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ABSTRACT  

The studies in this dissertation research were conducted to investigate 

the possible mode of action by which a brominated flame retardant, 2, 2-Bis 

(bromomethyl)-1, 3-propanediol (BMP) causes genotoxicity. Binding of BMP to 

DNA and BMP induced DNA strand breaks were investigated in SV-40 

immortalized human uroepithelial cells (UROtsa) as an in vitro model for the 

bladder (a tissue that developed cancer after two year exposure to BMP in 

rodents). Results showed binding of [14C]-BMP equivalents to DNA increased 

with increased exposure time and concentration of [14C]-BMP. Comet analysis 

indicated BMP significantly increased the extent of DNA strand breaks at 1 and 

3 h of incubation. However, strand breaks were repaired by 6 h of incubation. 

The DNA damaging effects of BMP at 1 h was concentration dependent. 

Compared with the parent compound, BMP-glucuronide (the predominant 

metabolite of BMP) bound less to DNA and produced less DNA strand breaks 

in UROtsa cells. Evidences that the BMP induced strand breaks were the 

result of an oxidative stress include: a concentration and time dependent 

increase in ROS generation; increased expression of Nrf2 and HSP70; 

complete attenuation of BMP induced DNA strand breaks by the antioxidant, 

NAC; and the presence of the oxidized base 8-OHguanine. UROtsa cells 

appear to be target cells for BMP because, as compared to rat hepatocytes 

(non-target cells), these cells lack the ability to detoxify BMP via 
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glucuronidation and also because they are deficient in glutathione, a major 

intracellular antioxidant molecule. Both of these genotoxic events, DNA binding 

and oxidative DNA damage may, in part, contribute to BMP carcinogenicity 

observed in rodents. The relevance of current results to humans is remained to 

be established.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



17 
 

 

1 INTRODUCTION 

1.1 CARCINOGENICITY OF ORGANOBROMINE  

Bromine was discovered in 1826 by Antoine Balard and classified as a 

member of group VII elements (halogens). It is mostly found in the form of 

inorganic salts of the alkalis and alkaline earth metals mainly in seawater, 

saline lakes, and earth crust. Therefore, bromine is extracted from brines 

around the world. The annual bromine production in the US in 2000 was 

229,000 tons which accounts for 42% of the total global bromine production 

(Lyday, 2000). Bromine is currently used in a large number of products such as 

flame retardants, pesticides, gasoline additives, drilling fluids, and biocides. 

These products are usually organobromine compounds with high volumes of 

annual production. In the 1960s and 1970s, gasoline additives accounted for 

77% of the bromine consumption in US. The majority of bromine demand was 

for 1, 2-dibromoethane (DBE, alternate name ethylene dibromide), a gasoline 

additive used to prevent lead fouling. Another major demand of bromine was 

for production of the fumigant, methyl bromide. Since the application of both 

DBE and methyl bromide has been restricted by regulatory agencies, currently 

the majority of the global production of bromine (38%) is used in the 

manufacturing of brominated flame retardants (BFRs) (Alaee et al., 2003). A 

summary of the consumption distribution of bromine is given in Fig 1.1.  
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Fig 1.1  Consumption distribution of bromine in the final product, figure is 
reproduced with permission (Alaee et al., 2003).  
 

Because of the high demand and production volume of these 

organobromine compounds, some of them are nominated by the National 

Toxicology Program (NTP) for testing in the two-year chronic exposure 

carcinogenicity bioassay. The results of the NTP studies reported that 12 of 13 

tested organobromine compounds are carcinogenic in rodents. Such results 

suggest these chemicals represent a class of potential human mutagens and 

carcinogens (Dunnick et al., 1997). The following sections will summarize the 

NTP studies of several organobromines which have similar chemical 

structures to 2, 2-Bis (bromomethyl)-1, 3-propanediol, the chemical that will be 

investigated in this dissertation research. They all have an aliphatic backbone 

with bromide substitution. 
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1.1.1 Summary of 2, 3-dibromo-1-propanol  

2, 3-dibromo-1-propanol (DBP) is a brominated alcohol which exists as a 

colorless to slightly yellow viscous liquid at room temperature. It is stable under 

normal temperatures and pressures and is soluble in water and general 

organic solvents such as acetone, alcohol, ether, and benzene. The major use 

of DBP is as an intermediate in the production of flame retardants, insecticides, 

and pharmaceuticals, and the chemical itself has been used as a flame 

retardant. For example, DBP was used in the production of tris (2, 

3-dibromopropyl) phosphate (tris-BP), a flame retardant formerly used in 

children’s clothing and other products (HSDB, 2009). DBP, as a known 

metabolite of tris-BP, has been found in the urine samples of children who 

were wearing or who had worn the tris-BP treated sleepwear (Blum et al., 

1978). Therefore, people may be exposed to DBP indirectly through exposure 

to tris-BP. 

NTP reported that chronic dermal exposure to DBP caused tumors at 

several different tissue sites in rats (188 mg/kg and 375 mg/kg, 5 days per 

week for 55 weeks) and mice (88 mg/kg and 177 mg/kg, 5 days per week for 

42 weeks) (NTP, 1993). When applied to the skin, DBP increased the 

combined incidence of benign and malignant skin tumors in rats and mice of 

both sexes. It also caused tumors (benign or malignant) at numerous other 

tissue sites, including the nasal mucosa, digestive tract, Zymbal gland, liver, 
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and kidney in rats of both sexes; the mammary gland in female rats; the spleen 

and mesothelium in male rats; the forestomach in mice of both sexes; and the 

liver and lung in male mice (NTP, 1993). As the dose was increased, a wider 

spectrum of carcinogenic responses occurred in these animals. Although no 

epidemiological studies were identified showing a relationship between human 

cancer and exposure specifically to DBP, DBP is reasonably anticipated to be 

a human carcinogen based on animal carcinogenesis studies. Mechanistic 

studies showed DBP was genotoxic in bacterial and mammalian in vitro test 

systems, including Salmonella typhimurium, Escherichia coli, V79 hamster 

cells, and L5178Y mouse lymphoma cells. It also caused sex-linked recessive 

lethal mutations and reciprocal translocations in Drosophila melanogaster 

(Fishbein, 1979; Soderlund et al., 1979; Stolzenberg et al., 1980).  

1.1.2 Summary of 1, 2-dibromoethane  

1, 2-dibromoethane (DBE) is a volatile saturated brominated 

hydrocarbon that exists at room temperature as a colorless liquid. Historically, 

the primary use of DBE has been as a lead scavenger in antiknock mixtures 

added to gasolines (IPCS, 1996). Since the US Environmental Protection 

Agency (EPA) banned the use of lead in gasoline, the annual consumption of 

this chemical in the United States has decreased. Another major past use of 

DBE was as a pesticide and an ingredient of soil and grain fumigants and for 
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post-harvest application to various vegetable, fruit, and grain crops (NTP, 

1982b). By 1984, EPA regulations had eliminated most of the uses of DBE as a 

pesticide in the United States. DBE has also been used as a chemical 

intermediate in the manufacture of resins, gums, waxes, dyes, and 

pharmaceuticals and as a high-density, nonflammable solvent in a number of 

applications. As a result of its historical use as a gasoline additive and a soil 

fumigant and its persistence in soil and groundwater, DBE has been detected 

in ambient air, soil, groundwater, and food (Kloos, 1996; Pratt et al., 2000). 

EPA has set an enforceable regulation for DBE, called a maximum 

contaminant level (MCL), at 0.005 mg/l or 5 ppb in drink water. In addition, an 

average limit (0.045 ppm) for DBE has been recommended by NIOSH in 

workroom air during an eight hour day. Potential routes of human exposure to 

DBE are inhalation of ambient air and ingestion of contaminated drinking water 

and foods. EPA estimated daily intake of DBE from drinking water ranging from 

0 to 16 µg/kg (ATSDR, 1992b).  

DBE is metabolized in vivo by an oxidative pathway (cytochrome P-450) 

and a conjugation pathway (glutathione S-transferase) (Thomas et al., 2001; 

Wiersma et al., 1986; Wormhoudt et al., 1996). The metabolites play an 

important role in exerting its toxicity (Brimer et al., 1982; Sipes et al., 1986). 

Chronic exposure (two year carcinogenesis study) to DBE caused tumors in 

rats and mice at several different tissue sites and by several different routes of 
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exposure. Inhalation exposure to DBE caused cancer of the nasal cavity and 

the blood vessels in rats of both sexes and in female mice; benign and 

malignant lung tumors in mice of both sexes and in female rats; and benign 

and malignant mammary-gland tumors in females of both species (NTP, 1982b; 

Wong et al., 1982). Dermal exposure to DBE caused lung and skin tumors in 

female mice (Haseman et al., 1997). Administration of technical-grade DBE by 

stomach tube caused cancer of the forestomach in rats and mice of both sexes, 

blood-vessel cancer (hemangiosarcoma, primarily in the spleen) in male rats, 

benign lung tumors in mice of both sexes, and liver cancer in female rats (NCI, 

1978). In fish, dietary administration of DBE caused benign glandular-stomach 

tumors in both sexes and administration in the tank water caused benign and 

malignant tumors of the liver, bile duct, and gall bladder (Hawkins et al., 1998).  

The genotoxicity of DBE has been clearly demonstrated. It binds to DNA 

in vivo and in vitro, and a DNA adduct has been identified (Sundheimer et al., 

1982). DBE has been shown to be an initiating agent for cell transformation 

(Colacci et al., 1995) and a mutagen in numerous bacterial assays, in fungi, in 

plants, in insects, and in mammalian cell culture. It may also cause sister 

chromatid exchange and chromosomal aberrations (Krishna et al., 1985; 

Tucker et al., 1985). Based on these data DBE is thought to be a genotoxic 

carcinogen to rodents.  

Acute human poisoning cases of DBE were reported. Nausea, vomiting 
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and abdominal pain were present in all the patients. Nephrotoxicity (50%), 

hepatotoxicity (43.8%), cardiotoxicity (43.8%), central nervous system (12.5%) 

toxicity and hypoglycemia (37.5%) were also observed (Singh et al., 2007). 

However, data available from epidemiological studies were inadequate to 

evaluate the relationship between human cancer and exposure specifically to 

DBE. This is a usual case in that workers are often exposed to more than one 

of these agents, as well as to many other chemicals. The extensive evidence 

for carcinogenicity in animal studies indicates that DBE is a potential human 

carcinogen. 

1.1.3 Summary of 1, 2-dibromo-3-chloropropane 

1, 2-dibromo-3-chloropropane (DBCP) is halogenated aliphatic 

hydrocarbon that is a colorless-to-brown liquid with a pungent odor at room 

temperature. It is miscible in water and alcohol and is also very volatile (IARC, 

1999). First produced commercially in the United States in 1955, DBCP 

production peaked in the 1960s to the late 1970s at 9.1 million lbs per year 

(IARC, 1979). DBCP was previously used as a soil fumigant to control 

nematodes for field crops, vegetables, fruits, nuts, nursery crops and turf 

(HSDB, 2009). This application was revoked by EPA in 1985 (ATSDR, 1992a). 

Since then, DBCP has been used in the United States only as an intermediate 

in organic synthesis and for research purposes (HSDB, 2009). Because DBCP 
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has been banned in US, widespread exposure to general population and 

workers is unlikely. The potential human exposure to DBCP could still exist 

through residues in previously contaminated groundwater or from food 

irrigated with contaminated groundwater (NTP, 2011a).The EPA MCL for DBCP 

in drinking water is 0.0002 mg/L (0.2 ppb). The workplace standard for 

occupational exposure to DBCP was an eight hour time weighted average of 1 

ppb with no ceiling level allowable (Babich et al., 1981). Household uses of 

groundwater, such as for bathing, showering, or dishwashing, might result in 

inhalation exposure (Clark et al., 2005). 

Studies on different strains of rats and mice demonstrated DBCP is 

carcinogenic in both sexes by the oral, inhalation, and dermal routes. Oral 

exposure to DBCP caused tumors in two rodent species and at several 

different tissue sites including forestomach in rats and mice of both sexes and 

mammary-gland cancer in female rats. Inhalation exposure to DBCP caused 

cancer of the nasal cavity in rats and mice of both sexes. It also increased the 

combined incidence of benign and malignant tumors of the lung in mice of both 

sexes and the pharynx in female rats, and it caused benign tumors of the 

tongue in rats of both sexes and the adrenal gland in female rats (IARC, 1999; 

NTP, 1982a). Exposure to DBCP in the tank water of male and female fish 

(species not reported) caused cancer of the liver and bile duct (IARC, 1999). 

Four cohort studies of workers occupationally exposed to DBCP and one 
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population-based case-control study have been reviewed (Clark et al., 2005; 

IARC, 1999). Two of the four cohort studies found an excess of lung cancer in 

exposed workers. The third cohort study found excesses of liver and 

biliary-tract cancer, and the fourth found an excess of cervical cancer. However, 

in some of the studies, workers were exposed to other compounds in addition 

to DBCP. IARC concluded that there was inadequate evidence to evaluate the 

relationship between human cancer and exposure specifically to DBCP. But 

based on sufficient evidence of carcinogenicity from studies in experimental 

animals, DBCP is reasonably anticipated to be a human carcinogen (NTP, 

2011a). The World Health Organization (WHO) provides guidelines for DBCP 

in drinking water based on long-term laboratory studies in rats and mice. The 

concentrations in drinking-water relating to excess lifetime cancer risks of 10-4, 

10-5, and 10-6 are 10, 1, and 0.1 µg/l, respectively.  

DBCP has been demonstrated to be a mutagen and clastogen in multiple 

test systems, including prokaryotic and eukaryotic in vitro tests, in vivo animal 

experiments, and in humans exposed occupationally (Holme et al., 1989; 

Teramoto et al., 1989). Its mutagenic effects are believed to proceed through 

metabolic activation to the DNA reactive species via two mechanisms. In the 

liver, DBCP can be oxidatively metabolized by the cytochrome P-450 enzymes 

to 2-bromoacrolein with loss of HBr and HCl in the process (Omichinski et al., 

1988a; Omichinski et al., 1988b). The product, 2-bromoacrolein is a potent, 
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direct-acting mutagen. In extra-hepatic tissues, GSH conjugation appears to 

be the predominant metabolic pathway for DBCP leading to a reactive 

episulfonium ion (Pearson et al., 1990; Weber et al., 1995). 

From the above brief review, it is apparent that these structurally related 

aliphatic brominated hydrocarbons are carcinogenic in experimental animals. 

They induced tumors at multiple sites in multiple species (rats, mice and fish) 

following chronic exposure by different routes (oral, inhalation, dermal). Such a 

wide spread distribution of tissues that developed neoplasms and the positive 

responses in a spectrum of tests for mutagenicity and genotoxicity suggest 

that the carcinogenic activity of these chemicals is due to genotoxic 

mechanisms. Although all of these chemicals have been listed under 

Proposition 65 in California, to better predict and assess their potential toxicity 

to humans and the environment, a full database including the toxicity, 

biotransformation/bioaccumulation, modes of action, safety and environmental 

impact is needed. 

1.2 BROMINATED FLAME RETARDANTS  

Flame retardants are a diverse group of industrial chemicals. They are 

incorporated into potentially flammable materials such as plastics, wood, paper, 

and textiles, to increase the fire resistance of the product. Usage of flame 

retardant materials dates back to about 450 BC, when the Egyptians used 
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alum to reduce the flammability of wood. The Romans (about 200 BC) used a 

mixture of alum and vinegar to reduce the combustibility of wood (Hindersinn, 

1990). From these beginnings, there are now more than 175 chemicals listed 

as flame retardants. Structurally, they represent several chemical classes. 

BFRs are currently the largest market group because of their low cost and high 

performance efficiency (Birnbaum et al., 2004). Since bromide is the major 

functioning component of a BFR, there is no particular restriction on the 

structure of the backbone. The main criteria for the usage of a compound as a 

BFR are stability during the lifetime of the product and compatibility with the 

polymer. As a result, there are more than 75 different aliphatic, aromatic and 

cyclo-aliphatic compounds used as BFRs.  

Over the past decade, the growth of global market demand for the use 

BFRs was more than 100% (Alaee et al., 2003; Alaee et al., 2002). As stated 

previously, the majority of the current global production of bromine (38%) is 

used for the manufacturing of BFRs. World widely; Asia has shown the largest 

relative increase in the production and consumption of BFRs. As of 2009, Asia 

accounted for an estimated 56% of the total market demand. The Americas 

and Europe consumed 29% and 15%, respectively. Because of this large 

increase in use, it is not surprising that BFRs are now considered as major 

environmental contaminations. Recent reports have demonstrated that BFRs 

exist in the environment far from the locations where they are produced and/or 
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used (Alaee et al., 2002). As the concentrations of some of the BFRs are 

rapidly increasing in the environment, the potential for human exposure 

increases. Therefore, health concerns associated with BFRs are being raised 

(Birnbaum et al., 2004). 

2, 2-bis (bromomethyl)-1, 3-propanediol (BMP), known commercially as 

dibromoneopentyl-glycol, is one of BFRs extensively used in the industry. This 

chemical has been found to be a multisite carcinogen in rodents (Dunnick et al., 

1997; NTP, 1996) in two-year carcinogensis studies conducted by NTP. 

However, in contrast with other high-production-volume BFRs, the current 

toxicology database of BMP is limited. The following sections will give a brief 

overview of this brominated flame retardant--BMP. 

1.2.1 Chemical characteristics 

BMP has a simple aliphatic neopentyl structure. It contains two free 

hydroxyl groups and two bromines bonded to the carbon adjacent to the 

central carbon which has no hydrogens (Fig 1.2). This unique chemical 

structure renders the compound resistant to dehydrobromination at elevated 

temperatures or by photodegradation. The hydroxyl groups are reactive sites 

that allow for polymerization because they readily react with organic acids or 

epoxides to form esters and with isocyanates to form urethanes. BMP also 

reacts with aldehydes and ketones to form cyclic acetals or ketals, or with 
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phosphorus oxyhalides to form cyclic phosphates or phosphites (NTP, 1996).  

BMP exists as a solid white compound with a mild musty odor at room 

temperature. It is very soluble in organic solvents (acetone, ethanol, ether etc.) 

with relatively low solubility in water (38 g/L at 25°C). It has a melting point of 

75° to 113°C depending on purity (NTP, 2011b). Physi cal and chemical 

properties of BMP are listed in the following table (Table 1.1) 

 

 
Figure 1.2  Chemical structure of 2, 2-Bis (bromomethyl)-1, 3-propanediol, 
*: location of [14C] radiolabel used in the studies presented in this dissertation 
 
Alternate names: 2, 2-Bis (bromomethyl) propane-1, 3-diol; 1, 3-Dibromo-2, 
2-dihydroxymethylpropane; Pentaerythritol dibromide; 
dibromoneopentyl-glycol 
 
CAS No. 3296-90-0 
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Table 1.1  Physical and chemical properties of BMP 
Property Information 
Molecular weight (C5H10Br2O2) 261.9 
Melting point 111°C to 113°C 
Log Kow 2.29 
Water solubility  38 g/L at 25°C 
Vapor pressure 1.3 × 10–5 mm Hg at 25°C 
Dissociation constant (pKa) 13.57 
Sources: NTP Report on Carcinogen 2011(NTP, 2011b). 

