contradicting results 
between in vitro and in vivo studies even made this big puzzle more difficult to solve. In 
order to fill this knowledge gap, we systematically performed several in vitro and in vivo 
studies. So far, the results from our studies support the hypothesis that inflammation 
delays the metabolism of B[a]P and this leads to a prolonged exposure of cells to the 
parent compound B[a]P. Consequently, higher B[a]P-DNA adduct levels are formed 
which theoretically increase the risk for developing cancer. However, the more we study 
inflammation, the more we know its complexity, with many cytokines and pathways that 
are triggered and their crosstalk with each other and with other cellular processes. In 
addition, in the current thesis, only three inflammatory factors were studied in more 
detail for their effect on B[a]P, and there are other inflammatory factors that remain to 
be investigated. On top of that, most of the studies that investigated the link between 
inflammation and chemical carcinogens were conducted based on a single variable, 
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including TNF-α, IL-6, IL-1β, hypoxia, oxidative stress and MPO, whereas the mixture of 
inflammatory mediators and the resulting microenvironment should be taken into 
account as a whole. Therefore, further research is needed.  
An important observation in the current thesis is that in vitro studies should be 
performed in a time-dependent manner. Many in vitro studies on B[a]P were conducted 
at a single time point (most of the time 24 hours incubations), this might result in 
drawing misleading conclusions. For example, some inflammatory factors could inhibit 
CYPs at early time points, which leads to an induction of CYPs at later time points, 
because unmetabolized B[a]P keeps triggering the AhR-receptor.  
In conclusion, the results presented in this thesis demonstrate the impact of various 
inflammatory factors on the genotoxicity of B[a]P. We provide mechanistic information 
on how inflammatory factors can make humans more susceptible to carcinogen 
exposure. It may also open doors for new preventive measures to lower cancer 
incidences in patients with chronic inflammatory diseases; a combination of 
anti-inflammatory approaches and reducing exposure to genotoxic chemicals is required. 
Furthermore, the application of state-of-the-art techniques in molecular approaches and 
animal models of inflammation-derived cancers could further help to elucidate this 
intriguing puzzle.  
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Op basis van epidemiologische waarnemingen wordt het over het algemeen vanuit 
gegaan dat de aanwezigheid van ontsteking, in combinatie met de blootstelling aan 
carcinogene stoffen, leidt tot een toegenomen risico op kanker. Het hoofddoel van dit 
proefschrift was daarom om de onderliggende mechanismen van hoe 
ontstekingsfactoren het metabolisme van carcinogene stoffen en de daaropvolgende 
vorming van DNA schade kunnen veranderen. De bekende mutagene stof 
benzo[a]pyreen is gebruikt als modelverbinding in de studies die beschreven staan in dit 
proefschrift. 

1. Hoofdstuk 2: Ontstekings-geassocieerde extracellulair β-glucuronidase 
verandert cellulaire reacties op de carcinogene stof benzo[a]pyreen 

Het doel van deze studie was om het effect van β-glucuronidase op B[a]P geinduceerde 
genotoxiciteit in in vitro gekweekte cellen aan te tonen en mogelijke onderliggende 
mechanismen te identificeren. 

1.1 Voornaamste bevindingen 

β-glucuronidase is een enzym dat wordt vrijgelaten door neutrofielen gedurende 
ontsteking. Onze oorspronkelijke hypothese stelde dat β-glucuronidase gedetoxificeerde 
B[a]P metabolieten opnieuw zou kunnen activeren door de hydrolyse van glucuronide 
conjugaten. Daarom zal de aanwezigheid van β-glucuronidase het niveau van de B[a]P 
metabolieten verhogen en kan dit uiteindelijk resulteren in een toegenomen vorming 
van B[a]P-DNA adducten. Echter, na co-incubatie van β-glucuronidase en B[a]P in lever- 
en longcellen bleek er een significant lager niveau van de pre-carcinogene metaboliet 
B[a]P-7,8-dihydrodiol en een significant lagere expressie van CYP1A1 te zijn vergeleken 
met de cellen blootgesteld aan alleen B[a]P. In tegenstelling, de aanwezigheid van 
β-glucuronidase verhoogde inderdaad de B[a]P-7,8-dihydrodiol niveaus, de CYP1A1 
expressie en de B[a]P-DNA adduct levels op een later tijdstip (t=24 uur). Interessant 
genoeg bleef de concentratie van ongemetaboliseerd B[a]P hoger gedurende een langere 
periode door de toevoeging van β-glucuronidase aan de B[a]P behandeling. 

1.2 Discussie 

Op basis van deze bevindingen hebben we verschillende mogelijke werkwijzen 
voorgesteld en gecontroleerd.  Ten eerste bestaat er de mogelijkheid dat 
β-glucuronidase voorkomt dat B[a]P de cellen in komt doordat het kan binden aan B[a]P, 
aangezien β-glucuronidase een groot eiwit is dat meerdere bindingsplaatsen bevat voor 
veschillende substraten [1]. Wanneer β-glucuronidase op de plaats van de ontsteking 
vrijkomt, zou B[a]P dus kunnen binden aan β-glucuronidase wat derhalve resulteert in 
een langzamere snelheid van B[a]P opname in de cellen. Inderdaad, een hoge 
concentratie van B[a]P was in staat om de activiteit van β-glucuronidase te verminderen 
met ongeveer 20% (wat indiceert dat er een interactie is tussen beide). Deze 20% dient 
echter als een klein effect beschouwd te worden en het is onwaarschijnlijk dat dit de 
oorzaak is van de significante remming van CYP1A1 expressie en vertraagd B[a]P 
metabolisme, aangezien in de cel incubaties B[a]P werd toegevoegd in 10-voudige 
overmaat vergeleken met de hoeveelheid van β-glucuronidase. Ten tweede werd er 
onderzocht of β-glucuronidase activiteit nodig is voor de remming van de expressie van 
CYP1A na 6 uur. Daarom hebben we de β-glucuronidase remmer 
D-saccharinezuur1,4-lactonemonohydraat toegevoegd aan de incubaties met B[a]P en 
glucuronidase. De remming van β-glucuronidase activiteit had echter geen effect op de 



Samenvatting en algemene discussie 
 

189 
 

downregulatie van CYP1A1 expressie door β-glucuronidase. Aangezien het remmend 
effect op de expressie van CYP1A1 onafhankelijk was van de activiteit, werd er 
onderzocht of het blokkeren van de cellulaire bindingsplaats van β-glucuronidase (dat 
wil zeggen de insulin-like growth factor 2 receptor (IGF2R)) door mannose-6-fosfaat de 
downregulatie van CYP1A1 expressie zou kunnen verklaren. Hoge concentraties van 
mannose-6-fosfaat remt de binding van β-glucuronidase aan de IGF2R op een 
competitieve manier. Deze keer werd de β-glucuronidase geinduceerde remming van 
β-glucuronidase opgeheven. Daarom suggereerden we dat er een verband is tussen 
IGF2R als receptor van β-glucuronidase en intracellulaire AhR-signalering na B[a]P 
blootstelling. Er dient te worden opgemerkt dat dit verband tussen IGR2R en AhR 
signalering kan worden gemedieerd door het omzetten van groeifactor β (TGF-ß), omdat 
binding van liganden aan IGF2R TGF-β activeert, die AhR-gemedieerde genexpressie, 
zoals de expressie van CYP1A1, onderdrukt [2, 3]. De TGF-β activiteit is helaas niet 
onderzocht in deze studie en dit zal dus in de toekomst verder onderzocht en bevestigd 
moeten worden. Een opmerking die gemaakt moet worden is dat alle experimenten in 
hoofdstuk 2 bij een pH van 5.5 werden uitgevoerd, omdat β-glucuronidase activiteit een 
pH-optimum bij pH<6 heeft. Daarom werd het effect van een lagere pH verder 
onderzocht zoals beschreven in hoofdstuk 3. 

