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ABSTRACT 

An in vitro method for measuring depletion rates for two hydrophobic 

chemicals, benzo[a]pyrene and diethyl phthalate, has been developed using 

enterocytes from the proximal 50 cm of the rat small intestine.  

CYP1A1 activity of the enterocytes was determined and compared to the 

activity in rat liver S9 fractions by measuring luminescence. The CYP1A1 activity 

in S9 fractions was approximately 28 times greater than enterocytes (normalized 

to 106 cells).  

The apparent depletion rate of benzo[a]pyrene was found to be  

-0.65(± 0.31 S.E.)x10-3/min/106
intestinal cells (n=1) whereas the depletion rate for 

diethyl phthalate was -0.049(± 0.11 S.E.)/min/106
intestinal cells (n=3, p<0.05).  

Using isolated rat intestinal cells may not be the best method for 

measuring depletion rates in the small intestine because of the low CYP1A1 

enzymatic activity in the cells, the labour-intensive procedure for isolating the 

cells, and the presence of mucous in the cells.   

 
Keywords:  Benzo[a]pyrene; Diethyl phthalate; in vitro; rat intestine; enterocytes; 
Cytochrome P450 1A1 activity.  
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1: INTRODUCTION 

1.1 Background 

Thousands of synthetic chemicals such as PAHs, PCBs, pesticides, 

polybrominated diphenyl ethers (PBDEs), phthalates, and others have been in 

commerce and eventually released into the environment since the turn of the 

century. Some of these synthetic chemicals have been shown to cause harm to 

the environment and human life (Landrigan et al., 2002; Toppari et al., 1996; 

Guillette and Guillette, 1996). Currently, we are only beginning to understand the 

adverse effects these chemicals will cause us, and our children.   If we are to 

ensure that future generations can enjoy a healthy life then we must take action 

to ensure that the harmful chemicals are phased out of production and use. 

To protect the environment and human health, government agencies 

around the world have taken steps towards identifying the chemicals that are 

most harmful to human health and the environment.  One of the global treaties 

with regards to chemical regulation, is the Stockholm Convention on Persistent 

Organic Pollutants (Stockholm Convention), which was signed by over 90 nations 

(including Canada, the United States and the European Union) in May 2001 and 

which came into force in May 2004 (Lallas, 2001).  The Stockholm Convention is 

a global treaty designed to protect human health and the environment from 

persistent organic pollutants (POPs) by elimination or severely restricting the 

production and use of several POP pesticides and industrial chemicals.  Initially, 
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12 POPs were identified to be phased out of production immediately with another 

nine added to the list in 2009 (Appendix A). 

The Stockholm Convention requires that Parties take measures to 

“eliminate or reduce the release of POPs into the environment” (UNEP, 2001) 

and several national and international chemical management programs such as 

the Canada’s “Canadian Environmental Protection Act” (CEPA) (Government of 

Canada, 2006), the European Union’s (EU) “Registration, Evaluation, 

Authorization and Restriction of Chemicals” (REACH) program (Commission of 

the European Communities, 2007) and the United States’ “Toxic Substances 

Control Act” (TSCA) (US EPA, 1976) aim to do just that. 

To identify the chemicals that are most harmful, agencies rely on three 

characteristics of the chemical – persistence, bioaccumulation and inherent 

toxicity, which together comprise of the “PBT” characteristics.  The aim of 

classifying chemicals in terms of their PBT characteristics is to identify chemicals 

that may present a risk to humans and the environment.  

In Canada, the Canadian Environmental Protection Act (CEPA) requires 

that the government assess and categorize approximately 23,000 substances in 

the Domestic Substances List (DSL) according to their PBT characteristics by 

September 2006 (CEPA, 1999). The DSL consists of substances (<100 kg) that 

were manufactured or imported into Canada that were in Canadian commerce or 

used for commercial manufacturing purposes in Canada between January 1st, 

1984 and December 31st, 1986 (CEPA, 1999).  These POPs are chemical 

substances that remain unchanged in the environment for a long period of time 
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(persistent), that bioaccumulate in organisms (an increase in tissue concentration 

as they move up trophic levels), and that are toxic to the environment and human 

health (Lallas, 2001).  

The process that Environment Canada follows to evaluate and screen 

substances on the DSL for PBT characteristics is shown in Figure 1.  Once the 

data on a particular substance is collected, the data is evaluated for its potential 

to be persistence or bioaccumulative and inherently toxic to non-human 

organisms.  If a substance is considered to be probable in being persistent in the 

environment (criteria outlined below) or bioaccumulate in organisms, and is 

inherently toxic to organisms, then that substance will undergo further evaluation.  