1.2.2 Source of production  

BMP can be produced by replacement of the hydroxyl groups of 

pentaerythritol with bromide (NTP, 1996). Annual U.S. production of BMP was 

increased from 5,000 pounds in 1977 to 4 million pounds in 1983 (NTP, 1996). 

U.S. EPA has included BMP as a high-production-volume chemical in 1990, 

indicating that annual production exceeded 1 million pounds (EPA, 2006). In 

2009, BMP was produced by one manufacturer each in the United States, 

Middle East, and China and was available from 14 suppliers, seven of which 

were U.S. suppliers (IARC, 2000). 

1.2.3 Application  

BMP is used as a flame retardant in unsaturated polyester resins, 

molded products, rigid polyurethane foam, and as an additive in the 

manufacture of plastic polymers (Larsen, 1969). BMP is also used as a 

chemical intermediate in the production of other flame retardants. 
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1.2.4 Environmental fate and human exposure 

The high production of BMP has resulted in environmental contamination. 

It has been identified in dust particles and wastewater (EPA, 1983). Once in 

the environment, BMP is slowly degraded because the rate of hydrolysis and 

atmospheric photo-oxidation is low (EPA, 2011). If released to air, BMP is 

expected to exist in both vapor and particulate phase. The half-life of the vapor 

phase is estimated to be two days. If released to water, BMP is expected to be 

absorbed to sediments and suspended solids and not to volatilize from the 

surface of the water. Its half life in groundwater is estimated to be over 100 

years (Ezra et al., 2010; Ezra et al., 2006). Due to its persistence in the 

environment, humans may be exposed to BMP by multiple routes such as 

inhalation, oral and dermal contact (NTP, 1996). Consumer exposure may 

occur as a result of release from products containing BMP. Occupational 

exposure to BMP may occur in industries where it is produced or used. 

However, the exact exposure level of humans to BMP is not known at this time 

(NTP, 2011b). Also, there is no established regulatory standard of BMP in 

drinking water or air.  

1.2.5 Disposition and metabolism in mammals 

In a two year lifetime oncogenicity study conducted by the Dow Chemical 

Co., BMP was not detected in tissues of Sprague-Dawley (SD) rats orally 
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administered 5 or 100 mg/kg/day (as the BFR product FR-1138). However, 

there was a statistically increased level of bromide in the liver, kidney, fat, and 

serum of male rats that received the 100 mg/kg/day dose. The concentration of 

bromide in the liver was comparable to the concentration in serum. Bromide 

level in kidneys was 1.5 fold of serum/liver levels (Keyes et al., 1980). 

Studies to characterize the dispositional and metabolic fate of BMP 

following oral and IV administration to male Fischer-344 (F-344) rats have 

been investigated in our laboratory (Hoehle et al., 2009). Twelve hours after a 

single oral dose of BMP (10 mg/kg or 100 mg/kg), more than 80% of the low 

dose and 48% of the high dose had been excreted in the urine, predominately 

as a monoglucuronide metabolite. This BMP glucuronide is primarily exported 

into the bile, but it undergoes enterohepatic recycling, which results in its 

subsequent elimination in the urine. At oral doses of 100 mg/kg or higher 

(150-600 mg/kg), the rate of excretion in the urine was slower than that of a 

dose of 10 mg/kg. The total amount of radioactivity remaining in tissues at 72 h 

after a single oral administration of BMP (100 mg/kg) was less than 1% of the 

dose. Repeated daily oral doses (100 mg/kg) for 5 or 10 days did not lead to 

retention of [14C]-BMP equivalents in tissues and the route and rate of 

elimination were similar to those obtained after single administrations of BMP. 

After intravenous administration, the radiolabel found in blood decreased 

rapidly. Excretion profiles were similar to those after oral administration. In all 
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studies, the radioactivity recovered in the feces was low (<15%). The results of 

this in vivo study indicated that BMP is rapidly absorbed from GI tract into the 

portal circulation and efficiently metabolized in the liver to a glucuronide 

conjugate in F-344 rats. This conjugate metabolite is primarily excreted in the 

urine. Due to the extensive metabolism, the likelihood of systemic exposure of 

BMP after ingestion of BMP is low. However, the decreased elimination rate of 

BMP glucuronide observed at higher does may suggest the relevant metabolic 

enzymes (Uridine 5'-diphospho-glucuronosyltransferase, UGT) could be 

saturated dose-dependently.  

Because glucuronidation is the key metabolic transformation of BMP by 

rats, an in vitro study compared the hepatic glucuronidation of BMP across 

several species (Rad et al., 2010). The rate of hepatic microsomal 

glucuronidation activity of BMP was rats/mice >> hamsters>> monkeys>> 

humans. Specifically, the rate of glucuronidation by rat hepatic microsomes 

was 90-fold greater than that of human hepatic microsomes. Also, 

BMP-monoglucuronide was the only metabolite formed when BMP was 

incubated with suspension of freshly isolated rat hepatocytes or with 

cryopreserved human hepatocytes. Glucuronidation of BMP in human 

hepatocytes was extremely low. These results support in vivo studies in rats in 

which BMP-glucuronide was the only metabolite found. The poor 

glucuronidation capacity of humans for BMP suggests that the 
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pharmacokinetic profile of BMP in humans will be dramatically different than 

that of rodents.  

1.2.6 Toxicity in mammals  

1.2.6.1 Acute oral toxicity  

When administered orally, the acute toxicity of BMP in rats is low. LD50 is 

determined to be 3458 mg/kg (Keyes et al., 1980).  

1.2.6.2 Repeated-dose toxicity  

BMP has been reported to be a reproductive toxicant in Swiss (CD-1) 

mice and to caused kidney and urinary bladder lesions in F-344 rats and 

B6C3F1 mice when repeated oral administration applied.  

A continuous breeding protocol was used to evaluate the reproductive 

toxicity of BMP (purity approximately 87.3%) in CD-1 mice (Treinen et al., 

1989). BMP was administrated at concentrations of 0.1, 0.2 or 0.4% in feed 

(corresponding to 0, 141, 274 or 589 mg/kg/day for male mice and 0, 120, 240 

or 480 mg/kg/day for females). The exposure duration was for 7 days 

pre-mating followed by 14 weeks co-habitation period. A statistically significant 

(p≤0.05) and dose-related decrease in body weight gain was seen in adult F0 

male and female mice at concentrations of 0.2% and 0.4%. Although the 

fertility index was unaffected in the high-dose group, BMP exposure 

significantly decreased the numbers of litters per pair, pups born alive per litter, 
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and pup weight. Crossover mating between treated and control (F0) animals 

indicated a specific effect only on female reproductive capacity. Sperm 

concentration, motility, morphology and estrual cyclicity were unaffected by 

BMP exposure. The effect of BMP on F1 generation fertility, body and organ 

weights, sperm parameters and estrual cyclicity was the same as that for F0 

animals. The no observed adverse effect levels (NOAEL) determined in this 

study were NOAELF0 (systemic toxicity) 120/141 mg/kg/day for females/males; 

NOAELF0 (maternal toxicity) 120 mg/kg/day, female and NOAELF1 

(developmental toxicity) 120 mg/kg/day, female. 

In a thirteen week sub-chronic study (Elwell et al., 1989), BMP was 

administered by oral gavage in corn oil five days per week (0, 50, 100, 200, 

400, 800 mg/kg for rats and 0, 25, 50, 100, 200 and 400 mg/kg/day for mice) or 

in the feed (0, 1250, 2500, 5000, 10,000 and 20,000 ppm for rats and 0, 625, 

1250, 2500, 5000 and 10,000 ppm for mice). There was a dose-dependent 

decrease in body weight gain in rats and mice after chemical administration. 

Several types of lesions (renal papillary necrosis, tubular cell regeneration of 

the renal cortex, transitional cell hyperplasia of the urinary bladder) were 

observed in the kidneys and urinary bladders of both rats and mice following 

BMP exposure. In this study, the NOAEL that were reported are: 200 mg/kg 

(gavage) or 2500 ppm (diet) for rats and 100 mg/kg (gavage) or 625 ppm (diet) 

for male mice. NOAEL for female mice was not established because significant 
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reduced body weight gain and final body weight losses were seen at and 

above 625 ppm. The authors concluded that the kidney and urinary bladder 

are target organs when BMP is administered by gavage or the dosed-feed 

route. Mice were more sensitive than rats for the development of kidney and 

bladder lesions. Male rats and mice were more sensitive than female for the 

development of renal papillary degeneration or necrosis.  

1.2.6.3 Chronic toxicity/Carcinogenicity  

BMP was reported to be a multi-site carcinogen in both genders of F-344 

rats and B6C3F1 mice following chronic oral administration (Dunnick et al., 

1997; Elwell et al., 1989; NTP, 1996).  

In a study conducted by the Dow Chemical Co., BMP (a commercial BFR 

product FR-1138) was administered in the diet to male and female SD rats for 

two years. The test substance (FR-1138) contained 80% BMP, 8% 3-bromo-2, 

2-bis (bromomethyl) propanol, and 6% 2-(bromomethyl)-2-(hydroxymethyl)-1, 

3-propanediol. Dietary concentrations of BMP were sufficient to deliver daily 

doses of 0, 5, or 100 mg/kg/day. These doses are equivalent to 0, 0.2, and 

2.9%, respectively, of the BMP oral LD50 in male rats. BMP administration had 

no effect on food consumption, weight gain, clinical signs, or survival of the 

rats, suggesting that the animals tolerated these doses. At the termination of 

the study, representative samples of all major organs of all surviving rats were 

necropsied. Degenerative changes in the liver and lens of the eye were 
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attributed to treatment. Upon statistical analysis of tumors found in both control 

and treated groups of rats, it was concluded that no treatment-related 

neoplasms were observed in rats of either sex (Keyes et al., 1980). 

NTP conducted a two-year dietary study in both sex of F-344 rats and 

B6C3F1 mice to evaluate the chronic toxicity of BMP (Dunnick et al., 1997; 

NTP, 1996). BMP (technical grade, 80% purity) was administered continuously 

in the diet to rats at doses of 0, 2500, 5000 or 10,000 ppm (delivering 

approximately 0, 100, 200, 400 mg/kg/day) and to mice at dose of 0, 312, 625, 

or 1250 ppm (delivering approximately 0, 12.5, 25 and 50 mg/kg/day). An 

additional recovery group of male rats received the chemical for three months 

at 20,000 ppm (delivering approximately 1000 mg/kg/day), followed by 

maintenance on a control diet for up to two years. Results showed BMP 

significantly increased incidences of neoplasms of the skin, subcutaneous 

tissue, mammary gland, Zymbal gland, oral cavity, esophagus, forestomach, 

small and large intestines, mesothelium, urinary bladder, lung, thyroid gland, 

seminal vesicle and mononuclear cell leukemia in male F344 rats and 

incidences of neoplasms of the oral cavity, esophagus, mammary gland, and 

thyroid gland in females. Similar studies in B6C3F1 mice found increased 

incidences of neoplasms of the harderian gland, lung, and kidney in males and 

neoplasms of the harderian gland, lung, and subcutaneous tissue in females. 

In this two year study, NOAEL values were not achieved. The carcinogenic 
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effects of BMP were observed even at the lowest dose. The treatment-related 

increased incidences were more apparent at higher exposure levels. The 

recovery study found neoplasms at the same sites as in the two-year study of 

male F344 rats described above. Higher incidences of neoplasms of the oral 

cavity, forestomach, small intestine, large intestine, lung, Zymbal gland, thyroid 

gland, and mesothelium were observed in the recovery study than did the 

two-year study. These neoplasms were considered to be related to BMP 

exposure. Based on the results of these studies in rats and mice, the NTP 

report concluded that BMP is a carcinogen in rodents and it could reasonably 

be anticipated to be a human carcinogen (NTP, 2011b).  

Currently there are no published case reports or epidemiological studies 

of human cancer associated with BMP exposure. Also, no information is 

available on BMP-induced toxicity in humans from any sources including 

specific occupational exposure scenarios, such as production of flame 

retarded resins (NIOSH, 1995). 

1.2.6.4 Genetic toxicity  

1.2.6.4.1 Prokaryotic systems 

In a reverse mutation assay (EPA, 2011), various Salmonella 

typhimurium strains were exposed to BMP (purity 99.5%) at concentrations up 

to 5000 µg/plate with and without metabolic activation. The metabolic 

activation systems used in this assay were: rat (Aroclor induced) or hamster 
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liver S9 (uninduced). Positive responses were only observed in strains TA100 

and TA1535 in the presence of 30% hamster liver S9 (uninduced) metabolic 

activation. 

The NTP also conducted two studies to test the mutagenicity of BMP in 

Salmonella typhimurium assays. In the first assay, BMP (technical grade, 

purity approximately 80%) was tested at concentrations ranging from 10 to 

10,000 µg/plate with or without metabolic activation by 10% S9 liver 

homogenate from Aroclor 1254-induced rats or hamsters. BMP was 

non-mutagenic in all S. typhimurium strains tested with or without metabolic 

activation in this assay (Mortelmans et al., 1986). In the second assay (Zeiger 

et al., 1992), the mutagenicity of BMP (analyzed purity of 84%) was tested at 

concentrations ranging from 10 to 6,666 µg/plate with or without metabolic 

activation by 30% Aroclor 1254-induced hamster or rat liver S9. BMP was 

mutagenic in strain TA100 only in the presence of 30% liver S9 from 

Aroclor-1254-induced male Syrian hamsters. BMP was not mutagenic in other 

S. typhimurium strains without metabolic activation, or with 30% rat liver S9 

metabolic activation.  

From the above summary, inconsistent results from the mutagenic assay 

were observed. But the weight of evidences suggests that the condition 

required to observe the positive response in mutagenic assay is highly 

specific.  
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1.2.6.4.2 Mammalian systems in vitro 

In cytogenetic tests with Chinese hamster ovary (CHO) cells, BMP did 

not induce sister chromatid exchanges (SCEs) with or without metabolic 

activation. However, a dose dependent increase in chromosomal aberrations 

(CA) was observed in CHO cells treated with BMP at doses ranging from 400 

to 700 µg/ml in the presence of induced rat liver S9 (Galloway et al., 1987). A 

majority of the breaks were located in the heterochromatic region of the long 

arm of the X chromosome. The reason for this preferential breakage is not 

known. Also the type of aberration observed with BMP was considered 

unusual by the researchers because most chemicals which induce CA also 

induce SCEs.  

1.2.6.4.3 Mammalian systems in vivo 

BMP was also shown to be genotoxic in vivo (MacGregor et al., 1990). 

Significant increases in micronucleated polychromatic erythrocytes were 

observed in peripheral blood samples obtained from male and female mice 

exposed for 13 weeks in the diet to BMP (625 to 10,000 ppm). These 

increases were observed in the two highest dose groups of male mice (5000 

and 10000 ppm) and the three highest dose groups of female (2500 to 10000 

ppm). These intakes provided daily doses of 200 and 400 mg/kg/day for male 

mice and 100-400 mg/kg/day for female mice. The mouse micronucleus test 

was repeated with male and female mice administered a single intraperitoneal 
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injection (150, 300, or 600 mg/kg) of BMP. Bone marrow samples were taken 

48 h after dosing. Female mice, but not male mice, showed statistically 

significant increases in the frequency of micronucleated bone marrow cells.  

In conclusion, the results of toxicity studies demonstrated that 

repeated-dosing (7 days-14 weeks) with BMP impaired fertility in female mice 

in both the F0 and F1 generations and induced kidney and urinary bladder 

lesions in both genders of rats and mice. In the two year NTP chronic bioassay, 

both genders of rats (F-344) and mice (B6C3F1) exposed to BMP developed 

neoplastic lesions at a number of sites. However, in another two year bioassay, 

SD rats exposed a dose common to both studies (100 mg/kg), not develop 

tumors. The weight of evidence suggests that BMP is not mutagenic in 

standard Salmonella typhimurium assays. Only under unusual conditions of 

metabolic activation was small increase in revertants observed (30% Aroclor 

1254 induced male hamster liver S9). BMP did cause chromosomal 

aberrations in CHO cells and micronuclei formation in erythrocytes of male and 

female mice. Therefore, the reported data on BMP support the hypothesis that 

it is genotoxic both in vivo and in vitro.  

1.3 CHEMICAL INDUCED CARCINOGENESIS  

1.3.1 Multistage of chemical induced carcinogenesis  

Studies conducted using animal models, “in vitro” assays and 
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epidemiologic studies have enabled investigators to conclude that neoplasic 

pathogenesis is a complex process which can be divided into three stages: 

initiation, promotion and progression (Cohen, 1991; Gonzalez, 2001; Yuspa et 

al., 1988). This is referred to as the multistage model of chemical 

carcinogenesis. Fig 1.3 demonstrates this multistage model. It reflects both 

genetic and epigenetic alterations that drive the progressive transformation 

from normal cells into highly malignant tumor cells. Changes in the genome’s 

structure occur across the three stages of neoplasic development. During the 

initiation and promotion, apoptosis and cell proliferation can occur at different 

rates while remaining balanced. This balance is modified during progression 

and from there malignancy arises (Luch, 2005; Pitot et al., 1991; Simons, 

1995). 

 
Figure 1.3  Multistep nature of chemical induced carcinogenesis. Figure is 
modified based on the illustrations from (Luch, 2005) and (Wang et al., 2002).  
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1.3.1.1 Initiation  

The first stage of carcinogenesis is referred as initiation. This phase 

starts with the irreversible genetic alterations which predispose susceptible 

normal cells to malignant evolution and immortality (Farber, 1984a; Visvader, 

2011). DNA is the repository of genetic information in each living cell. Thus, its 

integrity and stability are essential to life. However, DNA is not inert; rather, it is 

a chemical entity subject to assaults from the environment. There are a 

number of complex and diverse factors that can damage the DNA from two 

main sources. First, environmental agents such like ultraviolet (UV) component 

of sunlight, ionizing radiation and numerous genotoxic chemicals cause 

alterations in DNA structure. These structural alterations include DNA adducts 

(formation of covalent binding between chemical and DNA), DNA single or 

double strand breaks and DNA double strand cross-links (Alexandrov et al., 

2010; Enoch et al., 2010). Second, byproducts of regular cell metabolism are 

also a constant threat to DNA integrity. Among them are reactive oxygen 

species (ROS) coming from oxidative respiration and products of lipid 

peroxidation or through redox-cycling events involving environmental toxins 

and heavy metals. DNA damage caused by ROS generate a large variety of 

lesions spanning from base and sugar damage to DNA strand breaks and 

DNA-protein cross-links (Klaunig et al., 2011; Ziech et al., 2010; Ziech et al., 

2011).These DNA lesions, if not repaired properly, may lead to mutations, 
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which can lead to a number of lesions, most importantly cancer. Therefore, 

DNA damage may represent the first molecular step of chemical induced 

carcinogenesis.  