1.3 Implicaties 

Het is bekend dat B[a]P metabolieten kunnen worden ontgift door 
UDP-glucuronosyltransferase (UGT) en dat op plekken van ontsteking β-glucuronidase 
de geconjugeerde B[a]P metabolieten kan spitsen waardoor de reactieve metabolieten 
worden geactiveerd. In hoofdstuk 2 bevestigen wij voor de eerste keer dat 
β-glucuronidase inderdaad glucuronideerde B[a]P metabolieten hydrolyseert. Daarnaast 
duiden de resultaten uit deze studie erop dat er nog een andere weg is, waarin 
β-glucuronidase B[a]P geinduceerde DNA schade verhoogde door de interactie met 
IGF2R. Of β-glucuronidase en IGFR2 als mogelijke doelen kunnen dienen om het 
verhoogde risico op kanker bij patiënten met ontstekingsziekten te voorkomen, moet 
nog verder worden onderzocht. Bovendien kunnen deze bevindingen ook van 
toepassing zijn op andere chemicaliën die door UGT geconjugeerd worden. 

2. Hoofdstuk 3: Zure cellulaire micro-omgeving verandert 
carcinogeen-geïnduceerde DNA schade en reparatie. 

Een zure micro-omgeving is heel gewoon op de plaats van een ontsteking. De reden voor 
deze zure micro-omgeving is voornamelijk de afscheiding van lactaat uit anaerobe 
glycolyse en enkele andere zure metabolieten die vrijkomen tijdens ontstekingsreacties 
(bijvoorbeeld HOCl). Aangezien de meeste studies naar de genotoxiciteit van B[a]P 
onder neutrale condities zijn uitgevoerd (d.w.z. pH 7,4-7,8), werd in dit hoofdstuk 
onderzocht hoe B[a]P wordt gemetaboliseerd onder zure omstandigheden. De rol van 
zuurheid bij biotransformatieprocessen is momenteel nog niet goed begrepen. 

2.1 Voornaamste bevindingen 

In hoofdstuk 3 hebben we A549- en BEAS-2B-cellen geincubeerd met B[a]P in media met 
verschillende extracellulaire pH-omstandigheden (dat wil zeggen pHe van 7.8, 7, 6.5, 6 en 
5.5). We hebben een pH-afhankelijke afname van CYP1A1- en CYP1B1-genexpressie, 
EROD-activiteit, B[a]P-7,8-dihydrodiol niveaus, nucleotide excisie reparatie (NER) 
capaciteit, B[a]P-DNA-adductniveaus en andere typen DNA schade (γ-H2AX foci) 
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waargenomen op t = 6 uur na de aanvang van de blootstelling. Op latere tijdstippen tot 
48 uur na begin van de blootstelling, wanneer de pH is teruggekomen naar bijna 
neutrale niveaus, werd de trend omgedraaid en werd een pH-afhankelijke toename 
waargenomen, behalve in de NER-capaciteit. Daarnaast werden de veranderingen in 
intracellulaire pH (pHi) en extracellulaire pH (pHe) onderzocht en werd er een 
tijdsafhankelijke verhoging van de pH gevonden (herstel naar neutrale condities (pH 
7,4-7,8)). Geconcludeerd kan worden dat een zure pH de CYP1A1-genexpressie en 
enzymactiviteit remt, wat leidt tot een verminderd B[a]P metabolisme. Echter, wanneer 
de pHe en pHi herstelden naar normale waardes, werden ook CYP1A1 expressie en 
enzymactiviteit hersteld. Bijgevolg werden meer B[a]P-7,8-dihydrodiol- en B[a]P 
geïnduceerde DNA-adducten gezien in de zure pH-monsters. Hoewel cellen dit proberen 
te compenseren door de reparatieactiviteit te verhogen (nadat de pH is hersteld), kan 
het DNA-adduct accumulatie echter niet voorkomen. 

2.2 Discussie 

De veranderde cellulaire respons op genotoxines door een zure pH kan verklaard 
worden door aan te nemen dat bij een lage pH de enzymactiviteit geremd wordt. 
Sommige enzymen kunnen echter daadwerkelijk een hogere activiteit hebben bij een 
licht verminderde pH, afhankelijk van hun pH-optimum. Bovendien zijn er vele andere 
factoren die beïnvloed kunnen worden door een zure pH, welke kunnen bijdragen aan 
een verlaagd B[a]P metabolisme en welke in de toekomst moet worden geverifieerd. Het 
verlagen van de intracellulaire pH kan bijvoorbeeld bepaalde ontstekingsgerelateerde 
pathways en zijn downstream doelen activeren, met inbegrip van activator eiwit 1 
(AP-1), MAPK / ERK, nucleaire factor kappa-light-chain-enhancer van geactiveerde 
B-cellen (NF-KB), alsook tumor necrosefactor α (TNF-a), extracellulaire 
signaal-gereguleerde kinasen (ERK1 / 2), isoformen van stikstofoxide-synthase (iNOS) 
en p38 [4-6]. Daarnaast veroorzaakt de zure pH-micro-omgeving hypoxie-achtige 
reacties, oxidatieve stress en ROS-vorming. Al deze verschijnselen opgeteld maken de 
interpretatie van de resultaten die in onze huidige studie worden waargenomen, 
ingewikkelder om vanuit mechanistisch oogpunt te kunnen verklaren [4, 6-8]. 

2.3 Implicaties 

De meeste studies die de genotoxische effecten van B[a]P in vitro onderzoeken, werden 
onder (bijna) neutrale omstandigheden uitgevoerd (d.w.z. pH 7,4-7,8). Bij ontsteking 
kan de pH op de ontstekingsplaats echter variëren van 7,2 tot 5,5 en deze zure 
micro-omgeving kan het metabolische patroon van chemicaliën veranderen. Daarom 
hebben we in dit hoofdstuk aangetoond hoe B[a]P wordt gemetaboliseerd onder 
verlaagde pH-omstandigheden en hoe de pH de geïnduceerde genotoxiciteit van B[a]P 
beïnvloedt. Dit omvat veranderingen in de intra- en extracellulaire pH, genexpressie en 
enzymactiviteit van CYP1A1, die belangrijk zijn voor het metaboliseren van B[a]P en het 
repareren van B[a]P geïnduceerde DNA-schade. Deze bevindingen kunnen verdere 
aanwijzingen geven om enkele eerdere bevindingen van ontstekings-geïnduceerde 
cellulaire effecten te verklaren. Bijvoorbeeld, we hebben eerder een remming van 
DNA-reparatie door hypochloorzuur (HOCl) waargenomen wat tijdens ontsteking wordt 
gegenereerd. We stellen nu voor dat het waargenomen remmende effect op 
DNA-reparatie ook kan worden veroorzaakt door een zure pH. Het is op dit moment 
onduidelijk of het herstellen van de verlaagde pH naar meer neutrale omstandigheden 
een goede interventie zou zijn om genotoxische effecten bij personen met 
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ontstekingsziekten te voorkomen, omdat een lage pH ook nodig is voor een adequate 
immuunrespons tegen potentiële indringers. Daarnaast bevat dit hoofdstuk ook een 
samenvattende tabel waarin de relatie tussen elke gemeten parameter wordt 
omschreven (bijv. Genexpressie, CYP1A1-enzymactiviteit, DNA-schade, DNA-reparatie, 
enz.), welke de startparameters die nodig zijn voor in silico modellen kunnen voorzien. 