 

Figure 1. The categorization process Environment Canada uses for screening substances 
on the Domestic Substances List (DSL) (Environment Canada, 2006). 
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Chemicals that have been shown to be inherently toxic to humans or non-

human organisms and are either persistent or bioaccumulate, or may present the 

greatest potential for exposure to Canadians will undergo a screening level risk 

assessment (Environment Canada, 2009b).  After the chemical undergoes a 

screening level risk assessment, it is put into three categories: no further action, 

Priority Substances List or List of Toxic Substances (Schedule 1, possible Virtual 

Elimination).  ‘No Further Action’ means that the substance deemed to be non-

toxic or that it is toxic and action is taken to manage the risk. Chemicals on the 

Priority Substances List require further investigation into the environmental 

behavior of the chemical to determine whether they are toxic under CEPA.  

Substances on the List of Toxic Substances allow the government to proceed 

with implementing regulations, pollution prevention plans or environmental 

emergency plans to regulate the use and production of those substances (CEPA, 

1999).  

The categorization process was completed on September 14th, 2006 

(Environment Canada, 2009a).  Of the 23,000 chemical substances on the DSL, 

approximately 4000 substances require further attention and 500 are listed as 

High Priority Substances (Government of Canada, 2007b).  High Priority 

chemicals are substances that meet the inherent toxicity criteria to humans and 

the greatest exposure potential for human exposure, or that meet the PBT 

characteristics to the environment (Government of Canada, 2007a).     
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In 2006, the Chemicals Management Plan (CMP) was introduced in 

Canada to manage chemical substances properly.  There are three key elements 

to the CMP: 

• challenge to industries and stakeholders 

• other regulatory activities, and 

• new investment in research and monitoring.  

The challenge to industries and other stakeholders was developed to address 12 

batches of high-priority chemicals for action, in groups of 12 - 20 (Government of 

Canada, 2007b).  Approximately every three months, a new batch of chemical 

names are released for comment and information gathering.  Industries and 

stakeholders are required to provide information that forms the basis for risk 

assessment, to identify industrial best practices in order to set the benchmarks 

for risk management and product stewardship, and to detail environmental 

release, exposure, and substance or product use.  This information is used to 

assess risks to human and the environment, and to develop a course of action to 

address these risks (Government of Canada, 2007a).  

 In terms of regulatory action, some chemicals have been grouped 

according to their industrial sector (e.g. petroleum sector) so that a 

comprehensive risk assessment can be conducted. 

 The third key element to the CMP is to monitor chemicals in humans and 

the environment in order to identify and understand hazardous properties of high-

risk chemicals, their fate in the environment, and how people and the 
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environment may be exposed and affected by these chemicals (Government of 

Canada, 2007a).     

According to Environment Canada (2006), the criteria for categorizing 

chemicals according to their “PBT” characteristics are explained as follows: 

Persistence refers to the length of time a particular substance remains 

unchanged in the environment.  It is measured by its half-life (t1/2); the amount of 

time it takes for half of the initial quantity of the substance to degrade in a 

particular environmental medium.  Persistence is a problem because the longer a 

substance remains unchanged in the environment, the higher the chance it has 

of being transported to the polar regions via the ‘Grasshopper Effect’ and exert 

its effects on more remote regions of the Earth (Semeena and Lammel, 2005).  

Some semivolatile organic compounds (SOCs) undergo multiple evaporation and 

condensation events that allow them to travel to the polar regions of the Earth, 

which is usually a long distances from where they were first deposited.  Table 1 

shows the persistence criteria that Environment Canada, the EU and the United 

States have set for substances in various media.  The persistence criterion varies 

according to the type of medium the substance is present. The shortest 

persistence criterion is in air (2 days), the longest is in sediments (365 days) and 

the middle is in water (40 – 180 days; Table 1).  

 

 

 



 

 7

Table 1. An overview of regulatory persistence criteria of various agencies 
around the world. 

Regulatory 
Agency 

Persistence Criteria (half-life, t1/2) 
(The substance fulfils the persistence 

criteria when: ) 

Program 

Medium Criteria 
Environment 
Canada 

Air ≥ 2 days CEPA 
(1999) Water ≥ 182 days 

Sediment ≥ 365 days 
Soil ≥ 182 days 

European Union Fresh-/estuarine water > 40 days REACH 
(2006) Fresh-/estuarine water  

(very persistent) 
> 60 days 

Marine water > 60 days 
Fresh-/estuarine water 
sediment 

> 120 days 

Fresh-/estuarine water 
sediment (very 
persistent) 