It should be emphasized that metabolic activation is a common 

mechanism involved in the initiation process of chemical induced 

carcinogenesis. In early studies by Millers et al (DeBaun et al., 1970; Miller, 

1977), an aromatic amide, 2-acetylaminofluorene, was demonstrated to 

metabolic activation to a reactive electrophile. This electrophile formed DNA 

adducts which ultimately lead to mutations. Since then, metabolic activation 

has been a mainstay of carcinogenesis research. A variety of metabolic 

processes have been identified and the role of biotransformation has become 

an integral part of research in chemical carcinogenesis (Gonzalez et al., 2001). 

It has also become apparent that nearly all chemicals undergo metabolism 

through several competing enzyme pathways with differences in kinetics and 

saturation levels (Guengerich, 2000). Although some of metabolic processes 

lead to activation, many actually lead to inactivation of the chemicals by 

increasing aqueous solubility. For example, Phase II reactions generally result 

in the conjugation of the intermediate active metabolite with a water-soluble 

compound that can be excreted through urine or bile. Thus, exposure to any 

chemical involves competing metabolic pathways for activation versus 

inactivation. Chemicals that are DNA reactive, either directly or following 



45 
 

 

metabolic activation, and eventually lead to irreversible genetic alterations are 

termed as initiators. The effect of initiators appears to be additive. If a dose of 

the initiator was fractioned into multiple parts but the cumulative amount 

administered remained the same, similar tumor incidences and numbers were 

induced (Cohen et al., 2011). 

Since the effects of DNA damages are usually adverse, eukaryotic 

organisms have evolved to develop effective molecular mechanisms (named 

DNA damage responses) to detect and repair DNA lesions. If the extent of 

DNA damage is low to moderate, cells will initiate survival pathways including 

cell cycle arrest, DNA damage repair and activation of a transcript response to 

counteract the deleterious effects. If the damage is massive and cannot be 

repaired, cells will initiate the programmed cell death process to eliminate 

these damaged or deregulated cells. These multifaceted DNA damage 

responses serve as a barrier to guard against genetic instability and delay or 

prevent cancer initiation. Mutations or repair errors compromising this barrier 

might lead to the irreversible genetic alterations and initiate the carcinogenesis 

process (Bartkova et al., 2005).  

1.3.1.2 Promotion  

Studies in animal models demonstrated that promotion involves colonial 

expansion of initiated cells to form benign lesions (Beremblum, 1947). These 

initiated or transformed cells have inherited molecular alterations that allow 
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them to escape normal cell divisional processes. The genetic and epigenetic 

alterations will lead to changes of gene expression, defects in growth control or 

programmed cell death and resistance to cytotoxicity. As a result, the initiated 

cells are selectively proliferated and developed (Kensler et al., 1984; Schreiber 

et al., 2011; Slaga, 1983). Human cells may require four to five such events to 

progress to malignancy (Hanahan et al., 2000). However, until a malignancy 

forms, the alterations that occur in the promotion process may be reversible. 

This is a key characteristic of promotion that distinguishes itself from the 

stages of initiation and progression. In contrast to initiators, promoters are 

chemicals that are non-DNA-reactive and do not initiate carcinogenesis 

independently. They produce their effects by increasing cell proliferation and 

potentate the genotoxic effects of initiators. The dose of the promoter was 

found not to be additive (Cohen, 2004; Weisburger et al., 1981). There 

appeared to be a specific minimum fractional exposure that was required for 

promotion to occur, i.e., a threshold.  

1.3.1.3 Progression  

Progression is the step that converts the benign lesions formed in the 

promotion stage to malignancy. In progression, further genetic and epigenetic 

alterations accumulate in the cells to form a neoplasic phenotype. This 

phenotype is characterized by irreversible genetic instability, control-less 

growth, ability to invade and metastasize, and changes in the biochemical, 
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metabolic and morphological characteristics of cells (Jackson et al., 1998a; 

Jackson et al., 1998b; Klaunig et al., 2000; Loeb, 1998). These changes 

continue to evolve during the stage of progression. Depending on the cell type 

that has undergone initiation/promotion, progression ultimately produces a 

cellular neoplasm with the potential for metastasis. (Nowell, 1986).  

1.3.2 Classification of carcinogen 

1.3.2.1 Complete versus incomplete carcinogen  

Chemicals are classified as a complete or incomplete carcinogen 

according to the function of their participation in each stage of the 

carcinogenesis pathways. In this way, incomplete carcinogens are mutagenic 

chemicals that instigate irreversible DNA damage. A complete carcinogen 

displays properties of both initiators and promoters simultaneously depending 

on the dosage and exposure time (Cohen et al., 2011; Farber, 1984b; Pitot et 

al., 1991).  

1.3.2.2 Genotoxic versus non-genotoxic carcinogen  

Most documented distinction between classes of carcinogens is based 

on their ability to generate DNA reactivity. Weisburger and Williams 

(Weisburger et al., 1981) were the first to state that there were essentially two 

classes of chemical carcinogens. These are genotoxic and non-genotoxic 

carcinogens and differ according to their mechanisms of action. Genotoxic 
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carcinogens can directly or indirectly (metabolic activation) react with DNA and 

change a cell’s genetic information. They usually are mutagenic in in vitro 

assays and present dose dependent effects on genotoxic evaluations. They 

may affect several animal species and damage different organs. Normally 

genotoxic carcinogens are initiators in the multistage carcinogenesis model. 

Non-genotoxic carcinogens usually act as promoters. They do not react with 

DNA but rather modulate growth and cell death, increase the number of DNA 

replications and potentiate the effects of genotoxic compounds. Their effects 

are tissue and species specific and are limited by their concentrations. In 

addition, these compounds may show negative responses in mutagenicity 

assays and do not have a direct correlation between structure and activity 

(Ashby et al., 1988; Oliveira et al., 2007).  

This dichotomy to separate chemicals as genotoxic and non-genotoxic 

carcinogens is the basis for classification of chemical carcinogens. It forms the 

basis for assessing the potential risks to humans in regulatory decision making 

process.  

1.4 STATEMENT OF THE PROBLEM  

The widespread production and use of BMP, as well as evidence that it is 

a contaminate present in dust and water, heighten the importance of 

understanding the potential risk of mammalian exposure to BMP. Although 
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BMP has been evaluated in the carcinogenicity test by NTP, its current 

toxicology database is very limited. Especially, little information on the mode of 

action for BMP induced carcinogenesis is available.  

To reveal the potential mechanisms involved in the carcinogenic effects 

of BMP, a preliminary microarray analysis which profiles the genome-scale 

gene expression following BMP exposure was performed. In this study, the 

effects of BMP on the gene expression in the bladders of B6C3F1 mice were 

determined using Affymetrix mouse ST arrays after 6 h of dosing (300 mg/kg, 

PO). The differential expression levels of genes between BMP- and vehicle- 

treated mice are illustrated in the M/A plot (Fig 1.4). In this plot, genes with 

similar expression levels following BMP and vehicle treatment will appear 

around the horizontal line y = 0. Points off this line (y = 0) indicate altered gene 

expression. The gene expression profile shows most genes were up-regulated 

by BMP in mice bladder as most points are located on the upper side of the 

horizontal line (y=0). Subsequently, the annotation groups of the up-regulated 

genes were reviewed. Results indicated that BMP treated mice demonstrated 

an up-regulation of genes known to be involved in cell cycling, apoptosis, DNA 

damage/repair and stress. All of these cellular processes are recognized as 

responses that can occur in cells following DNA damage by endogenous or 

exogenous insults. Summaries of the most notable increases in genes 

associated with each category are shown in Table 1.2. In addition, 
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bioinformatics analyses indicated that a number of genes related to 

redox-cycling and oxidative stress were highly up-regulated in bladders of 

mice following BMP treatment (Table 1.3).  

 

 

Figure 1.4  A M/A plot of data from microarrays containing genes extracted 
from the bladders of mice treated with BMP (300 mg/kg, PO) or vehicle for 6 h, 
N=3.R= Red, G=Green.  
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Table 1.2  Summary of the up-regulated genes in bladder tissue from female 
B6C3F1 mice treated with BMP (300 mg/kg, 6 h post dose). 
Category Gene description * Fold change 

vs. Control 

Apoptosis 
Heat shock protein 1B 8 
Glutamate-cysteine ligase 8 
B-cell leukemia/lymphoma 3 4 

   

Cell cycle 
Cyclin-dependent kinase inhibitor 1A 3 
Growth arrest and DNA-damage inducible 45β 3 
Vascular endothelial growth factor A 2 

   

Stress 
Glutamate cysteine ligase 8 
Glutathione synthetase 5 
Glutathione peroxidise 2 5 

   

DNA repair 
Polymerase (DNA-directed) 2 
Growth arrest and DNA-damage inducible 45 γ 2 
Three prime repair exonuclease 2 2 

*Three most notable changed genes are listed in each category 

 

 

 

 

Table 1.3  Up-regulation of redox gene expression in bladder tissue from 
female B6C3F1 mice treated with BMP (300 mg/kg, 6 h post dose). 

Gene ID Description Induction 
(fold change vs. control) 

Hmox1 Heme oxygenase (decycling) 1                                 46 
Gsta1 Glutathione S-transferase                                             8 
Gsta2 Glutathione S-transferase                                             8 
Txnrd1 Thioredoxin reductase                                                    5 
Gss Glutathione synthetase                                                    5 
Gclm Glutathione –cysteine ligase                                            5 
Gpx2 Glutathione peroxidase 2                                                 5 
Mt2 Metallothionein 2                                                             5 
Gsr1 Glutathione reductase 1                                                 4 
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To elucidate the possible modes of action implicated in the 

carcinogenicity of BMP, the studies presented in this dissertation will 

investigate BMP induced DNA damage and determine the binding of BMP to 

DNA, which are the key events  occurring during the initiation phase in 

chemical induced carcinogenesis. Since urinary bladder was one of the target 

tissues in rodents, the major model used to assess the genotoxicity endpoints 

is an immortalized, non-malignant human urothelial cell line (UROtsa cells). 

This cell line has been used as an effective model for studies on human 

bladder transitional epithelium and for investigation of both acute and chronic 

arsenic-induced cellular insults (Eblin et al., 2008; Rossi et al., 2001; Sens et 

al., 2004). Because the expression of a number of redox associated genes 

were up-regulated following BMP exposure, particular emphasis will be placed 

on the role of oxidative stress in BMP induced DNA damage. In addition, why 

target cells (UROtsa) are more susceptible to BMP induced genotoxicity will 

also be investigated using rat primary hepatocytes as the non-target cells.  
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1.5 RESEARCH HYPOTHESIS  

Based on the results of the NTP two year carcinogenesis study (Dunnick 

et al., 1997; NTP, 1996) and the preliminary microarray study mentioned above, 

the central hypothesis of this dissertation research is that BMP is a genotoxic 

compound as a result of causing oxidative DNA lesio ns and binding to 

DNA. The major research objectives to test this hypothesis are outlined as 

below.  

Aim 1: investigate DNA strand breaks induced by BMP 

Aim 2: measure the binding of [14C]-BMP to DNA  

Aim 3: investigate cell susceptibility to BMP induced genotoxicity (DNA 

strand breaks and DNA binding)  
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2 MATERIALS AND METHODS 

2.1 CHEMICALS 

2.1.1 Source of BMP 

BMP (Lot No. 04119MD) was obtained from Sigma-Aldrich (St. Louis, 

MO) as a crystalline solid and stored at room temperature (RT). Stated 

chemical purity was given as 98%.  

Radioactive ([14C]-labeled) BMP (Lot No. 10426-17-34) in absolute 

ethanol (1 mCi/ml) with a reported specific activity of 65.1 mCi/mmol (247 

µCi/mg) was received from Midwest Research Institute (Kansas City, MO) and 

stored at 4°C. The radiochemical purity of BMP was reported to be 97.3% by 

HPLC-radiometric analysis. Our laboratory confirmed the radiochemical purity 

of the [14C]-BMP to be 97.1% by HPLC-radiometric analysis using a 28 min 

method (Fig 2.1). Radiochemical purity was confirmed routinely over the 

course of the studies. 
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Figure 2.1  Representative HPLC
standard. (A) Chromatogram provided by MRI (Lot No. 10426
single peak with retention time of 13.6 min was detected in our laboratory 
using the HPLC analytical methods described in Section 

2.1.2 Generation of BMP

BMP-glucuronide is not commercially available. Therefore, it was 

obtained in house by extracting it from urine samples collected from rats 

treated with [14C]-BMP or by 

microsomes (MIC, as a source of glucuronyl transferases), uridine 

diphosphoglucuronic acid (UDPGA) and [

The in vivo disposition and metabolism studies conducted in our 

laboratory indicated 

monoglucuronide conjugate 

ethyl acetate under acidic conditions was performed 
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glucuronide is not commercially available. Therefore, it was 

obtained in house by extracting it from urine samples collected from rats 
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disposition and metabolism studies conducted in our 

 that BMP was extensively excreted in the urine solely as a 

monoglucuronide conjugate (Hoehle et al., 2009). Therefore, a

ethyl acetate under acidic conditions was performed 
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BMP-glucuronide from pooled F-344 rat urine samples collected at 12 h after 

administration of a single intravenous dose of [14C]-BMP (10 mg/kg, 50 µCi/kg, 

2 ml/kg). 0.2 ml of 0.7 M glycine/HCl buffer (pH 1.2) was added to the pooled 

urine to achieve a final pH of 1.8. The mixture was subsequently extracted with 

3 × 0.5 ml aliquots of ethyl acetate, and the extract was evaporated to dryness 

under vacuum and reconstituted in methanol. After one series of extractions, 

70% of the BMP-glucuronide was recovered from the aqueous media. After a 

second series of extractions, an additional 12% of the BMP-glucuronide was 

recovered in the extract. After a third extraction only negligible amounts of 

glucuronide were detected in the extract, and no radioactivity was detected in 

the remaining aqueous residue. The specific radioactivity of extracted 

BMP-glucuronide solution was 1.32 mCi/mmol determined by liquid 

scintillation counting (LSC) analysis (Section 2.3.2). The radiochemical purities 

of generated [14C]-BMP-glucuronide by this liquid-liquid extraction method was 

determined to be 96.5% using the same HPLC-radiometric analytical method 

as BMP (Fig 2.2). However, the experimental application of this extracted 

[14C]-BMP-glucuronide was limited by its relatively low radioactivity. Therefore 

it was only used as a BMP-glucuronide standard for subsequent 

HPLC-radiometric analysis. 
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Figure 2.2  Representative HPLC-radio chromatogram of generated 
[14C]-BMP-glucuronide by liquid-liquid extraction method. A single peak with 
retention time of 12.5 min was detected using the HPLC analytical methods 
described in Section 2.3.1. Dot line: extracted [14C]-BMP-glucuronide; Solid 
line: [14C]-BMP standard (purity 97.1%).  

 

To generate BMP-glucuronide with higher specific radioactivity, 

microsomal glucuronidation of BMP(final concentration 100µM) was carried 

out in a total volume of 0.5 ml of 0.1 M phosphate buffer saline (PBS) pH 7.4 

containing hepatic MIC (1 mg/ml), alamethicin (25 µg/ml), magnesium chloride 

(MgCl2, 10 mM) and UDPGA (4 mM). In a typical incubation, the hepatic MIC 

was first mixed with alamethicin in 125 µL buffer and placed on ice for 10 min. 

Subsequently, other components including [14C]-BMP were added and the 

mixture incubated at 37 °C for up to 24 h. The incuba tion mixture was then 

transferred into the Amico Ultra-0.5 centrifugal filter devices (10 kDa MWCO, 

Millipore, Billerica, MA) and centrifuged for 30 min at 10,000 × g to remove the 

protein. The volume and radioactivity of the filtrate were measured. The 
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specific radioactivities of extracted [14C]-BMP-glucuronide varied from 49.2 

mCi/mmol to 51.5 mCi/mmol among each preparation. Control incubations 

were conducted in the same condition but with heat-denatured microsomes. 

Completion of conversion from [14C]-BMP to [14C]-BMP-glucuronide was 

confirmed by HPLC-radiometric analysis. Radiochemical purity of generated 

[14C]-BMP-glucuronide by MIC incubation method was determined to be 94.2% 

( 94.2% of the total radioactivity applied to the column eluted in a single peak) 

It had a retention time of 12.5 min when a sample was injected onto a reversed 

phase Luna C18 column (Figure 2.3). This retention time was identical to that 

of the BMP-glucuronide obtained from urine.  

Non-radiolabeled BMP-glucuronide was prepared in parallel with 

[14C]-BMP-glucuronide using the same MIC incubation method as described 

above.  

 

 

 



59 
 

 

Retention Time (min)

0 5 10 15 20 25

[14
C

] e
qu

iv
al

en
ts

200

400

600

800

1000

BMP+Heat denatured MIC 
BMP+MIC 

 
Figure 2.3  Representative HPLC-radio chromatogram of generated 
[14C]-BMP-glucuronide by hepatic MIC incubation. Dot line: a single peak with 
retention time of 12.5 min was detected in the MIC incubations using the HPLC 
analytical methods described in Section 2.3.1. Solid line: HPLC analysis of 
control incubation with heat denatured MIC demonstrated a single peak eluted 
at 13.6 min which is the retention time of [14C]-BMP standard.  

 

2.1.3 Source of other chemicals 

Hydrogen peroxide was purchased from JT baker (Phillipsburg, NJ) and 

was diluted with sterilized distilled water (dH2O) before use. Dulbecco’s 

Modified Eagle Medium (DMEM), Liver Digest Medium, Williams media E, 

Hank’s balanced salt solution (HBSS), Penicillin-Streptomycin, trypsin-EDTA, 

L-Glutamine and trypan blue were acquired from Gibco Invitrogen Corporation 

(Carlsbad, CA) and Fetal Bovine Serum (FBS) from Atlanta Biologicals 

(Lawrenceville, GA). 2’, 7’-dichlorodihydrofluorescein diacetate (H2DCFDA) 

and 5-(and-6)-carboxy-2’, 7’-dichlorofluorescein diacetate (carboxy-DCFDA) 

were obtained from Molecular Probes, Invitrogen Detection Technology 
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(Eugene, OR). Flo-Scint III and Pico-Fluor 40 scintillation cocktail solutions 

were received from PerkinElmer (Torrance, CA). Other used chemicals 

including sodium pentobarbital, UDPGA, alamethicin, ethylene glycol 

tertraacetic acid (EGTA), N-acetyl-L-cysteine (NAC), potassium bromate 

(KBrO3) etc. and general reagents were purchased from Sigma-Aldrich (St. 