3. Hoofdstuk 4: Effect van interleukine (IL) -8 op benzo[a]pyreen metabolisme en 
DNA schade in humane longepitheelcellen. 

Interleukine-8 (IL-8) is een essentiële chemoattractant cytokine, welke gevonden wordt 
in een verscheidenheid aan weefsels en bloed en neutrofielen aantrekt en activeert in 
ontstekingsgebieden [9]. Er is echter momenteel weinig kennis over hoe IL-8 
B[a]P-geïnduceerde genotoxiciteit kan beïnvloeden. Daarom hebben we in hoofdstuk 4 
het effect van IL-8 op B[a]P metabolisme in BEAS-2B cellen onderzocht en beschrijven 
we een mogelijk onderliggende mechanisme.  

3.1 Voornaamste bevindingen 

Na het kweken van BEAS-2B cellen met IL-8 en B[a]P gedurende 6 uur, was er geen 
verschil gevonden tussen de twee behandelingen met betrekking tot genotoxische 
eindpunten. Echter, op t = 24 uur hebben we een significant verhoogd niveau van 
CYP1A1, CYP1B1 genexpressie, EROD-activiteit en B[a]P-7,8-dihydrodiol concentraties 
waargenomen in vergelijking met cellen blootgesteld aan alleen B[a]P. Bovendien blijft 
de ongemetaboliseerde B[a]P-concentratie bij alle tijdspunten hoger in IL-8 monsters 
dan in monsters die niet met IL-8 werden behandeld. Over het algemeen is er geen 
verschil in B[a]P-DNA-adducten tussen de monsters van verschillende 
behandelingsomstandigheden. 

3.2 Discussie 

In theorie zou IL-8 bepaalde pathways die belangrijk zijn voor B [a] P metabolisme 
zowel kunnen activeren als remmen. Het is bijvoorbeeld bekend dat IL-8 een 
ademhalingsuitbarsting kan veroorzaken en oxidatieve stress kan verhogen doordat het 
nicotinamide adenine dinucleotidefosfaat (NADPH) oxidasen (Noxes) activeert [10]. 
Aangezien IL-8 verschillende Noxes zou kunnen activeren, veronderstelden we dat 
stimulatie door IL-8 het intracellulaire NADPH-niveau verminderde, wat 
CYP1A1-activiteit remt, aangezien CYP1A1 een NADPH-afhankelijk enzym is. Bijgevolg 
wordt er minder B[a]P-7,8-dihydrodiol geproduceerd en wordt er minder B[a]P 
gemetaboliseerd. 
Dit vertraagde B[a]P metabolisme, welke vergelijkbaar is met het effect dat wordt gezien 
na blootstelling aan β-glucuronidase en een zure pH, zal CYP1A1 / CYP1B1 genexpressie 
blijven veroorzaken, wat resulteert in een hogere CYP1A1, CYP1B1 genexpressie, 
EROD-activiteit, B[a]P-7,8-dihydrodiolconcentratie en B[a]P geïnduceerde 
DNA-adducten op latere tijdspunten (d.w.z. t = 24 en 48 uur). Om dit te bevestigen, 
hebben we het intracellulaire NADPH-niveau gemeten en EROD-analyses uitgevoerd met 
en zonder toevoeging van NADPH. Inderdaad, IL-8 verlaagde het intracellulaire NADPH 
niveau. Hoewel EROD-enzymactiviteit hoger was na toevoeging van extra NADPH aan 
het reactiemengsel, bleek het niet de snelheid beperkende factor voor het effect van IL-8 
op B[a]P metabolisme. Daarna hebben we de Nox activiteit geblokkeerd door de 
algemene Nox-remmer (DPI) toe te voegen, aangezien IL-8 bekend staat om dit soort 
enzymen te activeren. Interessant is dat het IL-8 effect teniet werd gedaan, wat aangeeft 
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dat de downstream effecten van IL-8 op B[a]P metabolisme wordt gemedieerd door de 
Noxen. Daarom hebben we de effecten van de Noxen na blootstelling aan IL-8 verder 
onderzocht. Er is gerapporteerd dat IL-8 oxidatieve stress kan verhogen door de 
vorming van ROS, waardoor het intracellulaire GSH nivean vervolgens kan worden 
afgebroken. GSH is belangrijk voor de fase II ontgifting van reactieve B[a]P metabolieten. 
Inderdaad, we vonden een significant verminderd niveau van GSH na behandeling met 
IL-8 alleen of gecombineerd met B[a]P. Bovendien is het GSSG niveau alleen significant 
verhoogd in de combinatiebehandeling (IL-8 en B[a]P). Al deze waarnemingen geven 
aan dat GSH een centrale rol speelt in de IL-8 geïnduceerde vertraagde B[a]P 
metabolisme. Daarom is BSO, een glutathione synthese remmer, gebruikt om onze 
hypothese te valideren. Na de uitputting van GSH door BSO, werd het B[a]P metabolisme 
inderdaad op dezelfde wijze vertraagd als waargenomen na blootstelling aan IL-8. Als 
gevolg daarvan werden hogere concentraties niet-gemetaboliseerd B[a]P en 
B[a]P-7,8-dihydrodiol gevonden bij het vergelijken van monsters behandeld met BSO en 
B[a]P en monsters behandeld met alleen B[a]P. Ondanks de hogere concentraties van 
pre-mutagene B[a]P metabolieten werden geen verhoogde niveaus van B[a]P 
gerelateerde DNA adducten waargenomen. Om deze discrepantie te beantwoorden, 
hebben we NER-capaciteit onderzocht, welke het belangrijkste mechanisme is voor het 
repareren van B[a]P geïnduceerde DNA schade. Uit een eerdere studie bleek inderdaad 
dat de uitputting van GSH de NER-capaciteit zou kunnen verbeteren [11]. Zoals we 
vermoedden, bleek IL-8 een 3-voudige inductie van NER activiteit na 24 uur te 
bewerkstelligen.  