Louis, MO) unless stated otherwise, and used without further purification. 

2.2 BIOLOGICAL MATERIALS 

2.2.1 Animals 

For preparation of hepatocytes, male SD rats, 10-12 weeks of age 

(250-325 g), were obtained from Harlan Laboratory Inc (Indianapolis, IN). They 

were housed in the University of Arizona Animal Care Facility (UAC) which is 

fully accredited by the Association for Assessment and Accreditation of 

Laboratory Animal Care (AAALAC). Upon receipt, the animals were taken to a 

designated animal room where they were acclimated for 5-7 days in 

polyethylene cages (two animals per cage) before being used in the 

experiments. The room temperature was maintained between 68-74 oF and 

the relative humidity between 40-60%. A light/dark cycle was maintained at 12 

hour intervals. Biannual testing for coliform and nitrates was performed by the 

UAC Diagnostics Laboratory Medical Technologist. During the acclimation 

period, rats were fed standard commercial diets (Harlan Teklad 4% rodent diet, 
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Harlan, Indianapolis, IN) and were allowed food and water ad libitum. 

2.2.2 Cells and cell culture maintenance  

2.2.2.1 UROtsa cell culture  

UROtsa cells were generously provided by Dr. A. Jay Gandolfi 

(University of Arizona). This cell line had been generated by isolation from a 

primary human bladder epithelium and immortalized with the SV-40 large T 

antigen (Rossi et al., 2001). Cell culture conditions were as previously 

described (Wnek et al., 2011). Particularly, stock cultures were maintained in a 

growth medium of DMEM containing 5% (v/v) FBS, 50 unit/ml penicillin and 50 

µg/ml streptomycin. Growth medium was changed every 3 days. Cultured cells 

were incubated in a humidified atmosphere containing 5% CO2 at 37 ˚C. 

Confluent cells were removed from plates with trypsin-EDTA (0.25%) and 

sub-cultured at approximately 5 × 105 cells/flask in 75-cm2 culture flasks. 

Results of the periodical screening test for mycoplasma contamination 

indicated all UROtsa cells used in this study were negative. 

2.2.2.2 Preparation of rat hepatocyte  

Rat hepatocytes were isolated in Dr. Nathan Cherrington's laboratory 

with the help of Mr. Mark Canet. The isolation procedure used a two step 

perfusion method as described in Pritchett, et al (Pritchett et al., 2002). Briefly, 

male SD rats were anesthetized with sodium pentobarbital (i.p. 50 mg/kg). The 
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portal veins were cannulated with a vaccutainer blood collection needle and 

clamped with a stainless steel clamp. Following cannulation, the diaphragms 

were cut and the livers were perfused for 4 min at a rate of 40 ml/min with 

HBSS containing EGTA (1 mM) and HEPES (20 mM). The inferior vena cava 

was then cut and the livers were then perfused with a liver digest media 

(GIBCO, Cat. No.: 17703) and give for 6.5 min at a rate of 20 ml/min. Following 

these perfusions the livers were removed and dissociated by massaging 

through sterile gauze attached to a sterile beaker. Hepatocytes were isolated 

by slow speed centrifugation (50 x g for 3 min, 2 times) in Williams media E 

complete (WMEC) which contains 20% FBS, penicillin-streptomycin (100 U/ml) 

and L-Glutamine (2 mM) in Williams media E to prevent membrane leakage. 

Cell viability was determined by mixing a small aliquot of the hepatocytes with 

trypan blue (1:1 dilution) and counting cells on a hemocytometer (Hausser 

Scientific, Horsham, PA ) under an optical microscope (OLYMPUS, CKX31, 

Tokyo, Japan). Only those cell preparations with >80% viability (as determined 

by trypan blue exclusion) were used for primary culture. 

Hepatocytes were diluted to the appropriate concentrations (5 × 105 

cells/ml) in WMEC for suspension incubation for short time exposure (1 h) of 

BMP. For long time (24 h) exposure, isolated hepatocytes were subject to low 

speed centrifugation (50 x g for 10 min) to remove the WMEC and 

re-suspended in a plating medium containing 10% FBS, 10 µg/ml insulin, 100 
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U/ml penicillin and 10 µg/ml streptomycin in DMEM. Then hepatocytes were 

plated in the 6-well cell culture plate at concentration of 5 × 105 cells/ml. 

Following the plating procedure in a humidified atmosphere containing 5% 

CO2 at 37 ˚C overnight, cells were dosed at the second day. Medium with 

suspended dead cells was removed before dosing and fresh medium was 

loaded. 

2.2.2.3 Hepatic microsomes  

Pooled hepatic microsomes (MIC) isolated from male F-344 rats (pool of 

100 untreated animals, Lot No. 0210107) were obtained from XenoTech 

(Lenexa, KS). Upon receipt, the stock MIC (20 mg protein /ml) was aliquoted 

and stored at -80 °C. The hepatic MIC aliquot was fast thawed and diluted to 

appropriate concentrations by ice cold potassium phosphate buffer in the 

experiment. All remaining diluted MIC was discarded at the end of the 

experiment.  

2.2.2.4 Calf thymus DNA  

Type XV Calf thymus DNA (CT-DNA) was obtained from Sigma-Aldrich 

(St. Louis, MO) as lyophilized powder. A CT-DNA stock solution (2.5 mg/ml) 

was created by dissolving the lyophilized DNA powder in PBS and stored at 

-20 °C. CT-DNA used in the experiments was diluted from this stock solution. 

2.2.2.5 Antibodies and enzymes  

Nrf2 (rabbit polyclonal), PARP-1 (rabbit polyclonal), Cox-2 (rabbit 
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polyclonal), VEGF (mouse monoclonal) and β-actin (mouse monoclonal) were 

purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). HSP70 

(mouse monoclonal) antibodies was obtained from EMD Bioscience, Inc. 

(Calbiochem®, San Diego, CA). Peroxidase-conjugated affinipure goat 

anti-mouse IgG (H+L) and peroxidase-conjugated affinipure goat anti-rabbit 

IgG (H+L) were purchased from Jackson Immuno-research Laboratory, Inc. 

(West Grove, PA).  

Human 8-hydroxyguanine DNA glycosylase 1(hOGG1) and related 

buffers were received from Trevigen Inc. (hOGG1 FLARE™ Module Catalog 

No. 4130-100-FM, Gaithersburg, MD). Ribonuclease A (RNAse A), Proteinase 

K and β-glucuronidase (EC3.2.1.31, Type B-1 from Bovine liver) were obtained 

from Sigma-Aldrich (St. Louis, MO).  

2.3 ANALYTICAL PROCEDURES 

2.3.1 HPLC analysis  

A method for reversed phase HPLC-radiometric analysis of [14C]-BMP 

and its metabolites was developed for qualitative and quantitative analysis of 

[14C] radiolabeled chemical entities. It was based on that reported by Hoehle et 

al (Hoehle et al., 2009). The HPLC system consisted of an Agilent 1100 

quaternary pump, thermostated column compartment, and thermostated 

autosampler (Agilent Technologies, Palo Alto, CA) coupled with an 
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flow-through β-RAM radiochemical detector (IN/US system, Tampa, FL). Prior 

to preparation of the mobile phase solutions, nanopure water was filtered 

through a 0.2 µm cellulose nitrate filter and HPLC-grade acetonitrile was 

filtered through a 0.2 µm nylon filter. The mobile phases used were as follows: 

“A”: 0.1% formic in Nanopure water; “B”: 0.1% formic acid in acetonitrile. Both 

mobile phases were thoroughly degassed before and throughout the analyses. 

The gradient chromatographic method was shown in Table 2.1 and was 

performed at a flow rate of 0.9 ml/min. 10 to 50 µl of samples were injected 

onto a 250 × 4.6 mm i.d., 5 µm reversed phase Luna C18 column coupled with 

a 4.0 × 3.0 mm i.d. SecurityGuard C18 guard cartridge (Phenomenex, 

Torrance, CA). The autosampler temperature was maintained at 10 °C and the 

column temperature was maintained at 25 °C. Data were acquired and 

analyzed using ChemStation for LC 3D (Revision: B.01.01, Agilent 

Technologies) and WinFlow software (Version 1.5; LabLogic, Sheffield, UK). 

The limit of detection (LOD) was 0.72 µg/ml. The limit of quantification (LOQ) is 

2.15 µg/ml based on the signal-to-noise of ten-to-one as the minimal signal 

determination. 
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Table 2.1  Gradient for detection of BMP and metabolites using 
HPLC-radiometric detection 

Time Solution “A”  Solution “B”  
(min)  (%) (%) 

0 90 10 
1 90 10 
13 40 40 
14 10 90 
19 10 90 
27 90 10 
28 90 10 

 

2.3.2 Total radioactivity analysis 

Aliquots or all of test samples were analyzed for total radioactivity by 

Liquid Scintillation Counting (LSC) using Beckman LS 3801 Liquid Scintillation 

Counter (Brea, CA). Triplicate aliquot of samples mixed with 15 ml of 

Picp-Flour liquid scintillation cocktail were analyzed by LSC for 2 min. If the 

results differed by more than 5% from the mean value, the samples were 

remixed and the analysis repeated using fresh aliquots, except in cases where 

insufficient sample remained. The counting data (cpm) were automatically 

converted to disintegration (dpm) using the external standardization technique 

and an instrument stored quench curve. The curve was generated from a 

series of sealed quenched standards.  

2.3.3 Western immunoblotting analysis 

UROtsa Cells were rinsed with ice cold Tris Buffer Saline (TBS) twice 
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and then lysed in a lysis buffer (10 mM Tris-HCl pH 7.4, 100 mM NaCl, 0.5% 

sodium deoxycholate, 1 mM EDTA, 1 mM EGTA, 20 mM Na4P2O7, 1mM PMSF, 

200 µM NaF, 230 nM Aprotinin, 21 µM Leupeptin and 5 mM Na orthovanadate). 

Protein assays (Bradford, 1976) were performed on cell lysates to correct for 

loading. Equal amounts of protein (30 µg) were resolved by SDS-PAGE, 

transferred onto a PVDF membrane (Bio-Rad, Hercules, CA) and 

immunoblotted for Nrf2, HSP70 and β-actin. Proteins were visualized by 

Visiglo HRP chemilum substrate kit (Amresco, Solon, OH) on genemate blue 

autoradiography films (ISC Bioexpress, Kaysville, UT). Images were quantified 

using the ImageJ software (NIH, USA). Each measured protein was 

normalized to the loading control β-actin. 

2.3.4 DNA quantification 

Extracted DNA was well dissolved in dH2O (20-50 µl). DNA content and 

purity in this homogenized solution were quantified three times from its UV 

absorption spectrum recorded at 260 nm using NanoDrop 2000C 

Spectrophotometers (Thermo Fisher Scientific, Wilmington, DE). The average 

of three measurements was used to calculate the amount of DNA. The protein 

content of the DNA preparation was determined to be less than 0.1% judged 

by the ratio A 260nm : A 230nm, which was better than 2.30 (Lutz, 1979). 
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2.4 IN VITRO EXPERIMENTAL PROCEDURES 

2.4.1 BMP and BMP-glucuronide dosing 

BMP was dissolved in and serially diluted with 100% EtOH for cell culture 

dosing. [14C]-BMP dosing solutions were prepared by dissolving the 

appropriate amount of non-radiolabeled and radiolabeled compound in EtOH. 

To quantify the radioactivity in the dosing solution, six aliquots (10 µl) were 

diluted to 10 ml with methanol. 5 x 1 ml aliquots from each dilution were 

analyzed for scintillation counting. The average of these measurements was 

used to calculate the radioactivity. Dosing solutions were stored in sealed vials 

at -20 °C. Incubations were carried out from 0 to 24 h in growth medium. All 

control and treated cultures received the same final concentration of vehicle 

(0.5% EtOH). 

When the experiments required BMP-glucuronide dosing, UROtsa cells 

were exposed to the conditioned medium which was prepared by 10 fold 

dilution of BMP-glucuronide generated by hepatic MIC incubation (Section 

2.1.2). In these experiments, BMP dosing (BMP conditioned medium) was 

prepared by 10 fold dilution of heat denatured MIC incubation (Section 2.1.2) 

by fresh DMEM. Exposure time was 1 h.  
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2.4.2 Cytotoxicity assay 

Cell viability was determined using the Cell Counting Kit-8 (CCK-8, 

Dojindo Molecular Technologies, Rockville, MD) which measures the 

conversion of the highly water-soluble tetrazolium salt to formazan. The 

amount of formazan is proportional to the number of living cells. Briefly, 

UROtsa cells were seeded in 96-well plates (1 × 104 per well) and incubated in 

fresh DMEM medium at 37°C for 24 h. Then the cells we re treated with vehicle 

or various concentration of BMP (10-1500 µM). After incubation for 1, 6 and 24 

h, 10 µl of CCK-8 solution were added to each well and the plates were further 

incubated for 2 h at 37°C. The absorbance at 450 nm wa s measured with a 

microplate reader (BioTek, Winooski, VT). Cell viability following BMP and 

vehicle exposure compared to untreated (naïve) control. The results were 

expressed as the percentage of viability with respect to naïve control. 

2.4.3 Sub-cellular distribution assay 

Cells were washed with fresh cold PBS three times and collected by 0.25% 

trypsin-EDTA. Cell concentration was then determined by trypan blue cell 

counting. Nuclear and cytoplasmic fractions were prepared according to a 

method published previously (Moore et al., 1987). Briefly, aliquots of cells (1.0 

×107 cells) were allowed to swell after addition of hypotonic buffer containing 

10 mM HEPES (pH 7.9), 10 mM KCl, 1.5 mM MgCl2, 1 mM EGTA (pH 8.0), 1% 
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NP40 and 0.5 mM dithiothreitol (DTT). The cell lysates were incubated for 10 

min on ice. Outer cell membranes were then disrupted with several strokes of 

a Teflon-glass homogenizer and the completion of homogenization was 

microscopically verified by incubation with trypan blue. The cell lysates were 

centrifuged at 7200 × g for 10 min. Supernatants and the pellets were used as 

the cytoplasmic fraction and nuclear pellets, respectively. DNA was obtained 

from the exposed cells (1.0 ×107 cells) using phenol-chloroform extraction 

method as described in Section 2.4.7.2. Each fraction including intact cell, 

nuclear and cytoplasmic fraction and DNA were assayed for radioactivity by 

LCS (Section 2.3.2).  

2.4.4 Comet assay  

The single cell gel electrophoresis assay, also known as the comet assay; 

were applied to assess DNA damage induced by BMP in the cells. Standard 

and modified comet assays were done using the CometAssay® and hOGG1 

FlARE Assay kit (Trevigen, Gaithersburg, MD). UROtsa cells were seeded in 

12-well plate at 5 × 104 cells/well and maintained for 48 h until chemical 

exposure. In some cases, cells were pretreated with NAC (2mM) for 1 h before 

incubation with vehicle or BMP. Following the different treatments, cells were 

collected and quantified. On the other hand, two ml aliquots of suspended 

hepatocytes (5 × 105 cells/ml) freshly isolated from male SD rats (Section 
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2.2.2.2) was used for comet assay. Agents known to produce effects in the 

comet assay (H2O2 or KBrO3) were used as positive controls. 30 µl of cell 

suspensions were added to 200 µl low melting agarose and the cell/agarose 

mixture (50 µl) was then added to the comet slide. The slides were placed in 

the dark at 4ºC for 30 min after which they were immersed in the lysis solution 

for 35 min. Next, the slides were placed in fresh alkali solution (300 mM NaOH 

and 1mM Na2EDTA in dH2O, PH>13) for 35 min at RT. Electrophoresis was 

conducted in the same buffer at 4ºC for 35 min at 25V (0.8V/cm), 300 mA. 

Following electrophoresis, the slides were washed using dH2O and then 

immersed in 70% EtOH for 5 min. The slides were air dried and stained with 

100 µl diluted SYBR® green I for 1 h. In the hOGG1 modified assay, following 

the incubation with the lysis buffer, the slides were immersed in three changes 

of FLARE buffer for 10 min, each time at RT. Then 75 µl of hOGG1 enzyme 

solution (0.08 U/ gel) was added to the gel area and at the same time, a 

buffer-only control was also included. Gels were covered with Parafilm and 

incubated in a humidified chamber for 1 h at 37ºC. The slides were then placed 

in the alkaline solution and processed as in the standard comet assay.  

Comet slides were analyzed at 40× magnifications under an Olympus 

ImT-2 epifluorescence microscope (Center Valley, PA) equipped with an 

excitation filter of 460-500 nm, a 100W mercury lamp, a long pass filter at 515 

nm and a Hamamatsu Orca 100 digital camera (Bridgewater, NJ). The images 
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were collected using Hamamatsu SimplePCI digital imaging software 

(Sewickey, PA) and the analysis of DNA damage was performed by Comet 

Score program (V1.5, Tritek Corp). Computer generated % tail DNA (T% DNA) 

was used as the parameter to assess DNA damage. In the hOGG1 modified 

comet assay, the difference in the extent of DNA strand breaks (Net T% DNA) 

between hOGG1-treated and buffer-treated control slides was determined to 

give a quantitative measurement of hOGG1-sensitive sites. For each exposure 

group a total of 100 cells were analyzed using systemic random sampling 

(McArt et al., 2009). All experiments were repeated at least three times 

independently. 

2.4.5 Intracellular ROS measurement 

Intracellular ROS were determined by using H2DCFDA and 

carboxy-DCFDA as the sensitive non-fluorescent precursor dyes according to 

Tome et al (Tome et al., 2006). Both dyes are taken into the cells and 

enzymatically hydrolyzed by intracellular esterases. Carboxy-DCFDA will 

fluoresce once the acetate groups are removed, but H2DCFDA fluoresces only 

in the presence of ROS (H2O2, HO•). When used in cellular systems, H2DCFDA 

is generally considered as a marker of oxidative stress rather than an indicator 

of specific reactive species (Gomes et al., 2005). Cells were seeded in 96-well 

plates at 5 × 103 cells/well and incubated for 1 h at 37 ºC in serum free DMEM 
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medium containing 20 µM H2DCFDA or 1 µM carboxy-DCFDA. Afterwards, 

cells were washed twice with PBS and exposed to vehicle, BMP (10-100 µM) 

or H2O2 (100 µM) in PBS for 1 h. ROS were measured periodically using a 

fluorescent plate reader (BioTek, Winooski, VT) at an emission wavelength of 

538 nm and an excitation wavelength of 485 nm. Fluorescence due to 

H2DCFDA was corrected for the relative carboxy-DCFDA fluorescence to 

account for differences in dye uptake. ROS level was expressed as 

percentage of the fluorescence in vehicle control. 

2.4.6 Glutathione assay 

Total glutathione (GSH) content was measured by a GSH assay kit from 

Cayman Chemical (Ann Arbor, MI). The assay utilizes a carefully optimized 

enzymatic recycling method for the quantification of GSH (Rahman et al., 2006) 

and the assay methods were performed according to the instructions included 

in the kit. Briefly, following collection by centrifugation (1000 × g at 4 °C), cells 

pellets were sonicated in cold MES buffer (50 mM MES containing 1mM EDTA, 

pH 6~7). Cell lysates were centrifuged at 10,000 × g for 15 min at 4 °C and 

supernatant was collected. After estimation of total protein concentration by 

Bradford assay (Bradford, 1976), an aliquot of supernatant was deproteinized 

by adding an equal volume of 10% metaphosphoric acid. The contents were 

centrifuged at 3000 × g for 15 min and supernatant was collected. 50 µl of 
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triethanolamine (4M) was added in 1 ml of the supernatant to increase the pH 

of the sample. Finally, 50 µl of each samples was mixed with 150 µl of the 

freshly prepared assay cocktail containing glutathione reductase, cofactors 

and DTNB in the designated wells on a 96-well plate (in triplicates). Following 

25 min incubation in the dark, absorbance in the wells was measured at 412 

nm using a micro-plate reader (BioTek, Winooski, VT). The concentration of 

GSH in an unknown sample was determined by calculating from the 

regression curve generated from several standards of GSH. Results were 

expressed as nmol/mg protein.  

2.4.7 DNA covalent binding 

2.4.7.1 Filter method  

This method utilizes the Amico Ultra-0.5 centrifugal filter device (Millipore, 

Billerica, MA) with molecular weight cut off of 10 kDa to separate the 

unbound/free BMP and bound BMP with DNA. The specific radioactivity of 

[14C]-BMP used in the assay is from 4 to 50 mCi/mmol (100 µCi/ml). To reduce 

nonspecific binding, the filters were pre-incubated with 100 fold concentrated 

non-radiolabeled BMP solution for 15 min at RT. The non-radiolabeled BMP 

was then removed by centrifugation. Next, the CT-DNA (50 µg) was incubated 

with [14C]-BMP (10-125 µM) in PBS buffer (pH=7.4) on a shaking incubator for 

1 h at 37 °C. This incubation mixture was then transferred into the pre-treated 
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filters for centrifugation (14,000 × g, 30 min, RT). The high molecular CT-DNA 

on the filter was washed with 0.5 ml PBS (5~8 times) until the radioactivity in 

the washes was negligible (at background level). The radioactivity retained on 

the filter was processed for LSC analysis (Section 2.3.2). Non-specific binding 

on the filter was measured by incubating [14C]-BMP with filter at the absence of 

CT-DNA. The binding of BMP to CT-DNA was calculated when the non-specific 

binding was subtracted from the total radioactivity in each sample. The 

CT-DNA binding was assayed three independent times and each time in 

duplicates. The results are expressed as pmol [14C]-BMP /mg DNA.  

2.4.7.2 Phenol-Chloroform extraction method  

Following different dosing regimens of [14C]-BMP or 

[14C]-BMP-glucuronide, cell pellets or attached cells were washed with fresh 

cold PBS three times and lysed by DNA digestion buffer (50 mM Tris PH=7.6, 1 

mM EDTA and 1% SDS). The cell lysates were incubated with Proteinase K (1 

mg/ml) and RNase (1 mg/ml) for 1 h at 55 ˚C. DNA was extracted by the 

standard phenol/chloroform method and was precipitated by ethanol/acetate 

as described by Kirby et al. (Kirby et al., 1967). The extracted DNA was 

quantified as described in Section 2.3.4. The total radioactivity was assessed 

by LSC (Section 2.3.2). The radioactivity measured in the DNA extracted from 

the non-radiolabled chemical exposed cells is considered as the background. 

The DNA binding (pmol [14C]-BMP equivalents/mg DNA) was calculated when 
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the background was subtracted from the total radioactivity in each sample. The 

experiments were repeated three different times in triplicate. 

2.4.8 Cell-based BMP metabolism assay 

2.4.8.1 Hepatocyte incubation  

Freshly isolated rat hepatocytes in suspension (5 × 105 cells/ml) and 

plated hepatocytes (Section 2.2.2.2) were incubated with [14C]-BMP (10-250 

µM) for 1 h and 24 h, respectively. The specific activity of [14C]-BMP ranged 

from 2.1 to 50 mCi/mmol (100 µCi/ml). The incubation was performed at 37 °C 

on a shaking incubator for 1 h exposure or a cell culture incubator for 24 h 

exposure. At the end of incubation, aliquots (200 µl) of media were removed 

into centrifuge tubes and mixed with ice cold methanol (1:1). These samples 

were used to identify the BMP metabolites by HPLC analysis. Those cells 

remaining in the media were subjected to DNA extraction for DNA binding 

measurement (Section 2.4.7.2). The incubation/methanol mixture was 

centrifuged at 10,000 × g for 10 min and the supernatant were injected onto 

HPLC column (Section 2.3.1). Hepatocyte incubations were conducted in 

triplicate three independent times (i.e. hepatocytes derived from three different 

rats). TFMU (50 µM), a model substrate for glucuronyl transferases, was 

included to verify glucuronidation activity of hepatocytes.  
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2.4.8.2 UROtsa cell incubation  

UROtsa cells were seeded in 6-well plate at 5 × 105 cells/well and 

maintained for 48 h until chemical exposure. Cells were exposed to [14C]-BMP 

(10-250 µM) alone, [14C]-BMP (10-250 µM) with UDPGA (1 mM) and 

[14C]-BMP (10-250 µM) with NADPH (1 mM) for 1 or 24 h. The specific activity 

of [14C]-BMP ranged from 2.1 to 50 mCi/mmol (100 µCi/ml). The incubation 

was conducted at 37 °C in a cell culture incubator. At the end of incubation, 

aliquots (200 µl) of the medium were mixed with ice cold methanol (1:1) and 

centrifuged at 10,000 × g for 10 min. The supernatants were injected onto 

HPLC column for analysis (Section 2.3.1). The cells in the incubation were 

subjected to DNA extraction for determination of [14C]-BMP binding to DNA 

(Section 2.4.7.2). The UROtsa incubations were run in parallel with hepatocyte 

incubations. The hepatocyte incubations were used as a positive control for 

glucuronsyl transferase activity towards BMP. 

To test if UROtsa cells possess β-glucuronidase activity, cells were 

incubated with the conditioned medium containing [14C]-BMP-glucuronide (10 

µM) or [14C]-BMP (10 µM) for 24 h at 37 °C. Aliquots (200 µl) of the medium 

were then mixed with ice cold methanol (1:1) and centrifuged at 10,000 × g for 

10 min. The supernatant were analyzed by HPLC (Section 2.3.1). Incubation of 

β-glucuronidase (5000 U/ml) with the [14C]-BMP-glucuronide in DMEM for 24 h 

at 37°C with shaking were performed at the same time to validate the assay.  
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2.5 DATA ANALYSIS  

All data are presented as means ± SEM. Data sets were subjected to 

unpaired t- test or ANOVA (one-way or two-way) followed by Dunnett’s 

post-hoc analysis (GraphPad Prism 5, GraphPad software, Inc). P ≤ 0.05 was 

accepted as the level of significance. 
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3 INVESTIGATION OF DNA DAMAGE INDUCED BY 

BMP IN UROTSA CELLS 

3.1 BACKGROUND  

Induction of DNA lesions is believed to be one of the initial steps in 

chemical induced carcinogenesis. Results of previous NTP studies and the 

preliminary microarray analysis conducted in our laboratory have suggested 

that BMP causes DNA damage both in vivo and in vitro. DNA can be damaged 

by such mechanisms as a direct attack of the chemical or its metabolites or via 

events associated with oxidative stress. Oxidative products formed in DNA 

include strand breaks, abasic sites and base modifications. Within the last 

group, attention has been focused on 7, 8-dihydro-8-oxo-guanine (8-OHgua) 

as a major maker for oxidative DNA damage with a clear mutagenic potential 

(Hwang et al., 2007; van Loon et al., 2010; Ziech et al., 2010). 8-OHgua is 

formed through the oxidation of guanine at the C8 position (Cooke et al., 2003). 

It can induce G to T transversions commonly observed in mutated oncogenes 

and tumor suppressor genes (Kawanishi et al., 2006; Marnett, 2000). 

To directly measure the DNA damage induced by BMP, the single cell gel 

electrophoresis assay, also known as the comet assay was performed in 

current study. Comet assay is a sensitive and rapid method for measuring and 

analyzing DNA lesions in single mammalian cells (McKelvey-Martin et al., 
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1993; Rojas et al., 1999). In this technique, a high pH (>13) is generally used 

to facilitate DNA de-naturation and unwinding. Cells are embedded in agarose, 

lysed and electrophoresed. Intact DNA remains in place but DNA that contains 

any kind of strand break or alkali-labile sites (i.e. AP-sites or abasic sites) 

migrates in to the gel. Following staining with an intercalating dye, individual 

cells are each seen on microscopic examination to give rise to a “comet”, with 

the head containing unbroken DNA and the tail containing broken DNA. The 

percentage of DNA in the tail is used as a DNA damage parameter as it is 

proportional to the number of strand breaks. In addition, comet assay can be 

modified to measure oxidative base modifications by incubating the lysed cells 

with lesion specific glycosylases and/or endonucleases. These enzymes 

recognize particular damaged bases and create additional breaks during the 

repair process (Collins, 2009). For example, human 8-hydroxyguanine DNA 

glycosylase 1 (hOGG1) is an endonuclease that specifically removes 8-OHgua 

and is used for the detection of oxidative DNA lesions in the modified assay 

(Mihaljevic et al., 2011; Smith et al., 2006). The versatility of comet assay and 

requirement for only small number of cells make it an attractive tool for both in 

vitro and in vivo genotoxicity testing. 

Due to the lack of significant data on the mechanism of BMP induced 

carcinogenesis and since the urinary bladder was one of the target tissues in 

rat and mice, the studies presented in this chapter will investigate if BMP 
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caused DNA damage and oxidative stress in an immortalized, non-malignant 

human urothelial cell line (UROtsa cells). In these studies, the ability of BMP to 

cause DNA strand breaks and oxidative base lesions in UROtsa cells was 

characterized via both the standard and the hOGG1 modified comet assay. 

Oxidative stress and its involvement in BMP mediated genotoxicity were 

evaluated by intracellular ROS generation, expression of NF-E2 related factor 

2 (Nrf2) and Heat shock protein 70 (HSP70), as well as the protective 

capability of N-acetyl-L-cysteine (NAC), a well-established antioxidant on BMP 

induced DNA strand breaks. In addition, studies were performed to determine 

if BMP and/or its metabolite, BMP-glucuronide induced DNA strand breaks by 

comet assay. 

3.2 RESULTS 

3.2.1 Cytotoxicity of BMP in UROtsa cell culture 

Since xenobiotic induced cytotoxicity can confound interpretation of DNA 

damage evaluated in the comet assay, cell viability was determined by the 

CCK-8 assay following BMP exposure for up to 24 h at concentrations ranging 

from 10 to 1500 µM. No significant reductions in the number of viable cells 

were detected (Fig 3.1). Viability (mean value of 5 independent experiments) 

was greater than 90% in all incubations compared with naïve control. 

Therefore, significant reductions in cell viability were not observed under the 



 

conditions of these studies. 
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vehicle control at each time point.  
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Figure 3.4  The distribution of UROtsa cells with respect to different DNA 
damage levels (I~IV) following BMP (5-100 µM) and H2O2 (50 µM) treatment 
for 1 h. T%DNA represents % of DNA in the comet tail. Data are shown as mean 
from three independent experiments.  
 

3.2.3 Detection of intracellular ROS in BMP exposed  UROtsa 

cells 

To investigate whether BMP can cause oxidative stress in UROtsa cells, 

intracellular ROS was assessed by H2DCFDA fluorescence between 0 and 60 

min of incubation with BMP. BMP (10-100 µM) induced a time and 

concentration dependent increase in intracellular H2DCFDA fluorescence that 



 

reached maximum within 20 min (Fig 3

H2O2 (100 µM), the 

(data not shown).  
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versus vehicle control

3.2.4 Western analysis of stress proteins following BMP 

exposure 

To provide additional evidence that BMP induced an oxidative stress in 

UROtsa cells, subsequent cellular responses were evaluated through stress 

protein expression. UROtsa cells were incubated with BMP (10 µM) for 1, 3, 6, 

 

reached maximum within 20 min (Fig 3.5). When the cells were incubated with 

µM), the fluorescence signal was increased significantly by 10 min 

Generation of intracellular ROS in UROtsa cells exposed to BMP 
µM) for up to 1 h. H2DCFDA fluorescence signal was normalized for 

fluorescence using the following equation: H
× (carboxy-DCFDA control / carboxy-DCFDA 

results are expressed as the percentage of H2DCFDA signal with respect to 
vehicle control. Data are expressed as mean ± SEM, N= 6, *
versus vehicle control. 
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protein expression. UROtsa cells were incubated with BMP (10 µM) for 1, 3, 6, 
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18 or 24 h and the protein levels of Nrf2 and HSP70 in whole cell lysate were 

detected by western blotting analysis. Results showed both Nrf2 and HSP70 

were induced by BMP (Fig 3.6). The expression of Nrf2 was increased early 

after BMP exposure (within 3 h) and remained elevated throughout the time 

course (Fig 3.6 A). The expression of HSP70 protein was delayed and peaked 

after 6-18 h of exposure (Fig 3.6 B). These data demonstrated that a cellular 

stress response occurs in UROtsa cells at a relatively low concentration (10 

µM) of BMP. 
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Figure 3.6 The expression of 
following BMP (10µM) exposure for 1, 3, 6, 18 and 24 h
mean ± SEM, N= 4. *
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The expression of (A) Nrf2 and (B) HSP70 protein in UROtsa cells 
following BMP (10µM) exposure for 1, 3, 6, 18 and 24 h. Data are sho
mean ± SEM, N= 4. *P<0.05 versus control (0 h). 

Induction of oxidative DNA lesions by BMP 

To further elucidate the potential role of oxidative stress in BMP induced 

oxidative base damage was measured by the hOGG1 modified 

hOGG1 specifically removes the oxidized guanine (primarily 

OHgua) and leaves apurinic sites which are converted to breaks in the 

alkaline comet assay. When hOGG1 was incorporated into the assay, 

DNA strand breaks between the hOGG1-treated and 

control slides were detected at 1 h after exposure of BMP (25

here were not additional breaks in the DNA of H
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exposed UROtsa cells (Fig 3.7 A). In addition, the protective capability of NAC 

on BMP induced DNA strand breaks was also investigated. UROtsa cells were 

pre-treated with NAC (2 mM) for 1 h, after which BMP (10-100 µM) and H2O2 

(100 µM) were added in the culture medium for 1 h. NAC significantly 

decreased the extent of DNA strand breaks induced by BMP at all 

concentrations tested in the standard comet assay (Fig 3.7 B). 
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Figure 3.7  Involvement of oxidative stress in BMP mediate
Oxidative base modifications in UROtsa cells following 1
KBrO3 (2 mM) and H
comet assay. Gray Bars represent the net increase in %T
with hOGG1. (B) Protective effects of NAC (2 mM) on BMP (10
induced DNA strand breaks in UROtsa cells. Data are sh
N=3. *P<0.05 versus vehicle 
pre-treatment. 
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activity as opposed to a direct interaction with BMP, 
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Involvement of oxidative stress in BMP mediated DNA damage. (A) 
Oxidative base modifications in UROtsa cells following 1 h of BMP (25

mM) and H2O2 (100 µM) exposure measured by hOGG1 modified 
Gray Bars represent the net increase in %TDNA

Protective effects of NAC (2 mM) on BMP (10
induced DNA strand breaks in UROtsa cells. Data are shown as 

versus vehicle control, #P<0.05 versus cells without NAC 

To ensure that the protective role of NAC was due to its antioxidant 

activity as opposed to a direct interaction with BMP, NAC (2 mM) was 
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cell culture medium. The medium was then subjected to HPLC analysis. 

Representative radio chromatograms from these incubations are shown in Fig 

3.8. No new [14C] labeled peaks were observed when NAC was co-incubated 

with BMP. Importantly, essentially all of the radioactivity applied to the column 

co-eluted with BMP at 13.5 min. Column recovery of total radioactivity ranged 

from 95% to 103% in all samples. Thus, no evidence was obtained that 

suggested a chemical reaction between NAC and BMP. 
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Figure 3.8 Representative HPLC-radio chromatograms of the medium 
collected at 1 h following the in vitro incubation of BMP (25 and 100 µM) and 
NAC (2 mM). Red dot line: incubation of BMP and NAC; black solid line: BMP 
alone. Incubations were performed in duplicates three times with identical 
results.  

3.2.6 DNA strand breaks: BMP VS BMP-glucuronide 

Since in vivo studies have demonstrated that glucuronidation is the key 

metabolic transformation of BMP (Hoehle et al., 2009), it was of interest to 
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know what role this metabolic pathway plays in the genotoxicity induced by 

BMP. Therefore, UROtsa cells were exposed to the conditioned medium 

containing 25 µM of BMP-glucuronide or BMP for 1 h (Section 2.4.1). Then the 

UROtsa cells were subjected to comet assay. The results indicated that 1 h of 

BMP (25 µM) exposure significantly increased T%DNA in the UROtsa cells. 

When the cells were exposed to BMP-glucuronide (25 µM) for 1 h, the T%DNA 

was greatly reduced compared to that of BMP and did not differ significantly 

from UROtsa cells exposed with conditioned control medium (Fig 3.9). 
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Figure 3.9  Comparison of DNA strand breaks induced by BMP and 
BMP-glucuronide in UROtsa cells following incubation with conditioned 
medium containing 25 µM of BMP or BMP-glucuronide for 1 h. T%DNA 
represents % of DNA in the comet tail. Data are shown as mean ± SEM, N=3. 
*P<0.05 versus cells incubated with conditioned control medium, #P<0.05 
versus cells exposed to the conditioned medium containing BMP. 
 



94 
 

 

3.3 DISCUSSION  

The above mentioned studies investigated if BMP induced DNA damage 

and oxidative stress in UROtsa cells. These human urinary bladder epithelium 

cells served as an in vitro model to determine if BMP was genotoxic. It was 

found to induce DNA strand breaks and oxidative DNA lesions after acute 

exposure. The findings are interpreted to support the hypothesis that BMP can 

cause genotoxic effects in a cell line of human origin and that oxidative stress 

plays a major role in mediating these effects. 