3.3 Implicaties 

IL-8 is een andere belangrijke ontstekingsmediator die de genotoxiciteit van chemicalien 
kan verhogen. In deze studie hebben we aangetoond dat IL-8 effecten heeft op het B[a]P 
metabolisme, wat de rol van IL-8 in het gecombineerde effect van ontsteking en B[a]P op 
het kankerrisico verder kan verduidelijken, maar ook illustratief is voor de complexiteit 
van deze relatie, aangezien IL-8 niet alleen effect had op het B[a]P metabolisme, maar 
ook op de cellulaire verdediging tegen oxidatieve stress en DNA reparatie. Toch leek de 
uitputting van GSH een centrale rol te spelen, en daarom kan het voordelig zijn om de 
GSH-pool te herstellen bij mensen met chronische ontstekingsziekten. Dit kan worden 
bereikt door N-acetylcysteïne (NAC), een GSH precursor. Hoewel NAC niet succesvol 
wordt beschouwd bij de behandeling van COPD, kan de patient nog steeds op de lange 
termijn profiteren door slechtaardige ziekten te voorkomen. 

4. Hoofdstuk 5: Pulmonale inflammatie beinvloedt de CYP1A1-gemedieerde 
luchtweg DNA schade veroorzaakt door de kankerverwekkende luchtvervuiler 
Benzo[a]pyreen. 

Om de waarnemingen van de eerdere in vitro studies te bevestigen en te vergelijken 
werd een in vivo muismodel gebruikt en onderzocht in hoofdstuk 5. 

4.1 Voornaamste bevindingen 

Nadat muizen intra-nasaal warden blootgesteld aan LPS en vervolgens aan 
intratracheistische ingebracht B[a]P, werden verschillende fenotypische eindpunten 
onderzocht in longweefsel- en brochnoalveolaire lavagevloeistof (BAL-vloeistof), 
waaronder histopathologie van longontsteking, enzymactiviteiten (bijv. CYP1a, Nqo1 en 
β-glucuronidase), reparatiecapaciteit en de vorming van DNA adducten. Na de 
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ontstekingstrigger werden grotere hoeveelheden ontstekingscellen (hoofdzakelijk 
monocyten) gevonden in de longen van de muis, zelfs in de combinatie met B[a]P {LPS & 
B[a]P) in vergelijking met controle. β-glucuronidase activiteit werd ook verhoogd in BAL, 
wat indicatief is voor de aanwezigheid en activatie van ontstekingscellen. Een lagere 
enzymactiviteit van CYP1a en Nqo1 werd echter waargenomen in de LPS & 
B[a]P-blootgestelde muizen vergeleken met muizen die werden behandeld met B[a]P 
alleen. Hoewel er een lager enzymactiviteit van Cyp1a in de LPS & B[a]P-groep was, 
waren de B[a]P geinduceerde DNA adductniveas significant hoger door de gelijktijdige 
blootstelling aan B[a]P en ontsteking. Er waren geen verschillen in CYP1B1 activiteit en 
NER capaciteit. Zo werd geconcludeerd dat de afname van CYP1A1 activiteit in de longen 
van LPS & B[a]P behandelde muizen resulteert in een afname van B[a]P detoxificatie, 
waardoor er een toename in B[a]P-DNA adductvorming in de long is. 

4.2 Discussie 

Interessant genoeg is ook de inhibitie van Cyp1a1 waargenomen in onze eerder in vitro 
studies (β-glucuronidase of IL-8 blootstelling en zure omgeving). Het verschil tussen de 
in vivo en in vitro studies met betrekking tot de rol van CYP1A1-activiteit en de 
daaroplvolgende genotoxiciteit van B[a]P is nog steeds een kwestie van debat. In vitro 
werd geconcludeerd dat de activiteit van CYP1A1 onmisbaar was voor de genotoxiciteit 
van B[a]P, terwijl in vivo studies het tegendeel lieten zien; CYP1A1 is onmisbaar voor de 
ontgifting van B[a]P [12,13]. Het lijkt er daarom op dat door het nabootsen van 
ontstekingsomstandigheden in vitro, de in vivo bevindingen met meer nauwkeurigheid 
kan worden gereproduceerd. Meer onderzoek moet worden gedaan om de rol van 
CYP1A1 op B[a]P geïnduceerde genotoxiciteit beter te begrijpen en hoe 
ontstekingsmarker die relatie kunnen beïnvloeden. Voor een beter inzicht in het effect 
van LPS op B[a]P geinduceerde genotoxiciteit in de longen van de muis hebben we 
microarray technologie (volgend hoofdstuk) toegepast om verdere aanknopingspunten 
voor onderliggende mechanismen te vinden. 

4.3 Implicaties 

Deze studie gaf aanwijzingen dat luchtverontreiniging de gezondheid bedreigt op 
meerdere manieren: door ontsteking te veroorzaken, en ook door het verhogen van de 
genotoxiciteit van chemicaliën die tegelijkertijd worden ingeademd. Het heeft onze in 
vitro experimenten bevestigd, en daarom kan worden gesteld dat voor een optimale 
preventie, beide zijden van de munt moeten worden aangepakt. Niet alleen dient de 
blootstelling beperkt te worden, maar ook ontsteking (door aanwezigheid van ziekte of 
door blootstelling veroorzaakt) moet zoveel mogelijk gemeden worden. Bij de 
regulatoire toxicologie wordt er geen rekening gehouden met de aanwezigheid van 
ontsteking. Wij tonen hier echter aan dat het genotoxische potentieel van verbindingen 
hoger kan zijn in de aanwezigheid van ontsteking/ ontstekingsmediatoren. Daarom kan 
er een betere kijk op de realiteit worden verkregen door andere testomstandigheden te 
kiezen, zoals combinatie van ontsteking en chemische carcinogene stoffen. 
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5.Hoofdstuk 6: Veranderde gen expressie profielen in de longen van 
benzo[a]pyreen-blootgestelde muizen in de aanwezigheid van lipopolysaccharide 
geïnduceerde pulmonale ontsteking. 

Om meer inzicht te krijgen in het mechanisme van hoe LPS invloed heeft op B[a]P 
geinduceerde genotoxiciteit in de longen van muizen, werd RNA microarray technologie 
toegepast in hoofdstuk 6. 