The BMP induced DNA damage observed in UROtsa cells was time and 

concentration dependent. Under the conditions used here, DNA strand breaks 

were maximal between 1 and 3 h and were not evident by 6h following BMP 

exposure in UROtsa cells. Importantly, the response was concentration 

dependent, which underscores that the strand breaks are BMP related. It is 

unlikely that the observed DNA fragmentation was a result of 

oncosis/apoptosis since the cytotoxic assay indicated that BMP was not 

acutely cytotoxic even at much higher concentrations. Also, these in vitro 

concentrations of BMP are in the range expected for plasma concentrations of 

BMP following oral administration of tumorigenic doses (100 mg/kg/day and 

above) to rats. The estimated Cmax following a single dose of BMP (100 mg/kg) 

is 15 µM, based on the Cmax of 1.5 µM determined directly in rats administered 

10 mg/kg of BMP orally by gavage (Hoehle et al., 2009). 
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These BMP associated strand breaks are not persistent as evidenced by 

the return of T%DNA to basal levels by 6 h. Also, the fact that the degree of BMP 

associated DNA damage was in the mild to moderate level (levels II and III), 

indicates that the cells survive the initial injury and that the fragmented DNA 

strands are rapidly rejoined. Such results are not unexpected as DNA strand 

breaks detected by the standard comet assay represent a stage of imbalance 

between the rate of DNA damage and the rate of repair (Fortini et al., 1996). 

This has been demonstrated for alkylating agents and oxidants. For example, 

Siman et al. (Siman et al., 2000) reported a transient response in the comet 

assay when they investigated the genotoxic effects of fern spore extracts. 

Similarly, Collins et al. (Collins et al., 1995) reported that most H2O2 induced 

strand breaks in HeLa cells are repaired within 1 h. In the present study, the 

imbalance between input and repair of damage was evident in the UROtsa 

cells between 1 and 3 h of exposure to BMP. It should be emphasized that this 

rapid repair of strand breaks does not mean that BMP induced mutations are 

not present. Events that might lead to mutations could have occurred before or 

during the repair processes, particularly if the repair was mediated by an 

error-prone polymerase (Crespan et al., 2010; Deem et al., 2011; Wang, 2001). 

Such mutations may become fixed with subsequent cell divisions, leading to 

clones of transformed cells that are ultimately expressed as neoplasms. 

It is well documented that ROS can damage DNA by producing a variety 
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of lesions such as oxidized bases, AP-sites and strand breaks (Cadet et al., 

2010; Goetz et al., 2008; Sedelnikova et al., 2010). Results of studies 

presented here provide considerable evidence that ROS contributes to the 

DNA damage associated with exposure of UROtsa cells to BMP. First, 

incubation of cells with BMP led to a concentration and time dependent 

increase in ROS generation as assessed by H2DCFDA fluorescence. This 

increase in ROS reached a maximum by 20 min of incubation and was 

maintained for the 1 h of incubation. This time frame coincided with the 

production of DNA strand breaks. Second, when the cells were pre-incubated 

with the antioxidant, NAC, the production of BMP associated strand breaks 

was nearly completely inhibited. The mechanism by which NAC inhibited DNA 

strand breaks most likely relates to its antioxidant action, as BMP was not 

consumed and new metabolite peaks were not observed when NAC and BMP 

were co-incubated in the cell culture medium. Finally, direct evidence of 

BMP-induced oxidative base alteration was obtained in the modified comet 

assay. When hOGG1 was included in the assay additional strand breaks were 

expressed. These most likely represent breaks induced during the excision of 

8-OHgua. Additional breaks were also present in the modified comet assay 

when cells were exposed to the oxidizing agent KBrO3, which served as a 

positive control. On the other hand, additional breaks were not observed in the 

modified comet assay when H2O2 served as a positive control. At the 
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concentration of H2O2 (100 µM) used, a high level of strand breaks was 

induced under non-hOGG1 conditions, which precluded quantification of 

additional strand breaks in the modified assay. 

BMP mediated oxidative stress was also evidenced by the up-regulation 

of cellular stress responses in UROtsa cells. The expression of both Nrf2 and 

HSP70 was significantly increased within 6 h of exposure to BMP. Both 

proteins are known to respond to oxidant induced cellular injury. These 

responses were particularly evident in UROtsa cells since the basal 

expression level for Nrf2 (Du et al., 2008) and HSP70 (Eblin et al., 2006) 

(Rossi et al., 2002) is low under normal conditions. These results verified that 

UROtsa cells recognized the BMP induced insults even at a concentration of 

10µM. Together, these data, coupled with those mentioned above; support a 

major contribution of oxidative damage to the effects observed in the comet 

assay after acute exposure of UROtsa cells to BMP. 

Interestingly, increased expression of HSP70 occurred later in the 

incubation (6 h) than that of Nrf2. This delayed response is possibly due to a 

rapid and reversible translational inhibition in cells to protect against oxidative 

stress (Grant, 2011; Lu et al., 2001). Cells can reduce protein synthesis to 

prevent continued gene expression during potentially error-prone conditions as 

well as allow for the turnover of existing mRNA and proteins. On the other 

hand, Nrf2 accumulates under stress conditions as the results of inhibition of 
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its degradation (McMahon et al., 2003) and a cap-independent translation 

initiation mechanism (Li et al., 2010; Purdom-Dickinson et al., 2007) 

Genotoxicity evaluation of BMP and BMP-glucuronide indicated parent 

compound is more potent to induce DNA strand breaks than BMP-glucuronide. 

Such results will be further discussed in the later chapters where the metabolic 

activity of UROtsa cells was assessed. 

In conclusion, the results in this chapter demonstrate BMP is a genotoxic 

agent. It induces DNA strand breaks and oxidative base damages through 

generation of oxidative stress shortly after its exposure in UROtsa cells. 

Glucuronide conjugate of BMP is less active than the parent compound on the 

induction of DNA stand breaks. Although the induced damage seems rapidly 

repaired, these early genotoxic events may, in part, contribute to the 

BMP-induced carcinogenesis observed in rodents. 
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4 MEASUREMENT OF DNA BINDING IN VITRO 

4.1 BACKGROUND  

Chemical modification of DNA is of considerable concern to toxicology 

and human health risk assessment. One type of DNA modification occurs 

when a chemical or its metabolite/reactive intermediate binds to DNA, i.e. 

forms DNA adducts. By definition, a DNA adduct is the covalent binding of a 

chemical moiety to DNA (Himmelstein et al., 2009). DNA can be modified by 

both exogenous and endogenous agents at a variety of the molecular sites. 

The products of these modifications can be specific depending on the chemical 

or include other base changes such as oxidation, deamination or methylation. 

It is realized that some chemicals require metabolic activation to form DNA 

adducts, whereas others directly attack DNA (Guengerich, 2000) (Van Duuren, 

1988). The formed adducts range in size from alkylating groups to large bulky 

polyaromatic groups. DNA adducts are of biological importance because they 

may cause mutational changes in DNA. These changes can result in 

mispairing during replication (Groopman et al., 1994). At the chromosomal 

level, such adducts may lead to the generation of DNA double-strand breaks 

and positional movement as well as loss of relatively large pieces of 

chromosomes if improperly or incompletely repaired in the cell (Preston et al., 

2005).  
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Identification and quantification of DNA adducts is a complex and 

challenging task as the level of adducted DNA bases are many orders of 

magnitude lower compared with unmodified DNA bases. This requires that 

analytic methods to be highly sensitive and specific. Currently, the available 

methods to detect covalent DNA lesions include radiolabeled binding (14C- or 

3H-), 32P-postlabling analysis, histochemical and immunologic methods and 

methods dependent on gas chromatography or high-performance liquid 

chromatography (HPLC) with detection by electron capture, electrochemical 

detection, single or tandem mass spectrometry, or accelerator mass 

spectrometry (Himmelstein et al., 2009; Phillips et al., 2000). Each of these 

approaches has different strengths and limitations, influenced by sensitivity, 

cost, time and interpretation of results. The method used in the studies 

reported here simply investigated if [14C]-BMP bound to DNA in a 

non-reversible manner. Measurement of binding is the most straightforward 

determination as to whether or not a chemical can form DNA adducts. 

However, the studies reported here did not attempt to isolate and identify DNA 

adduct. But this would be necessary to conclude that the binding is the result 

of a covalent bond formed between site(s) on DNA and the chemical/reactive 

intermediate. 

Chemical molecules can also bind tightly to DNA in a non-covalent 

fashion, with affinity governed largely by the strength of electrostatic (e.g. 
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hydrogen bonding) and van der Waals interactions. Such binding can occur 

along the DNA minor or major grooves, or through intercalative insertion of a 

molecule between adjacent base pairs, or both (Snyder et al., 2005). From a 

genetic toxicity perspective, binding to the minor or major groove of DNA is 

generally not genotoxic, unless such binding secondarily facilitates covalent 

attachment by another part of the molecule or if groove-binding facilitates the 

formation of free radical-dependent DNA double-strand breaks, as is the case 

with the antibiotic bleomycin (Turner et al., 1996). On the other hand, DNA 

intercalators are known to produce frame shift mutations due to the 

incorporation (or net loss) of an additional unpaired base in the nascent 

daughter strand across from an intercalated site (Snyder et al., 2005). Unlike 

the case with covalent DNA adduction, the chemical/DNA complexes formed 

under the circumstance of groove-binding and intercalation are not readily 

detected or isolated due to their reversible natures. Thus, the ability to predict 

non-covalent binding and the biological consequence of such have been very 

limited. However, for some chemicals the non-covalent association can be 

quite strong.  

Although DNA adduct formation may provide important information on 

the molecular mechanism by which a chemical causes genotoxicity, DNA 

binding (without adduct identification) is generally viewed as a supplementary 

test for the standard genotoxic evaluations. Determination of binding may 
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provide information clarifying the assessment of a compound with an unusual 

or puzzling profile of activity in statutory genotoxicity assays, animal bioassays 

or both. In this chapter, the potential for BMP to bind to DNA was investigated. 

The studies reported here focused on the in vitro binding of [14C]-BMP 

equivalents to purified DNA and on DNA of UROtsa cells that had been 

incubated with [14C]-BMP. A clean-up filter method was first performed to 

determine if BMP associates with CT-DNA. Then, the non-reversible covalent 

interaction between [14C]-BMP and DNA was assessed by the rigorous 

phenol-chloroform extraction method.  

4.2 RESULTS 

4.2.1 Determination of [ 14C]-BMP bound to Calf thymus DNA 

As CT-DNA is accepted as the standard pure DNA (histone free), the 

ability of BMP to bind to DNA was first assessed by incubation of [14C]-BMP 

(10-125 μM) with CT-DNA using the filter method described at Section 

2.4.7.1. The specific radioactivity of [14C]-BMP used in the assay is 4-50 

mCi/mmol (100 µCi/ml). Following 1 h of incubation at 37 °C, a concentration 

dependent increase of radioactivity associated with the CT-DNA was 

measured. The concentration-response curve is linear at the concentration 

range that was tested. The range of binding was from 113 ± 43 pmol [14C]-BMP 

/mg DNA to 657 ± 221 pmol [14C]-BMP /mg DNA. As this amount of binging is 
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high, it most likely represents a [14C]-BMP that is strongly associated with DNA, 

but not necessarily covalently bound.  

 
Figure 4.1  Concentration dependent binding of [14C]-BMP (10-125 µM) to calf 
thymus DNA (50 µg) following 1 h of incubation at 37°C. Binding was 
measured three times with each done in triplicates. Data shown as mean ± 
SEM, N=3. 
 

4.2.2 Determination of [ 14C]-BMP bound to UROtsa cell DNA  

To determine if BMP binds to DNA in a cellular system, a cellular 

distribution assay was performed first to find out if the radioactivity could be 

detected at the nucleus and DNA following radio chemical exposure. UROtsa 

cells were exposed to [14C]-BMP (10 µM, 50 mCi/mmol) for 24 h. Then the 

radioactivity associated with intact cells, nuclear fraction, cytosolic fraction and 

DNA were measured as described in Section 2.4.3. At the end of 24 h, UROtsa 

cells (1.0 × 107 cells) contained 42.7 ± 9.5 pmol of BMP. This radioactivity was 
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Figure 4.3  Effect of incubation time on the binding of [14C]-BMP (10 µM, 50 
mCi/mmol) to DNA in UROtsa cell culture. DNA was extracted by 
phenol-chloroform-isoamyl alcohol (Section 2.4.7.2) and quantified by the 
absorbance at 260 nm (Section 2.3.4). Background binding level was 
determined in the DNA extracted from UROtsa incubated with 
non-radiolabeled BMP. Data represent mean ± SEM, N=3, with each done in 
triplicates. 
 

For in vitro DNA binding studies performed in cell cultures, at least two 

time points within 24 h should be chosen for determination. This study design 

is to guard against the possibility of a false negative at early time point due to 

slow rates of metabolic activation or negative results at late time points due to 

rapid DNA repair (Phillips et al., 2000). Therefore, concentration dependent 

DNA binding of [14C]-BMP (10-250 µM) in UROtsa cells was determined at 1 

and 24 h by the method described in Section 2.4.7.2. The specific radioactivity 

of [14C]-BMP used in the assay is 2.1-50 mCi/mmol (100 µCi/ml). The profile of 
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concentration dependent binding of [14C]-BMP to DNA was similar at both time 

points. However, the extent of binding was greater at 24 h compared to 1 h at 

each concentration of [14C]-BMP. Interestingly, the level of binding appeared to 

reach a plateau at a BMP concentration of 125 µM (Fig 4.4). In addition, The 

DNA binding level of [14C]-BMP quantified in the cellular system (UROtsa, Fig 

4.4 A) was significantly lower than that quantified in the non-cellular system 

(CT-DNA, Fig 4.1) after the same length of exposure (1 h).  
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Figure 4.4  Effect of concentration of [14C]-BMP (10-250 µM) on its binding to 
DNA in cultured UROtsa cells following exposure of (A) 1 h and (B) 24 h. DNA 
was extracted by phenol-chloroform-isoamyl alcohol (Section 2.4.7.2) and 
quantified by the absorbance at 260 nm (Section 2.3.4). Background binding 
level was determined in the DNA extracted from UROtsa incubated with 
non-radiolabeled BMP. Data represent mean ± SEM, N=3, with each done in 
triplicates. 
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4.2.3 DNA binding: BMP VS BMP-glucuronide 

To investigate if [14C]-BMP-glucuronide, the metabolite of BMP, could 

bind to DNA, UROtsa cells were exposed to the conditioned medium 

containing 10 µM of BMP glucuronide or BMP for 24 h. The bound [14C] 

equivalents to mg DNA were quantified as previously described (Section 

2.4.7.2). The specific radioactivity of [14C]-BMP and [14C]-BMP-gluronide in the 

medium was roughly the same (50 mCi/mmol for both chemicals). The results 

(Fig 4.5) showed that the binding of [14C]-BMP-glucuronide (32.2 ± 3.2 

pmol/mg DNA) to nuclear DNA was reduced when compared to [14C]-BMP 

(52.9 ± 5.6 pmol/mg DNA). To investigate if UROtsa cells possessed a 

β-glucuronidase activity which could convert the [14C]-BMP-glucuronide 

conjugate to parent compound, the ability of UROtsa cells to hydrolyze 

[14C]-BMP-glucuronide was tested as described in Section 2.4.8.2. Results 

indicated that after 24 h incubation UROtsa cells did not hydrolyze 

BMP-glucuronide. HPLC analyses revealed that all of the radioactivity applied 

to the column eluted as a single peak at 12.5 min, which is the retention time of 

BMP-glucuronide. In contrast, incubation of the conditioned medium with 

β-glucuronidase for 24 h at 37 °C resulted in the loss of the polar glucuronide. 

It had been completely converted to parent BMP (Fig 4.6). Both before and 

after treatment with β-glucuronidase, recovery of radiolabel from the column 

ranged from 96% to 101%, which indicated no other metabolites were present. 
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Figure 4.5  Comparison of DNA binding in UROtsa cells which are exposed to 
the conditioned medium containing 10 µM of BMP or BMP-glucuronide for 24 h. 
DNA was extracted by phenol-chloroform-isoamyl alcohol (Section 2.4.7.2) 
and quantified by the absorbance at 260 nm (Section 2.3.4). Background 
binding level was determined in the DNA extracted from UROtsa incubated 
with the conditioned medium containing non-radiolabeled BMP. Binding was 
measured three times with each done in duplicates. Data shown as mean ± 
SEM, N=3. *P<0.05 versus cells exposed to the conditioned medium 
containing BMP. 
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Figure 4.6 Representative radiochromatograms of a aliquot of medium 
collected at 24 h after incubation of (A) UROtsa cells or (B) β-glucuronidase 
with [14C]-BMP-glucuronide (10 µM) at 37 °C. (C) BMP Standard eluted at 13.6 
min. Incubations were performed in duplicates twice with identical results. 
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4.3 DISCUSSION 

The data presented in this chapter demonstrate that [14C]-BMP 

equivalents bind to DNA. Binding was displayed when [14C]-BMP was 

incubated with a highly purified DNA and when [14C]-BMP was incubated in a 

cellular system. The extent of binding was clearly concentration dependent in 

both of these systems. In the cellular system, binding to DNA was also shown 

to increase with the time of incubation. As no metabolic enzymes were present 

when BMP was incubated with purified DNA, it can be concluded that this 

binding represents binding of the parent molecule, that is, it was not subjected 

to enzymatic bio-activation. It also appears that it is the parent BMP that binds 

to DNA present in the nucleus of the UROtsa cells, as results of studies that 

will be presented in the next chapter reveal that UROtsa cells do not 

metabolize BMP. In addition, when the only known metabolite of BMP, 

BMP-monoglucuronide, was incubated with UROtsa cells, binding of 

[14C]-BMP equivalents to DNA was significantly reduced. In the previous 

chapter, BMP was shown to cause genotoxicity by producing oxidative DNA 

lesions. The results of studies presented in this chapter suggest that DNA 

binding of BMP is another possible mechanism of BMP-induced genotoxicity. 

Such genotoxic actions may be the initiating event in BMP induced 

carcinogenesis. 

In both CT-DNA and cellular DNA binding assays, increasing binding 
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levels were observed with increased dosing concentrations of [14C]-BMP at 1 h. 

But the bound [14C]-BMP per mg DNA detected in the non-cellular system 

(CT-DNA) is markedly higher than that measured in the cellular system 

(UROtsa DNA). This difference is probably caused by the methodology applied 

in CT-DNA binding assay. First, there were no competing macromolecules for 

binding (protein, RNA) in CT-DNA incubation. Second, because the DNA was 

pure, rigorous extraction procedures to remove protein/RNA were not 

employed. Third, since the filter method was less rigorous, BMP present in the 

DNA grooves and/or intercalated may have been retained. Thus, the binding 

observed in this system may represent a combination of covalent and 

non-covalent binding.  

In systems in which DNA is extracted from cells/tissues, the purity of the 

extracted DNA is of primary concern and should be carefully considered 

(Phillips et al., 2000). It is generally accepted that protein and RNA 

contamination can cause problems in the analyses of DNA adducts, although 

no extracted DNA sample is ever completely free of either. In the current study, 

cell lysates were subjected to digestion by proteinase K and RNAse to remove 

the possible contaminants on DNA prior to extraction. And, the purity of 

extracted DNA was quantified from its UV absorption spectrum. The ratio 

between A260nm and A230nm (A260nm:A230nm>2.3) indicated the 

phenol-chloroform extraction yielded high quality/highly purified DNA (Lutz, 
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1979; Soderlund et al., 1981).  

The DNA binding measured by this phenol-chloroform extraction method 

most likely represents a variety of BMP adducts in DNA of UROtsa cell. The 

results are important in that do demonstrate the capacity of BMP to form DNA 

adducts. It is known that some DNA adducts possess more mutagenic 

potential than others (Wyatt et al., 2006). For example, O6-guanine and 

O4-thymine adducts have greater mutagenic potential than N7-guanine 

adducts, which are reported to have limited mutagenic potential (Saffhill et al., 

1985). Although future studies should focus on the identification of the actual 

BMP-DNA adducts, measurement of total adducts (representing adducts of 

high and low mutagenic potential) is considered a valid biomarker of 

genotoxicity (Nestmann et al., 1996; Phillips et al., 2000).  

Many chemicals that covalently bind to DNA have been associated with 

the potential to increase cancer risk. But a general threshold level of DNA 

binding below which no adverse biological response would be expected is 

difficult to assign (Pottenger et al., 2009). It is generally accepted that the risk 

posed from any increase in amount of adducts in DNA should be evaluated on 

a case-by-case basis. For risk assessment, it is important to understand the 

exposure regimens, kinetics of adduct formation and repair, adduct mutagenic 

efficiency, cell susceptibility among others. Comparison of in vitro studies to in 

vivo studies present a number of problems. To determine how the binding of 
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BMP to DNA related to that of a widely studied human carcinogen, the DNA 

binding level between BMP and Benzo(a)pyrene (B(a)P) were compared 

(Table 4.1). At the similar exposure conditions (with respect to exposure time 

and concentration), the binding level of [14C]-BMP is lower than [3H]-B(a)P. 

Although the actual binding levels appear comparable, it must be emphasized 

that the in vitro concentrations of B(a)P were much lower than that of BMP. 

 

Table 4.1  Binding of [3H]-B(a)P and [14C]-BMP to DNA in different tissue 
cultures following 24 h of chemical exposure.  
Chemical Exposure concentration 

(μM) 
Cell type DNA binding 

(pmol/mg DNA) 
Mean ± S.D. 

[3H]-B(a)P 0.3-0.5 Human bladder  19.7 ± 13.0 a 
 0.3-0.5 Rat bladder  22.8 ± 8.6 a 
 15 Human bronchus 98.5 ± 9.2 b 
[14C]-BMP 10 Human bladder  38.7 ± 4.9 
Sources: a (Moore et al., 1982).b (Harris et al., 1976) 

 

In the present study, the kinetics of DNA covalent binding is not 

correlated to the time dependent induction of DNA damage observed in the 

comet assay. BMP induced DNA strand breaks were present early after its 

exposure (1-3 h) when the DNA binding level was relatively low. As the binding 

increased at the late phase of exposure (12-24 h), DNA strand breaks 

decreased to the background level. This is probably because repair enzymes 

remove different types of DNA lesions with various rates (Hertel-Aas et al., 

2011; Olive, 1998; Trzeciak et al., 2008). For example, Collins et al. reported 
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most strand breaks induced by H2O2 in Hela cells were quickly rejoined (within 

1 h) but the formed DNA adducts (oxidized bases) were repaired slowly (>4 

h)(Collins et al., 1995). Since the binding of BMP to DNA tends to accumulate 

in UROtsa cells, this may be dangerous as the exposure time could be very 

long under the chronic environmental exposure conditions.  

When BMP-glucuronide was incubated with UROtsa cells, binding to 

DNA was reduced compared to that of BMP. These results are similar to those 

obtained in the comet assay: BMP-glucuroinde was much less effective in 

causing DNA strand breaks than BMP. The measured radioactivity bound to 

DNA following [14C]-BMP-glucuronide exposure most likely results from itself 

(as opposed to BMP) as UROtsa cells are unable to hydrolyze this glucuronide 

conjugate back to BMP. This provides further evidence that glucuronidation of 

BMP is a key detoxification pathway.  

Overall, the data presented in this chapter provide further evidence that 

BMP is a genotoxic compound. It was shown to bind to UROtsa DNA in a time 

and concentration dependent manner. BMP parent showed a higher binding 

level than BMP-glucuronide under the same exposure conditions. The 

measurement of total DNA binding is generally an appropriate indicator of 

potential genotoxicity although further studies are needed to identify the 

structure of formed DNA adducts.  
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5 INVESTIGATION OF CELL SUSCEPTIBILITY TO 

BMP INDUCED GENOTOXICITY 

5.1 BACKGROUND 

The results presented in the previous two chapters have demonstrated 

that BMP is a genotoxic carcinogen. It was shown to bind to DNA and to also 

induce oxidative DNA lesions. These early molecular events may, in part, 

contribute to the BMP induced carcinogenesis observed in rodents. Results of 

the two-year NTP study, in which BMP was incorporated into the diet, BMP 

exposure caused neoplastic lesions at multiple sites in both genders of rats 

and mice (NTP, 1996). Some of the affected tissues were in direct contact to 

BMP, such as oral cavity and gastrointestinal tract. This suggested that the 

parent compound was most likely the causative agent. However, neoplasms 

observed at others sites (kidney, urinary bladder, lung, mammary gland etc.) 

required systemic exposure to absorbed chemical, which could have been the 

parent compound and/or its metabolites. Interestingly, liver was not a target 

tissue for BMP in either species. As the principal organ in biotransformation 

processes of exogenous substances, the liver would be expected to 

metabolize BMP and be exposed to it metabolites. Results of previous in vitro 

studies in our laboratory have shown BMP to be extensively converted to a 

water soluble mono-glucuronide conjugate with no evidence of other 
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metabolites being formed (Rad et al., 2010). When administered to F344 rats, 

either as a single (IV or PO) dose or repetitive daily (PO) doses, the only 

metabolite present in plasma was BMP-glucuronide, which was subsequently 

excreted in the urine (Hoehle et al., 2009).  

Since glucuronidation seems to be the key metabolic process that 

governs the clearance of BMP from the body, its role in BMP induced 

genotoxicity needs further investigation. Specifically, the in vitro studies to be 

presented in this chapter will compare the genotoxic potential (induction of 

DNA strand breaks and covalent DNA binding) of BMP in UROtsa cells (target 

cells) and primary rat hepatocytes (non-target cells) and relate these outcomes 

to the glucuronidation capacity of these two cell types.  

In addition these two cell types may possess dramatically different 

oxidant defense mechanisms. The tripeptide glutathione (GSH) is a major 

endogenous antioxidant in hepatocytes. It maintains the redox state of the 

sulfhydryl groups of cellular proteins; quenches the endogenous oxidant 

species and combats exogenous oxidative stress (Yuan et al., 2009). Little is 

known about the GSH concentrations of UROtsa cells. Low levels of GSH may 

make these cells much more susceptible to oxidant injury. Therefore, the basal 

level of intracellular GSH content and how BMP affects GSH levels will be 

assessed in both the target cells and non-target cells.  
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5.2 RESULTS  

5.2.1 Cell susceptibility to BMP induced genotoxici ty 

To determine the genotoxic potential of BMP in non-target cells, BMP was 

incubated with suspensions of freshly isolated rat hepatocytes for 1 h. The 

concentrations of BMP in hepatocyte incubations were similar to those used 

for UROtsa cells (25-100 µM). DNA damage was assessed by the alkaline 

comet assay. As opposed to the results observed in UROtsa cells, BMP 

exposure did not increase T%DNA in rat hepatocytes at any of the tested 

concentrations compared to vehicle control (Fig 5.1). The positive control, 

H2O2, caused DNA strand breaks in hepatocytes as the T%DNA was significantly 

increased when it was incubated with hepatocytes at concentrations of 100 µM 

and 500 µM. These concentrations of H2O2 that caused a positive response in 

rat hepatocytes, i.e. increase in T%DNA, were higher than those required to 

cause comparable effects in UROtsa cells.  
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Figure 5.1  DNA strand breaks detected in A) rat hepatocytes and B) UROtsa 
cells following incubation with various concentrations of BMP for 1 h. T%DNA 

represents % DNA in the comet tail. Because of the similarity of the data, 
results obtained in UROtsa cells were combined with those of pervious 
experiments. Data are shown as mean ± SEM, N=3-7.*P<0.05, **P<0.01, 
***P<0.001 versus vehicle control. 
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To assess the covalent DNA binding in non-target cells, suspended or 

plated rat hepatocytes were incubated with [14C]-BMP (10-250 µM) for 1 and 

24 h, respectively. The bound [14C]-BMP per mg DNA was quantified as 

method described in Section 2.4.7.2. Following 1 h of incubation, the amount 

of [14C]-BMP equivalents bound to DNA was similar for hepatocytes and 

UROtsa cells. It was in the range of 5-98 pmol/mg DNA for UROtsa cells and 

3-77 pmol/mg DNA for hepatocytes. However, after 24 h of incubation with 

[14C]-BMP, the extent of binding of [14C]-BMP equivalents to DNA was clearly 

different. At this time point, the extent of binding measured in rat hepatocytes 

(13-111 pmol/mg DNA) was significantly lower than that measured in UROtsa 

cells (48-1041 pmol/mg DNA) at each concentration of [14C]-BMP (Fig 5.2).  
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Figure 5.2  DNA covalent binding measured in rat hepatocytes and UROtsa 
cells following BMP (10-250 µM) exposure for (A) 1 h and (B) 24 h. Data are 
shown as mean ± SEM, N=3-4. *P<0.05, **P<0.01 versus corresponding 
concentration applied to rat hepatocytes.  
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5.2.2 Metabolic activity: Target cells vs. Non-targ et cells 

To investigate the potential mechanisms involved in cell susceptibility to 

BMP induced genotoxicity, the metabolic activity with respect to the formation 

of BMP-glucuronide was evaluated in UROtsa cells and rat hepatocytes. 

These cells were incubated with [14C]-BMP (10-250 µM) for 1 or 24 h and the 

incubation media were subject to radiometric HPLC analysis as described in 

Section 2.4.8. The data presented in Fig 5.3 and Fig 5.4 show rat hepatocytes 

converted BMP to BMP-glucuronide with no evidence of other metabolites 

being formed. The extent of glucuronidation by rat hepatocytes was dependent 

on the substrate ([14C]-BMP) concentration and duration of exposure. Fig 5.5 

shows the concentration dependent, stociometric conversion of BMP to 

BMP-glucuronide by primary rat hepatocytes at 1 h and 24 h. [14C]-BMP was 

extensively metabolized at low substrate concentrations (10-50 µM). As the 

substrate concentration increased, the extent of glucuronidation (expressed as 

a percentage of the administered BMP) decreased. Correspondingly, the 

percentage of parent BMP remaining in the incubation increased. When BMP 

was incubated with UROtsa cells, no BMP glucuronide was formed and no 

other metabolites were detected at any conditions that were tested. To 

determine if UROtsa cells could metabolize BMP when additional co-factors 

were present in the culture, 2 mM of UDPGA (a co-factor for glucuroniation 

reaction) or NADPH (a co-factor for CYP450 mediated oxidative metabolism) 
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was added in the incubation. Also, under these conditions, no metabolites 

were detected. Essentially, all of the radioactivity applied to the HPLC column 

eluted as a single peak at 13.5 min, which is the retention time of [14C]-BMP. 

The column recovery was >95% in all the samples.  

Some minor peaks eluted at 3-5 min, which accounted for < 4% of total 

radioactivity applied to the column. These radiolabeled peaks were present in 

all analyzed samples in the current study and in previous studies (Hoehle et al., 

2009; Rad et al., 2010). Importantly, these peaks did not change with substrate 

concentration and incubation time. Because of this, they are not considered as 

BMP metabolites. They seem to be the degradation products of the 14C 

contaminant originally present in the radiolabeled BMP standard, since the 

appearance of these peaks accompanied by the loss of the contaminant peak 

in aging [14C]-BMP standards (Hoehle et al., 2009).  
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Figure 5.3  Representative HPLC-radio chromatograms of BMP glucuronide 
formed after incubation of BMP (10-250 µM) with (A) primary rat hepatocytes 
(suspension, 1×106 cells) or (B) cultured UROtsa cells (roughly 1.2×106 cells) 
for 1 h. UDPGA (2 mM) and NADPH (2 mM) were added in some of the 
UROtsa cell incubations. All Incubations were performed three independent 
times with identical results.  
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Figure 5.4  Representative HPLC-radio chromatograms of BMP glucuronide 
formed after incubation of BMP (10-250 µM) with (A) cultured rat hepatocytes 
or (B) cultured UROtsa cells for 24 h. UDPGA (2 mM) and NADPH (2 mM) 
were added in some of the UROtsa cell incubations. Incubations were 
performed three times with identical results were obtained. 
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Figure 5.5 Stoichiometric conversion of various concentration of BMP (10-250 
µM) into BMP-glucuronide by primary hepatocytes from male SD rats. (A) 1 h 
incubation of hepatocytes suspension (1 ×106 cells) with BMP (B) 24 h 
incubation of plated hepatocytes (roughly 5 ×105 cells) with BMP Results are 
expressed as % of the administered BMP. Data are shown as mean ± SEM, 
N=3.  
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5.2.3 Antioxidant defenses: Target cells vs. Non-ta rget cells 

Since BMP caused oxidative DNA lesions in UROtsa cells, inefficient 

cellular antioxidant defenses may contribute to the susceptibility of these cells 

to BMP induced oxidative DNA damage. Therefore, GSH as the major 

intracellular antioxidant molecule was assessed in UROtsa cells and freshly 

isolated male SD rat hepatocytes as described in Section 2.4.6. Results 

indicated the total content of intracellular GSH quantified in UROtsa cells (2.7 

± 1.0 nmol/mg protein) was 4 fold lower than that in rat hepatocytes (10.7 ± 0.3 

nmol/mg protein) (Fig 5.6).  
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Figure 5.6  Total GSH content measured in untreated UROtsa cells and rat 
hepatocytes. Results are expressed as nmol/mg protein. Data are shown as 
mean ± SEM, N=3. ** P<0.01versus UROtsa cells.  
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To determine if BMP exposure could deplete intracellular GSH in the 

cells, both UROtsa cells and rat hepatocytes were incubated with BMP 

(25-500 µM) for 1 h and the total GSH content was measured using the 

method described in Section 2.4.6. Results showed 1 h of BMP (100 µM and 

500 µM) exposure significantly decreased the intracellular GSH level in rat 

hepatocytes. But, this depletion of GSH was not observed in UROtsa cells 

incubated with the same concentrations of BMP. Potassium bromate (KBrO3, 2 

mM), the positive control used in the assay, significantly depleted intracellular 

GSH in both cells. Administration of NAC (2 mM) as an exogenous source of 

thiols and a GSH precursor significantly increased the intracellular GSH in 

UROtsa cells (Fig 5.7).  
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Figure 5.7  Total GSH content measured in (A) rat hepatocytes and (B) 
UROtsa cells after 1 h exposure of BMP (25-500 µM), KBrO3 (2 mM) or NAC (2 
mM). Results were expressed as % of GSH level in vehicle control treated 
cells. Data are shown as mean ± SEM, N=5 for UROtsa cells, N=3 for rat 
hepatocytes. * P<0.05, ** P<0.01 versus vehicle control.  
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5.3 DISCUSSION 

The present studies were conducted to investigate the susceptibility of 

two different cell types to BMP induced genotoxicity and to determine potential 

mechanisms to explain observed differences. First, the genotoxicity of BMP, 

with respect to its induction of DNA strand breaks and its degree of covalent 

binding to DNA, was evaluated in target cells (UROtsa) and non-target cells 

(rat hepatocytes). Second, the formation of BMP-glucuronide, the predominant 

and only identified metabolite of BMP, was compared in these two cell types.  

Finally, the total intracellular GSH content in these two cell populations, as a 

marker of antioxidant activity, and the ability of BMP to alter GSH were 

assessed. The results indicated the target cell line is more susceptible to BMP 

induced genotoxicity when compared to non-target cells. This increased 

susceptibility may relate to the deficiency of antioxidant and/or metabolic 

capabilities in the target cells. 

In current study, the covalent binding of BMP to DNA was significantly 

lower in rat hepatocytes than that in UROtsa cells following 24 h of exposure. 

One important reason for this difference is rat hepatocytes can convert BMP to 

a less DNA reactive metabolite, an ether glucuronide. Following 24 h of 

incubation, BMP was extensively metabolized to BMP-glucuronide in rat 

hepatocytes at low concentrations (10-50 µM). At BMP concentrations of 125 

µM or higher, the extent of glucuronidation decreased when expressed as a 
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percentage of BMP concentration. Importantly, there was no evidence of other 

metabolites being formed at all conditions (concentration and incubation time). 

These results are consistent with previous in vivo and in vitro studies obtained 

in this species (rats). The reduced extent of BMP gulcuronidation at high 

concentrations is most likely due to the concentration dependent saturation of 

UDP-glucuronosyltransferases (Court et al., 2001). Similar in vivo results 

indicated a saturation of the rate of BMP glucuronidation at higher doses 

(Hoehle et al., 2009). As opposed to rat hepatocytes, UROtsa cells lack the 

ability to biotransform BMP. HPLC analysis indicated BMP was not 

metabolized and/or consumed in incubations with UROtsa cells (up to 24 h of 

incubation) at any of the concentrations tested (10-250 µM). Addition of 

metabolic co-factors (UDPGA and NADPH) in the culture media also did not 

result in the formation of BMP-glucuronide or other metabolites. These data, 

coupled with previous results in UROtsa cells, that showed, BMP-glucuronide 

bound less to DNA than BMP and that it produced less oxidative DNA damage 

(i.e. strand breaks) than BMP, support a detoxification role of glucuronidation in 

BMP associated genotoxicity.  

Although 24 h incubation of target or non-targets cells with BMP resulted 

in a clearly different degrees of DNA binding, at 1 h the DNA binding was 

similar in the two cell pollutions. This was not expected especially at low 

concentrations when extensive metabolism of BMP occurred in hepatocytes. 
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These observed results are probably attributed to the short exposure time 

which precluded showing the binding difference of BMP in the two cell 

populations using current method.  

Following 1 h of exposure, BMP (10-100µM) significantly increased the 

extent of DNA strand breaks in UROtsa cells compared to vehicle control. 