5.1 Voornaamste bevindingen 

Door een toegewijde analyse uit te voeren van genen die bekend zijn bij de cellulaire 
respons op B[a]P, hebben we de fenotypische waarnemingen bevestigd zoals beschreven 
in hoofdstuk 5. Zo werden er bijvoorbeeld een downregulatie van Cyp1A1 (p<0,05) en 
Nqo1 (p=0,088), een upregulatie van Gusb (β-glucuronidase, p=0.075) en geen 
significante verschillen in Cyp1B1 aangetoond bij het vergelijken van longen van muizen 
blootgesteld aan LPS & B[a]P met longen van muizen blootgesteld aan B[a]P alleen. 
Daarnaast werden veel andere genen , gerelateerd aan fase I en II metabolisme van 
B[a]P, aanzienlijk geremd na blootstelling aan LPS, waaronder Ephx1, Arnt, Cbr1, Por, 
Nqo2 en Comt, evenals Sult1a1, GSTp1, Gstm1, Gstt1 en Gpx3. Ondanks het feit dat we 
geen verschil in NER-capaciteit hebben waargenomen, hadden een paar 
NER-gerelateerde genen een aanzienlijk hogere expressie (d.w.z. Xpa) en een lagere 
expressie (d.w.z. Ddb1). Daarnaast hebben we een principal component analyse (PCA) 
toegepast om de onderlinge relatie tussen elke blootstelling (d.w.z. controle, B[a]P, LPS 
en LPS & B[a]P) te bepalen en genen die de verschillende blootstellingsomstandigheden 
konden scheiden, waren voornamelijk gerelateerd aan immuunrespons. Deze 
immuunresponsafhankelijke scheiding van alle blootstellingsomstandigheden is een 
verdere bevestiging dat B[a]P alleen al een ontstekingsreactie kan veroorzaken en ook 
een aanwijzing da ontsteking een onderschatte rol kan spelen in B[a]P geïnduceerde 
genotoxiciteit en eventueel carcinogeniteit. Tenslotte hebben we ook een globale analyse 
uitgevoerd op basis van de differentieel uitgedrukte genen (DEG’s) en een groot 
percentage van de genen die door B[a]P differentieel gereguleerd werden, werden door 
LPS geremd. Bijvoorbeeld, cel-cel adhesie, cel-cel communicatie, RNA-translatie en 
ribosoom gerelateerde processen werden zodanig veranderd. Dit kan aangeven dat 
pathways/cellulaire gebeurtenissen, die betrokken zijn bij het herstel van B[a]P 
blootstelling, kunnen worden uitgesteld door extra inductie van ontsteking door LPS. 

5.2 Discussie 

Wij hebben in vivo onze hypothese bevestigd dat LPS, door sommige transcriptomische 
veranderingen van B[a]P genen tegen te gaan, het tijdsverloop van B[a]P werking 
daadwerkelijk verlengt en zijn algemene genotoxische potentieel daadwerkelijk 
verhoogt. Er zijn echter enkele beperkingen van de studie, die moeten worden 
aangehaald. Bijvoorbeeld, CYP1A1-genexpressie en CYP1A1-eiwitactiviteit worden 
gewoonlijk geïnduceerd door B[a]P. Dit werd echter niet gevonden in de huidige studie. 
Dit kan het gevolg zijn van de keuze van een enkel tijdpunt (48 uur) voor beide metingen; 
CYP1A1-genexpressie is een vroege gebeurtenis, terwijl eiwitexpressies als een latere 
gebeurtenis kunnen worden beschouwd. Enzymactiviteit berust echter ook op 
posttranslationele-eiwitmodificaties. CYP-activiteit kan bijvoorbeeld worden geremd 
door ROS, wat in overmaat wordt geproduceerd door extra blootstelling aan LPS. Dit kan 
een verklaring geven voor de discrepantie tussen eiwitgehalten en enzymactiviteit, die 
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niet correleren. 48 uur kan dus te laat zijn voor het beoordelen van zeer vroege 
metabole activiteiten van B[a]P. Echter, in onze eerdere studies waarin we knaagdieren 
aan B[a]P hebben blootgesteld, werden de hoogste DNA-adductniveaus altijd gevonden 
op ongeveer 2 dagen na de blootstelling (hoofdstuk 5). Om de cellulaire effecten op het 
hoogste niveau van DNA schade te onderzoeken, werd daarom 48 uur gekozen als 
belichtingspunt. 

5.3 Implicaties 

Deze studie is de voortzetting van de studie in hoofdstuk 5 en gericht op het verkrijgen 
van meer inzicht in aanvullende onderliggende mechanismen voor verder onderzoek. 
Het algemene concept dat de aanwezigheid van ontsteking het initiele metabolisme van 
B[a]P door fase I en II metabolisme kan remmen werd bevestigd op het niveau van 
gentranscriptie. Nieuwe aanknopingspunten voor toekomstig onderzoek kunnen gericht 
zijn op celcommunicatie en celadhesie. Alle gegevens die in deze studie zijn verkregen, 
worden gedeeld en online beschikbaar gesteld voor andere onderzoekers, die kunnen 
profiteren van onze bevindingen om hun in vivo bevindingen te verklaren met andere 
genotoxische chemicaliën.  

6. Concluderende opmerkingen en toekomstperspectief 

Het huidige proefschrift richtte zich op het effect van ontsteking op B[a]P metabolisme 
en B[a]P-DNA adductvorming in vitro en in vivo. Momenteel is het verzamelen van 
bewijzen dat chronische ontsteking bijdraagt aan de genotoxiciteit en carcinogeniteit 
van chemische carcinogene stoffen, die uiteindelijk tot kanker leiden. Echter, door het 
complexe onderliggende netwerk, zijn er maar weinig studies die hebben onderzocht 
hoe ontsteking bijdraagt aan de chemisch geïnduceerde carcinogenese. Bovendien 
hebben tegenstrijdige resultaten tussen in vitro en in vivo studies het oplossen van deze 
grote puzzel zelfs moeilijker gemaakt. Om dit gat in de kennis te vullen, hebben we in 
vitro en in vivo studies systematisch uitgevoerd. Tot nu toe ondersteunen de resultaten 
van onze studies de hypothese dat ontsteking de stofwisseling van B[a]P vertraagd en 
dit leidt tot langdurige blootstelling van cellen aan de verbinding B[a]P. Bijgevolg 
worden hogere B[a]P-DNA-adductniveaus gevormd die theoretisch het risico op 
kankerontwikkeling verhogen. Hoe meer we echter ontsteking bestuderen, hoe meer we 
zijn complexiteit kennen, met veel cytokines en pathways die worden geactiveerd en 
hun crosstalk met elkaar en met andere cellulaire processen. Daarnaast werden in het 
huidige proefschrift slechts drie ontstekingsfactoren gedetailleerd bestudeerd voor hun 
effect op B[a]P, en er zijn andere ontstekingsfactoren die nog onderzocht moeten 
worden. Daarnaast werden de meeste studies die het verband tussen ontsteking en 
chemische carcinogenen onderzochten, uitgevoerd gebaseerd op een enkele variabele, 
waaronder TNF-α, IL-6, IL-1β, hypoxie, oxidatieve stress en MPO, terwijl met het 
mengsel van ontstekingsmediatoren en de daaruit voortvloeiende micro-omgeving in 
hun geheel rekening mee gehouden moet worden.   
Een belangrijke observatie in het huidige proefschrift is dat in vitro studies op 
tijdsafhankelijke wijze moeten worden uitgevoerd. Veel in vitro studies naar B[a]P 
werden uitgevoerd op één enkel tijdstip (meestal 24 uurs incubaties), wat kan 
resulteren in het trekken van misleidende conclusies. Sommige ontstekingsfactoren 
kunnen bijvoorbeeld CYP’s op vroege tijdspunten belemmeren, wat leidt tot een inductie 
van CYP’s op latere tijdspunten, omdat ongemetaboliseerd B[a]P de Ahr receptor 
activeert.  
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Concluderend, de resultaten die in dit proefschrift gepresenteerd worden, tonen de 
impact van verschillende ontstekingsfactoren op de genotoxiciteit van B[a]P. Wij geven 
mechanistische informatie over hoe ontstekingsfactoren mensen meer vatbaar kunnen 
maken voor blootstelling aan kankerverwekkende stoffen. Het kan ook deuren openen 
voor nieuwe preventieve maatregelen om kankergevallen bij patiënten met chronische 
ontstekingsziekten te verminderen; een combinatie van anti-inflammatoire 
benaderingen en vermindering van blootstelling aan genotoxische chemicalien is vereist 
hiervoor. Bovendien kan de toepassing van state-of-the-art technieken in moleculaire 
benaderingen en diermodellen van ontsteking gerelateerde kanker verder helpen om 
deze intrigerende puzzel te verhelderen.  
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1. Valorization addendum 