However, this DNA damaging effect of BMP was not observed in rat 

hepatocytes under the same conditions applied to UROtsa cells. Because 

previous results suggested oxidative stress contributed to the DNA lesions 

observed in UROtsa cells after acute exposure of BMP, total content of 

intracellular GSH were quantified in these two cell populations. Results 

showed total GSH in UROtsa cells (2.7 ± 1.0 nmol/mg protein) was 4 fold lower 

than that in hepatocytes (10.7 ± 0.3 nmol/mg protein) suggesting UROtsa cells 

may have inadequate antioxidant defense mechanisms. Interestingly, a 

significant depletion of GSH was measured in hepatocytes but not in UROtsa 

cells following 1 h exposure of BMP (100 and 500 µM). This observation most 

likely relates to the methods used to measure GSH. The concentration of GSH 

in UROtsa cells was at or just above the limit of detection. In other words, 

because the basal GSH level is low, it was difficult to demonstrate that BMP 

may deplete GSH in UROtsa cells, as was observed in hepatocytes. The 

depletion of GSH in hepatocytes by high concentrations of BMP (100 and 500 

µM) may explain the absence of DNA strand breaks in hepatocellular DNA. If 
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glucuronidation of BMP is nearing saturation at high levels of BMP, the high 

levels of GSH serve as potent antioxidant. Thus, in hepaocytes, GSH can 

combat the oxidative stress and prevent it from damaging DNA. Both of these 

protective measures are very deficient in UROtsa cells.  

In summary, the results of the studies presented in this chapter 

demonstrated that the metabolic activity towards BMP and intracellular 

antioxidant capacity are two key factors that modulate cell susceptibility to 

BMP induced genotoxicity. Increased susceptibility to genotoxicity in the target 

UROtsa cells are related to the deficiency of antioxidant and/or metabolic 

capabilities in these cells. Besides these, DNA repair capacity may play a 

contributing role as preliminary results showed PARP-1 expression was 

increased in UROtsa cells incubated with BMP (Supplementary data Fig 7.1). 

Further studies are needed to explore this possibility. 
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6 FINAL DISCUSSION AND CONCLUSIONS 

BMP is currently regulated by the US EPA under the Toxic Substance 

Control Act. On Nov 26, 2010, EPA added BMP to the Community 

Right-to-know Toxic Chemical Release Reporting List based on the NTP 

Report on Carcingoens (EPA, 2010). Although BMP has tested positive in 

rodent cancer bioassays, mechanisms by which it causes cancer are unknown. 

The purpose of the research reported here was to investigate the possible 

mode of action (MOA) for BMP induced genotoxicity. This MOA is most likely 

relevant to its MOA as a carcinogen because genotoxic events play key role in 

the initiation phase of chemical induced carcinogenesis. The hypothesis 

tested was that BMP is genotoxic. The data obtained  support this 

hypothesis in that BMP induced oxidative DNA lesion s and bound to 

DNA of UROtsa cells. The key findings were that: 

� BMP induced DNA strand breaks and oxidative base damages through 

generation of oxidative stress shortly after its exposure in UROtsa cells.  

� BMP bound to DNA. The binding to DNA was shown to increase with the 

time and its concentration in UROtsa cells. 

� BMP-glucuronide bound less to DNA and it produced less oxidative DNA 

damage (i.e. strand breaks) than BMP in UROtsa cells. 

� UROtsa cells were more susceptible to BMP induced genotoxicity than 

primary rat hepatocytes, the non-target cells.  
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� UROtsa cells were deficient in detoxification mechanisms in that they 

could not bio-transform BMP to a less reactive BMP-glucuronide and they 

possessed a low level of the antioxidant, GSH.  

The following discussion will first focus on the role of metabolism in BMP 

induced genotoxicity. Then, it will discuss the possible mechanism(s) by which   

BMP causes oxidative stress in target cells (UROtsa). Thereafter, a MOA by 

which BMP causes its genotoxic effects is proposed. Finally, how current 

results relate to human risk assessment and future study directions will be 

addressed.  

The metabolic fate of BMP has been studied in our laboratory using both 

in vivo and in vitro systems (Hoehle et al., 2009; Rad et al., 2010). Results of 

these studies showed glucuronidation is the key metabolic process that 

governs the clearance of BMP in mammalian systems. The results of the 

current studies with primary rat hepatocytes confirmed earlier studies that 

showed a nearly stoichiometric conversion of BMP to a BMP monoglucuronide 

with no evidence of other metabolites being formed. However, when BMP was 

incubated with UROtsa cells, no BMP glucuronide was formed and no other 

metabolites were detected via HPLC analysis. In the NTP two-year bioassay, 

the liver, as the primary tissue which forms BMP-glucuronide, did not develop 

neoplasic lesions. Similarly, the in vitro data reported here indicated primary rat 

hepatocytes were less susceptible to the genotoxic insults produced by BMP 
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than were UROtsa cells. In addition, parent BMP showed higher genotoxic 

potential than BMP-glucuronide in UROtsa cells under the same incubation 

conditions. Taken together, these results suggest it is the parent compound 

that is responsible for the genotoxicity (i.e. oxidative DNA lesions and covalent 

DNA binding) observed in UROtsa cells. Although parent BMP was not 

detected in the urine following oral administration of a single dose, it may be 

present following repeated high dose administrated as in the condition of the 

NTP two year bioassay. These doses (100-400 mg/kg/day) would produce 

high amounts of BMP-glucuronide, which when delivered to bladder, could 

undergo partial hydrolysis to yield parent BMP. Importantly, in this dose range it 

was noted that the elimination rate of BMP decreased dose dependently 

(Hoehle et al., 2009). At high doses, this slow rate of elimination, most likely as 

a result of saturation of relevant UGTs, may expose the tissues to higher level 

of parent compound.  

In our studies, there was no direct evidence for formation of a 

reactive/toxic intermediate of BMP. Interestingly, there is evidence which 

suggests that BMP is biologically degraded by a common bacterial consortium 

under aerobic conditions (Segev et al., 2007; Segev et al., 2009). This 

biodegradation is accompanied by a release of bromide into the medium. More 

importantly, a statistically increased level of bromide was measured in several 

tissues (kidney, liver, fat and serum) harvested from male SD rats that received 
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BMP in diet (equally daily dose 100 mg/kg/day) for two years (Keyes et al., 

1980). These observations suggest BMP may undergo other minor metabolic 

processes to release bromide. If this is the case, the released bromide would 

be available to participate in various chemical reactions which may contribute 

to the oxidative damage observed in current study (discussed in next 

paragraph). The remaining electrophilic carbon moiety may attack DNA and 

form DNA adducts. As described in Chapter 4, [14C]-BMP equivalents were 

bound to DNA. Taken together, these results provide some evidences that 

debromination could contribute to both oxidant injury and binding to DNA. 

However, it must be stressed that, at present, this is only a hypothetical 

pathway.  

Results of this study provide considerable evidence that oxidative stress 

is a significant factor in mediating the DNA damage associated with exposure 

of UROtsa cells to BMP. This evidence includes a concentration and time 

dependent increase in ROS generation following BMP exposure; complete 

attenuation of BMP induced DNA strand breaks by the antioxidant, NAC; and 

oxidative base modifications (8-OHgua) as measured in the hOGG1 modified 

comet assay. However, the mechanism(s) by which BMP cause(s) this 

oxidative stress in UROtsa cells is/are still unclear. Some possible 

mechanisms are discussed here. First, as stated earlier, the bromide released 

by debromination of BMP could be a source of oxidative stress. This is 
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because several enzymes such as myeloperoxidase (MPO) and eosinophil 

peroxidase (EPO) are able to utilize Br- and H2O2
 as substrates to form  

potent oxidizing species hypobromous acid (HOBr) and subsequently release 

•OH (Henderson et al., 2001a; Henderson et al., 2001b; Shen et al., 2001). 

The chemical reaction is listed below:  

Br- + H2O2 + H+                 HOBr + H2O  

O2
•- +HOBr                 •OH + Br- +O2  

Second, depletion of the NAD+ pool as a result of DNA repair may lead to 

redox imbalance in the cells. To counteract BMP induced DNA lesions, 

UROtsa cells may initiate DNA repair or other cellular process termed as DNA 

damage responses. DNA repair is known to consume cellular energy. For 

example, poly (ADP-ribose)polymerase-1 (PARP-1), a nuclear enzyme that is 

activated by DNA stranded breaks and involved in base excision DNA repair, is 

a major consumer of the NAD+ pool (Houtkooper et al., 2010; Ying et al., 2010). 

As NAD+ and NADP are key molecules involved in signal transduction, 

glutathione metabolism and the NADPH-dependent thioredoxin system, 

depletion of NAD+ will result in the diminution of cellular antioxidant systems 

and cause an imbalance of cellular redox state (Parihar et al., 2007). In our 

preliminary studies, PAPR-1 protein expression was induced by BMP (25 and 

50 µM) after 6 h exposure (Supplementary data Fig 7.1). This result is 

consistent with the observations in the microarray analysis of bladders 

MPO / EPO 

MPO / EPO 
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collected from B6C3F1mice which were treated with a large single dose of 

BMP (300 mg/kg, 6h). The analysis found that PARP-1 gene expression was 

up-regulated in the bladders of BMP treated mice. As for PARP-1 activity, there 

was a trend that suggests it was increasing in UROtsa cells following 30 min of 

incubation with BMP (10 and 25 µM) (Supplementary data Fig 7.2). However, 

statistical analysis did not show a significant difference between BMP and 

vehicle treated cells. Although these results did not support the depletion of 

NAD+ by PARP-1 in UROtsa cells exposed to BMP, other repair pathways or 

cellular process initiated by BMP may cause a reduction in cellular NAD+. 

Western analysis showed the protein expression of cyclooxygenase-2 (COX-2) 

and vascular endothelial growth factor (VEGF) was induced by BMP in 

UROtsa cells. As these proteins are key markers in hypoxia and inflammation, 

induction of VEGF and Cox-2 suggests that BMP may cause hypoxia and/or 

inflammation in UROtsa cells as well (Supplementary data Fig 7.3 and 7.4). 

These processes are closely related to cellular energy expenditure and 

oxidative stress (Becker et al., 2005; Khan et al., 1995).  

Third, the oxidative damage induced by BMP in UROtsa cells may be 

due to the possible deficits in antioxidant activities of these cells. Yang et al. 

have shown that the intracellular glutathione (GSH) content in normal human 

urothelium mucosa is low (Yang et al., 1997). Similar results were observed by 

us: the GSH level in UROtsa cells is about 4 fold lower than that in rat 
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hepatocytes. This could be another reason that UROtsa cells are susceptible 

to oxidant injury. Also, since the functions of p53 are altered in immortalized 

cell lines as a result of SV40 large T-antigen transfection, UROtsa cells may 

have inadequate antioxidant defense mechanisms. It has been reported that 

p53 exhibits antioxidant activities at low levels of oxidative stress (Liu et al., 

2011). How these possible deficits in antioxidant activities of UROtsa cells 

relate to the BMP induced carcinogenesis observed in rodents remain to be 

established. 

As stated above, the results of this research suggest that BMP causes 

genotoxicity through two mechanisms: induction of oxidative DNA lesions and 

covalent DNA binding. Fig 6.1 presents a working model of how the data 

reported here and elsewhere may be integrated to explain the susceptibility of 

target cells to BMP. When the glucuronidation capacity for BMP is low, cells 

cannot detoxify BMP. They thus are exposed to high concentrations of BMP (or 

allow it to participate in other minor metabolic pathways), which results in DNA 

binding and stress, as demonstrated for UROtsa cells. Sufficient antioxidant 

capacity can minimize stress and reduce the oxidative damage to DNA, as 

demonstrated for hepatocytes or in UROtsa cells that had been pretreated with 

NAC. Therefore, genotoxic events will occur when the antioxidant and/or 

glucuronidation capacities are compromised. This has been demonstrated by 

the modifications of the DNA molecule---binding of [14C]-BMP equivalents to 
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DNA and formation of 8-OHgua, in UROtsa cells. Repair of these lesions may 

lead to strand breaks and/or alkaline liable sites on DNA as detected by comet 

assay. In addition, the DNA strand breaks may arise from the direct attack of 

the oxidative species generated by BMP. To respond these insults, 

up-regulation of genes and proteins which are known to be sensitive to DNA 

damage and oxidative stress occur in the cell. As observed in UROtsa cells, 

induction of Nrf2, HSP70 and PARP-1 by BMP might represent the first-line 

defenses to maintain intracellular homeostasis and genomic integrity. 

Interestingly, oxidative DNA lesions appear to be healed rather efficiently in 

UROtsa cells but DNA binding seems to cumulative. Under the in vivo 

conditions, although extensive glucuronidation decreases the chances of 

internal tissues/organs to expose to parent compound, it should be 

emphasized that some cell populations could still be exposed to BMP if the 

intra- or extra-cellular matrixes possess β-glucuronidase activity. 

This MOA for BMP induced genotoxicity is most likely relevant to its MOA 

as a carcinogen. 8-OHgua is known to cause G to T transversion and DNA 

polymerase miscoding both in vivo and in vitro. It is likely that some other 

modified bases with mutagenic potential are also produced. Also, events that 

might lead to mutations could occur before or during the repair process, 

especially an error-prone polymerase mediated DNA repair. Thus, these 

genotoxic/mutagenic events may represent intiaiting events in the BMP 
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carcinogenic process. In addition, current results demonstrate BMP causes an 

oxidative stress in target cells, which suggests this chemical may act as a 

promoting agent as well as an initiating agent (Chandra, 2009; Laviano et al., 

2007; Mates et al., 2010) 

The relevance of current results to humans is not known at this time as 

human exposure data are not available (NTP, 2011b). However, it is important 

to note that human hepatic microsomes and hepatocytes are extremely 

inefficient at glucuronidation of BMP (the rate is about 100 fold lower than that 

observed for rat and mice microsomes/hepatocytes) (Rad et al., 2010). Since it 

is parent BMP that appears to be responsible for the genotoxic events 

observed in the current studies, this metabolic deficiency should be considered 

in any human risk assessment. This is because humans could be uniquely 

exposed as they have a deficiency in the elimination of BMP, as compared to 

rodent models.  

The outcomes of these studies raise more questions than they answer. 

Some of these questions should be addressed in future studies. Most 

importantly, it is critical to understand how BMP interacts with DNA and the 

corresponding biological consequences. First, the chemical structures of the 

BMP-DNA adducts need to be characterized. This can be achieved by 

digestion of the radioactively labeled DNA followed by HPLC separation. 

These radiolabeled bases can then be used as markers to assist in the 
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isolation of non-radiolabeled bases that can be subjected to mass spectral 

analyses. Second, it is important to understand how BMP induced DNA lesions 

are repaired. Current preliminary data of PARP-1 expression and activity 

suggest this base excision repair enzyme may be involved in the repair 

process. Future studies should optimize the exposure time and concentration 

to capture the dynamic changes of PARP-1 and its activity. Also, the 

expression or activity of other repair enzymes like ERCC1 (nucleotide excision 

repair); BRCA1/BRCA2/RAD53 (homologous recombination repair) and 

DNA-PK (non-homologous end joining repair) should be considered. This is 

because the kinetics and capacity of DNA repair may play important role in 

tissue/cell susceptibility to chemical induced carcinogenesis. It is also of 

interest to investigate the mechanism(s) by which BMP causes oxidative stress 

in UROtsa cells. Studies could investigate if BMP directly generates free 

radicals; if it depletes the NAD+ pool to cause redox imbalance; and/or if it 

causes oxidative stress via induction of hypoxia. Finally, some of these 

endpoints should be investigated in other target cells to determine if there is a 

similar MOA. Evidences of chromosomal instability could be investigated 

following long term exposure of BMP both in vitro and in vivo.  
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Figure 6.1  Proposed MOA of BMP involved in the initiation of carcinogenesis 
process. Cells may be exposed to BMP and its predominant metabolite 
BMP-glucuronide but the potent damaging agent is parent compound. The 
scheme depicts the dual mechanisms of BMP to interact with DNA (induction 
of oxidative DNA lesion and covalent DNA binding) and their possible 
biological consequences.  
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7 SUPPLEMENTARY DATA 

7.1 Analysis of protein expression and activity of PARP-1  

Western blot analyses of PARP-1 expression levels showed moderate 

time-dependent increases in expression after exposure of UROtsa cells to 

BMP (10 µM). Data indicate that PARP-1 protein expression levels increased 

after 1 h BMP exposure, with the most notable increase between 12 and 24 h 

(Fig 7.1A). However, when the time-dependent protein expression were 

quantified and subjected to statistical analyses, no significant difference was 

obtained. PARP-1 protein expression increased in a concentration-dependent 

fashion between 2.5 to 50 µM as determined with 6 h incubation (Fig 7.1B). 

Statistical analyses showed a significant increase in PARP-1 expression at 

concentrations of 25 and 50 µM of BMP.  
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Figure 7.1  PARP-1 protein expressions in UROtsa cells following BMP 
exposure. (A) Time dependent effect of BMP (10 
dependent effect of BMP (0.1
change of control. PARP
shown as mean ± SEM, N=3. * 
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1 protein expressions in UROtsa cells following BMP 
exposure. (A) Time dependent effect of BMP (10 µM) (B) Concentration 
dependent effect of BMP (0.1-50 µM) at 6 h. Results are expressed as fold 
change of control. PARP-1 expression is standardized to β

SEM, N=3. * P<0.05; ** P <0.01 vs. control. 

1 activity was assessed using the HT colorimetric 

PARP/Apoptosis Assay kit (Trevigen, Gaithersburg, MD). UROtsa cells were 

exposed to BMP (10 and 25 µM) and H2O2 (100 µM) for 5, 30, 60 and 360 min. 

1 activity was measured according to the instructions included in 

Compared with vehicle control, PARP-1 tends to activate following 30 

min of BMP incubation at both concentrations. However, statistic

failed to show significant increase on PARP-1 activity at any tested time and 

concentrations of both BMP and H2O2.  
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Figure 7.2  PARP-1 activity in UROtsa cells following BMP (10 and 25 µM) and 
H2O2 (100 µM) exposure for up to 360 min. Results are expressed as % of 
vehicle control. Data are shown as mean ± SEM, N=3.  

 

7.2 Western analysis of VEGF and COX-2 expression 

following BMP exposure 

Time course study of VEGF protein expression from UROtsa cells after 

BMP exposure (10 µM) showed a biphasic pattern. Following BMP exposure, a 

significant increase in VEGF protein expression was detected at 1 and 3 h; 

however, by 6-18 h protein expression levels had returned to basal levels. The 

maximal increase of VEGF protein expression observed at 24 h following BMP 

(10 µM) exposure (Fig 7.3) 



 

Figure 7.3  Time dependent (0
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Time dependent (0-24 h) changes in VEGF protein expression in 
UROtsa cells after BMP (10 µM) exposure. Results are expressed as fold 
change of control (0 h). VEGF expression is standardized to β

SEM, N=3. * P <0.05, ** P <0.01 vs. control. 

Western blot analyses showed a clear concentration-dependent increase 

2 protein expression (Fig 7.4). COX-2 expression 

µM and reached the plateau at the 50 µM dose, as determined 

with 6 h incubation.  
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Concentration dependent changes in COX-2 protein expression in 
UROtsa cells after 6h of BMP (0-50 µM) exposure. Results are expressed as 
fold change of vehicle control. COX-2 expression is standardized to 
Data are shown as mean ± SEM, N=3. * P<0.05, ** P<0.01 vs
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