According to the graduation regulations of Maastricht University dated on 19th June 
2014, an additional chapter, the Valorization Addendum, is needed for the dissertation 
of the Ph.D candidate.  The definition of valorization is “the process of creating value 
from knowledge, by making knowledge suitable and/or available for social (and/or 
economic) use and by making knowledge suitable for translation into competitive products, 
services, processes and new commercial activities” (Maastricht promotie reglement, 2013). 
Therefore, in the next section, answers to the following four questions are outlined: 1) 
What is the social (and/or economic) relevance of our research results (i.e. in addition to 
the scientific relevance)?; 2) To whom, in addition to the academic community, are the 
research results of interest and why?; 3) Into which concrete products, services, 
processes, activities or other activities could our results be translated and shaped?; and 
to what degree can the results be called innovative?; 4) What will be the value of our 
research for future valorization?  

1.1 Social Relevance 

The current thesis reports on fundamental research, to further clarify the relationship 
between inflammation, exposure to genotoxic chemicals and their combined 
contribution to subsequent cancer risk. More specifically, the focus of this thesis is how 
inflammation can influence carcinogenesis by the chemical carcinogen benzo[a]pyrene 
(B[a]P). B[a]P is chosen as an example, because it is a widely studied genotoxic agent. 
However, with the development of human society, more than 10,000 chemicals have 
been produced each year, and some of them were identified and grouped as genotoxic 
and/ or chemical carcinogen [1]. Therefore, exposure to genotoxic compounds seems 
inevitable for the general population. A chemical carcinogen is a compound that can 
directly or indirectly react with DNA, which could eventually cause genome mutations. It 
is generally accepted that more mutations will result in a higher risk of developing 
cancer. Dermal contact, intake or inhalation of such chemical carcinogens can lead to the 
formation of various cancers at different sites of the body, including lung, liver, breast, 
colon, stomach, skin, bladder, prostate and nose. Although it is not allowed to produce 
and use chemical carcinogens in consumer products, still they are generated naturally 
and presented in ambient environment, food, water and soil. One group of carcinogens is 
the polycyclic aromatic hydrocarbons (PAHs), which is a group of aromatic compounds 
found in natural sources and produced due to incomplete combustion of organic matter 
[2]. B[a]P is one of the best studied PAH and is considered to be classic example of PAHs 
that is widely present in human daily life, including cigarette smoke, diesel exhaust and 
barbecued meat products. Due to the fact that exposure is inevitable for humans, the 
human body developed a system to guard against all sorts of harmful exposures. For 
example, the body can detoxify harmful compounds via metabolism, which convert toxic 
compound into less toxic ones that can be excreted out of the body. Even though there is 
damage to DNA, cells can often repair DNA damage or undergo apoptosis dependent on 
the exposure dose. However, unsuccessful detoxification or unrepaired DNA damage will 
lead to changes in gene expression and mutations in certain genes that can drive 
carcinogenesis. Until now, it is estimated that chemical carcinogens are responsible for 
approximately 41% of the worldwide cancer incidence and 42% of cancer death [3, 4].  
With a deeper and more profound understanding of carcinogen induced cancer 
development, scientists found out that there are many risk factors that contribute to the 
susceptibility of part of the population to carcinogens. Known risk factors are age, 
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genetics, and lifestyle. Currently, another risk factor namely “inflammation” has 
attracted attention and it was suggested to play an important role in chemically induced 
carcinogenesis. Inflammation is a powerful physiological response to defend the human 
body against intruders, such as pathogens, chemicals, or irritants, as well as to help 
damaged tissue healing by removing cell debris and rebuilding tissue [5]. However, once 
the inflammation persists, chronic inflammation will be developed, and chronic 
inflammation is responsible for 20% of related cancers [5]. Moreover, recent 
epidemiological studies have found that, the combination of inflammation and chemical 
carcinogen exposure increased the risk of cancer even further; for example, COPD 
patients are at risk of developing lung cancer and the risk is further increased in patients 
who are smoking.   
Thus, we have now realized that exposure to carcinogens induces carcinogenesis, 
inflammation induces carcinogenesis, and the combination of carcinogen exposure and 
inflammation even further increases the health risks. According to the NIH national 
cancer institute database, inflammation and carcinogeninduced diseases account for 
around 166.1 deaths per 100,000 persons each year [6]. Although exposure to 
environmental chemicals is often unavoidable, inflammation is a condition against which 
there are many potential medical remedies. However, the mechanism of how 
inflammation contributes to the development of chemically induced cancer remains 
unclear. More knowledge about this mechanism could thus help people with chronic 
inflammatory diseases to prevent the development of cancer as a secondary disease. 
This may be of particular importance when treatment of chronic inflammatory diseases 
increases the life span of subjects, which also increases the chance of getting cancer. The 
studies described in this thesis can give important leads for further research on the 
prevention of cancer, which still is an enormous societal burden. 

1.2 Target groups 

There are multiple potential target groups besides the academic community, which 
might benefit from current research, which includes pharmaceutical companies, patient 
communities and regulators of governments.  
First of all, our research results might provide pharmaceutical companies with 
preliminary data or/and ideas for their current or future product development, targeted 
at subjects with chronic inflammatory diseases. Secondly, patient communities could 
obtain important information about the cause of secondary diseases as a result of their 
chronic condition. A better understanding about the sources of additional health dangers 
that come with their medical status, may lead to behavioral changes to prevent 
concomitant disease, in this particular case cancer in patients with inflammatory 
conditions. Last, but probably the most important target group is regulators at the 
government. The government plays a significant role in guarding the society via 
promulgating regulation and law, and negotiating with industries. Specific attention can 
be given to setting guidelines to protect the most vulnerable populations, including 
diseased subjects.  

1.3 Products and Innovation 

For the academic community, six published scientific articles from this thesis are 
available online. Besides that, the results were presented at (inter)national conferences 
via oral presentation and poster presentations. Our studies provide leads for the 
effective prevention of cancer in subjects with chronic inflammatory diseases. We now 
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realize that every individual is different and the exposure conditions may vary for each 
person as well. For example, a patient may develop lung cancer due to a long-term 
smoking history, whereas other patients with the same type of lung cancer developed 
the cancer because he/ she lived in a highly polluted area with accompanying lung 
inflammation. Therefore, “personalized medicine” is also at place for prevention in order 
to further increase its effectivity. This thesis focused on several conditions that occur in 
subjects that are exposed to chemical carcinogens, while the lung is inflamed. Since this 
field has not yet been thoroughly investigated, lots remain unknown. In chapter 2, 3 and 
4, we demonstrated the mechanism of how β-glucuronidase, acidic microenvironment, 
and IL-8 influence B[a]P metabolism and modulates the formation of DNA damage. 
Although inflammation is of course much more complex then these 3 factors, this 
simplified approach provided leads for interventions to decrease risks of cancer as 
secondary disease: it could be of importance to inhibit the activity and release of 
enzymes like β-glucuronidase or MPO, or to restore local pH to prevent increased cancer 
risks. Moreover, we also showed that inflammation significantly inhibited phase II 
detoxification processes and DNA repair. These findings offer new targets for drug 
development and research.  

The metabolism of B[a]P in vitro is markedly different from in vivo. For instance, 
cytochrome P450 1A1 is an activator of B[a]P in vitro, whereas in vivo studies with 
CYP1A1 knockout animals indicate that CYP1A1 is an important detoxifying enzyme. The 
reasons for the discrepancies between in vitro and in vivo B[a]P genotoxicity remain 
largely unclear. However, we showed that after introducing inflammatory parameters in 
in vitro settings, that the metabolism of B[a]P mimicked the in vivo situation much better. 
Regulatory testing of chemicals relies for a large part on in vitro experiments, which are 
obviously not carried out under conditions that mimic the in vivo situation best. For 
instance, oxygen concentrations are often much higher than the levels that can be 
reached in vivo. Therefore, our studies give leads to further optimize the in vitro testing 
of chemical safety. 

1.4 Future value 

The current thesis can be considered as an initial search for the underlying mechanisms 
of the increased cancer risk in subjects with chronic inflammatory diseases. Therefore, 
the results of this thesis should predominantly be considered as lead-finding studies for 
effective intervention/ prevention in subjects with inflammatory diseases. It is 
important to increase the awareness of physicians and researchers for these additional 
risks of inflammatory diseases and that early action is needed for patients, to prevent 
cancer development as secondary disease. The effectiveness of combinations of 
treatment should therefore be investigated. The future formulation of research 
proposals on basis of our findings may lead to important new applications or insights for 
both industry and society. Although the performance of clinical trials and subsequent 
use of new drugs for treatment is a long process, contacts with industry may already be 
initiated at an early stage.  

  



Valorization Addendum 

203 
 

References 

[1] I.A.f.R.o. Cancer, IARC monographs on the evaluation of carcinogenic risk of chemicals to man, IARC monographs on the 
evaluation of carcinogenic risk of chemicals to man., 1 (1972). 
[2] K. Ravindra, R. Sokhi, R. Van Grieken, Atmospheric polycyclic aromatic hydrocarbons: Source attribution, emission 
factors and regulation, Atmospheric Environment, 42 (2008) 2895-2921. 
[3] V. Gorbunova, A. Seluanov, Z. Mao, C. Hine, Changes in DNA repair during aging, Nucleic Acids Research, 35 (2007) 
7466-7474. 
[4] C. Bernstein, A.R. Prasad, V. Nfonsam, H. Bernstein, DNA Damage, DNA Repair and Cancer, in: C. Chen (Ed.) New 
Research Directions in DNA Repair, InTech, Rijeka, 2013, pp. Ch. 16. 
[5] L.M. Coussens, Z. Werb, Inflammation and cancer, Nature, 420 (2002) 860-867. 
[6] U.C.S.W. Group, United States cancer statistics: 1999–2006 incidence and mortality web-based report, Atlanta: US 
Department of Health and Human Services, Centers for Disease Control and Prevention and National Cancer Institute, 
(2010). 

 



 

 

 

 

  



 

 
 

 

Appendix II 

Acknowledgements 
 

 

 

  



Appendix II 

206 

 

Acknowledgements 

I would like to express my gratitude to all the people who have ever supported and 
helped me to accomplish this achievement. First of all, my gratitude goes to my 
co-promoter and supervisor Roger. You were an extremely excellent supervisor and 
played a super important role during my PhD life. Not only your strikingly handsome 
appearance, but also your guidance, critical comments and enthusiasm for science 
encouraged me to carry on further. Besides these, I also appreciate your friendliness and 
humor, which made my start not so tough. More importantly, you always allowed me to 
just drop by to your office for a short discussion and you were always there for me 
although you were busy with tons of different tasks. I learned a lot from you on how to 
do research, but also on how to solve problems and see things from a broader point of 
view. Your support was not only about scientific topics, but also about personal things. I 
really appreciate the trust and encouragement that you had in me, and your patience to 
guide me in my PhD career.  
My gratitude also goes to my promoter Frederik-Jan. You are very friendly and kind. I 
still remember the first time I had the job interview with you, and you led the whole talk 
and made the atmosphere very comfortable for me. I’m very grateful that you offered me 
the opportunity to work with you and your group right after our interview. Besides your 
personality and charm, your great success in science also influenced me a lot, especially 
in my publications. Your constructive comments and ability to capture critical problems 
in no time often saved me from heading toward nowhere.  You are also incredibly 
efficient and no matter where you were, you always replied to my emails. This was very 
much appreciated, especially during the last stretch of my PhD project. I am also grateful 
that you manage such a nice and lively atmosphere at the department with such  
wonderful colleagues around. 
Many special thanks to Aalt, Agnes and Guido for their valuable contributions to my 
project. Aalt, you are a very kind and easy going professor. I’ve learned so much from 
every talk we had, and you always encouraged me and taught philosophy of science in a 
mysterious way. In addition, thank you for being my European Registered Toxicologist 
trainer. I’d like to express my appreciation to Agnes and Guido for your constructive 
feedback to my work towards this thesis.  
I would like to thank all my colleagues in the department, where I have spent wonderful 
four years as a PhD student. First of all, a big thanks goes to my paranymphs, Misha and 
Carmen. Thank you for being my paranymphs, helping me in preparing and arranging 
everything for my big day, and standing and supporting me during my defense. You guys 
are the best paranymphs ever. Misha, you are my best friend. It’s fantastic to have met 
you. We’ve been friends for God-knows-how-long (actually four years, but I feel like 
we’ve been friends for ages), and you are always there for me. I still remember every 
inside joke we have ever created and all the fun activities we have done (such as the NVT 
meetings). Thank you for always being my best supporter. Even if we live a thousand 
lives, I will always pick you as my beloved best friend. I’d wish you and yours all the best. 
Carmen, as my best female friend in the department, you are an amazing German girl 
with lots of intelligence and ambition. When we talked about something, the way how 
you saw and answered my questions always surprised and inspired me. You are a pretty 
nice person, always optimistic for everything. Thank you for respecting my values and 
opinions, even if you disagreed. It’s fun being with you. Hope you will never change. I’d 
wish you all the best and good luck with finishing your thesis. Marie-Claire, you are my 
goddess in the department. Thank you so much for what you’ve done for me. You’ve 



Acknowledgements 

207 
 

played such an important role in my PhD life. Without your care and thoughtful 
arrangements, I could not finish my PhD in time, especially those administrative things 
that I had no clues what to do with otherwise. Not only for me, but you take care of 
everyone in the department and make sure everything goes smoothly. Rianne, you are 
the most talent girl I’ve ever met. You are really good at presenting and selling your 
opinion. I had lots of fun when I talked to you and I’ve learned a lot from you, especially 
in how to deal with the kid. Timme and Charlotte, thank you for all the fun and amazing 
talks we had and the accompany during my stay in the department. It’s really nice to 
have you here and you made that I did not feel bored after a whole day of experiments. I 
also want to thank you guys for keep inviting me to join the lunch during the last two or 
three years although I only joined for few times. Mireille, another talent girl, in fact we 
did not have many conversations during the past four years. But once you talk, you 
always could surprise me or make me laugh for a whole day. Sven, my dear roommate, 
it’s my honor to be your roommate. You are such a talented guy, good at lots of things. I 
wish you all the best and luck with your PhD. Philippe, you are the one we don’t need to 
talk to every single day, weeks, but when you do, it’s as if you’d never stopped talking. I 
will memorize all the great talk we had. My buddy Lou, thanks a lot for your dedicated 
work, as well as cozy conversations, sharing lots of personal interest and jokes. Roger B, 
thank you for all the efforts and contributions that you’ve made for the department, I‘ve 
really enjoyed every activity you’ve arranged during your time in the department. 
Kristien, you are the nicest person I’ve known. I will always remember your kindness. 
Matt, thank you for all the jokes and laugh. Evelyn, thank you for all the conversations 
we had. I really like to talk to you and I hope our conversation never reaches the end of 
the horizon. Thank you all the other colleagues who I have worked with: Agnieszka S, Jan, 
Antje, Volker, Gertjan, Sebastien, Alex, Geja, Gesiele, Ming, Caroline, Ben, Harry, Matthijs, 
Josephina, Paul, Agnieszka B, Danielle, Marie-Jose, Edwin, Lily, Peter, Jacques and 
Khrystyna. I would also like to thank all my former MSC and BSC students for their hard 
work and contributions to my project. 
I also would like to thank my dear friends who supported me and went through tough 
times together. My Chinese friends that I met in the Netherlands, Xiang, Chenxi, Qu, Han, 
Sha, Qi, Yifan, Yuehan, Jing, Wanjun, Hanshu, Xiaoxue, Xinyi, Houyu, Sicong, Chengkun, 
Juan, Shan, Wei, Li, Jia, Mengying, Lu, Shiyang, Yue, Si, Hequn, Xiao, Yimin and Kun. My 
Dutch course friend Ron, our Dutch may not have improved as much as we had hoped 
for but still our conversations in English brightened my life up. My friends from MSc 
study in Wageningen, especially Ignacio, Marcia and Myrto.  
Most importantly, I would like to thank my family. Thanks to my parents for their 
endless support and encouragement. Without the inspiration, drive, and support that 
you have given me, I might not be the person I am today. Thanks to my beloved wife, 
Yuan, you are not just my partner, you are my lover, you are not just my companion, you 
are my inspiration, you are not just my wife, you are my life. I still remember the first 
time I met you. You are the best thing that happened to me. You are the best thing that is 
still happening to me and you are going to be the best thing to happen to me, ever. Thank 
you. If there was a number higher than zillion, bazillion or gazillion, I would thank you 
that many number of times for everything you have done for me. I love you. 

Dec 2017 
Quan Shi 

 



 

 

 

 

  



 

 
 

 

Appendix III 

Curriculum Vitae 
 

 

 



 

 

 

 

  



Curriculum Vitae 

211 
 

Curriculum Vitae  

Quan Shi was born on November 11th, 1988 in Anhui, China. He grew up in Shenzhen 
city until he finished his secondary education. In July 2011, he received his Bachelor 
degree (BSc) in biotechnology at the Beijing Normal University (Zhuhai, China) and the 
Technology Park Malaysia College (Kuala Lumpur, Malaysia). Following his BSc in 2011, 
he came to Wageningen University in the Netherlands and started with his master study 
(MSc) in Food Safety. During his master study, he performed his MSc thesis at the 
Division of Toxicology, Wageningen University, and conducted his internship at RIKILT 
Wageningen University and Research Centre (Wageningen, the Netherlands). In 
November 2013, he started his PhD project presented in this thesis under the 
supervision of Prof. dr. F. J. van Schooten and Dr. R. W. L. Godschalk at the department of 
Toxicology, Maastricht University. During his PhD study, he followed a number of 
postgraduate education courses in Toxicology which is required for registration as a 
European Toxicologist. 

 

 



 

 

 

 

 

  



 

 
 

 

Appendix IV 

List of Publications 
 

 



 

 

 

 

 

  



List of Publications 

215 
 

List of Publications 

Shi, Q., G. R. Haenen, L. Maas, V. M. Arlt, D. Spina, Y. R. Vasquez, E. Moonen, C. Veith, F. J. 
Van Schooten & R. W. Godschalk (2016) Inflammation-associated extracellular 
beta-glucuronidase alters cellular responses to the chemical carcinogen benzo[a]pyrene. 
Archives of toxicology, 90, 2261-73. 

Shi, Q., L. Maas, C. Veith, F. J. Van Schooten & R. W. Godschalk (2017) Acidic cellular 
microenvironment modifies carcinogen-induced DNA damage and repair. Archives of 
toxicology, 91, 2425-2441. 

Shi, Q., A. W. Boots, L. Maas, C. Veith, K. van Kuijk, G. R. Haenen, R. W. Godschalk & F. J. 
Van Schooten (2017) Effect of interleukin (IL)-8 on benzo[a]pyrene metabolism and 
DNA damage in human lung epithelial cells. Toxicology, 381, 64-74. 

Shi, Q., R. W. L. Godschalk & F. J. van Schooten (2017) Inflammation and the chemical 
carcinogen benzo[a]pyrene: Partners in crime. Mutation Research/Reviews in Mutation 
Research, 774, 12-24. 

Shi, Q., R. R. Fijten, D. Spina, Y. Riffo Vasquez, V. M. Arlt, R. W. Godschalk & F. J. Van 
Schooten (2017) Altered gene expression profiles in the lungs of 
benzo[a]pyrene-exposed mice in the presence of lipopolysaccharide-induced pulmonary 
inflammation. Toxicology and applied pharmacology, 336, 8-19. 

Arlt, V. M., A. M. Krais, R. W. Godschalk, Y. Riffo-Vasquez, I. Mrizova, C. A. Roufosse, C. 
Corbin, Q. Shi, E. Frei, M. Stiborova, F. J. van Schooten, D. H. Phillips & D. Spina (2015) 
Pulmonary Inflammation Impacts on CYP1A1-Mediated Respiratory Tract DNA Damage 
Induced by the Carcinogenic Air Pollutant Benzo[a]pyrene. Toxicological sciences : an 
official journal of the Society of Toxicology, 146, 213-25. 

Fijten, R., A. Smolinska, Q. Shi, D. Pachen, J. Dallinga, A. Boots & F. J. van Schooten (2017) 
Exposure to genotoxic compounds alters in vitro cellular VOC excretion. Journal of 
breath research. 


	Contents
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Chapter 7
	Chapter 8. Summary and general discussion
	Hoofdstuk 8. Samenvatting en algemene discussie
	Appendix I. Valorization Addendum
	Appendix II. Acknowledgements
	Appendix III. Curriculum Vitae
	Appendix IV. List of Publications