> 180 days 

Marine sediment > 180 days 
Soil > 120 days 

US EPA Water  > 60 days (SNUR)* TSCA 
(1976) Water > 180 days (BPT)** 

*SNUR = Significant New Use Rule: Exposure/release controls included in order; testing required.  
**BPT = Ban Pending Testing: Deny commercialization; testing results may justify removing 
chemical from “high risk concern” 
 

The second criterion that various national and international chemical 

regulatory agencies consider is the potential for a substance to bioaccumulate in 

aquatic organisms.  Environment Canada (2006) defines it as “a process by 

which substances are accumulated in an organism directly from exposure to 

water and through consumption of food containing the substances”.  There are 

several different ways of expressing the degree to which chemicals can 

bioaccumulate in organisms such as by the bioaccumulation factor (BAF) and 

bioconcentration factor (BCF).  These BAF and BCF values may be estimated 

using the chemical’s log Kow (octanol-water partition coefficient).   
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The BAF is the steady-state ratio of the concentration of a chemical in the 

organism (typically a fish) and the concentration of a chemical in water taking into 

consideration all routes of exposure (dermal surface, respiration, diet) and routes 

of elimination (respiration, fecal egestion, growth dilution or metabolism) 

(Environment Canada, 2006; Arnot and Gobas, 2006).  The BAF is typically a 

field measurement.  Equation 1 shows this ratio: 

   BAF = Cfish/Cwater column     1  

    

Where Cfish (g/kg) is the concentration of the chemical in the fish, Cwater (g/L) is 

the concentration of the chemical in the water and BAF is in L/kg.   

The BCF is typically measured in the lab and takes into consideration all 

routes of exposure and elimination except dietary exposure.  The BCF is 

expressed as (equation 2): 

   BCF = Cfish/Cwater (lab)      2  
    

Where Cfish (g/kg) is the concentration of the chemical in the fish, Cwater (g/L) is 

the concentration of the chemical in the water and BCF is in L/kg. 

Lastly, the log Kow refers to the ratio of the distribution of a chemical in 

octanol compared to that in water.  The log Kow can be expressed as (equation 

3): 
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   Log Kow = Log (Coctanol/Cwater)    3 

 
Where Coctanol (g/L) is the concentration of the chemical in octanol and Cwater (g/L) 

is the concentration of the chemical in water; log Kow is unitless as the units of 

Coctanol and Cwater cancel out.  The higher the value of BAF or BCF, the higher the 

propensity the chemical has to bioaccumulate in the organism.  Similarly, the 

higher the log Kow value is, the more lipophilic the chemical tends to be because 

more of it remains in octanol (a surrogate for lipids in organisms) compared to 

water (a polar solvent).  

Table 2 shows an overview of the various BAF, BCF and log Kow criterion 

values which agencies around the world use to assess the bioaccumulation 

potential of substances.   

Table 2. An overview of regulatory bioaccumulation endpoints and criteria 
of various agencies around the world. 

Regulatory 
Agency 

Bioaccumulation Criteria 
(The substance fulfils the 
bioaccumulation criteria when: ) 

Program 

BAF (log 
values) 

BCF (log 
values) 

Kow (log 
values) 

Environment 
Canada 

≥ 5 000 (3.7) ≥ 5 000 (3.7) ≥ 100 000 (5) CEPA (1999) 

European Union 
‘bioaccumulative’ 

- ≥ 2 000 (3.3) - REACH 
(2006) 

European Union 
‘very 
bioaccumulative’ 

- ≥ 5 000 (3.7) - REACH 
(2006) 

US EPA (SNUR) - 1 000-5 000 
(3-3.7) 

- TSCA (1976) 

US EPA (BPT) - ≥ 5 000 (3.7) - US EPA. 
(2010)  

UN Environment 
Programme 

- ≥ 5 000 (3.7) ≥ 100 000 (5) Stockholm 
Convention 
(2001) 
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Although the BAF is measured in the field and is therefore more reflective 

of how a chemical will likely behave in the natural environment, it is more difficult 

to obtain accurately compared to the BCF or log Kow values because there are 

many variables affecting the BAF (such as climate, size of organism, food-web 

interactions, etc.).  All these variables make it difficult to objectively compare one 

value to another (Arnot and Gobas, 2006).  That may be the reason why only 

Environment Canada is using the BAF.  The BCF, on the other hand, is 

measured in the lab under controlled settings and is easier to compare when 

variables are controlled.   

Relative to BAF and BCF values, log Kow values are easier to obtain.  

Basically, a certain amount of a chemical is deposited into a vial containing 

octanol and water.  After some time, the concentration of the chemical in octanol 

and water is measured and Kow is then calculated according to equation 3.  Since 

Kow values reflect passive chemical partitioning between a lipid surrogate 

(octanol) and water, it may oversimplify the many physiological processes 

organisms take up and eliminate the chemical especially when there are 

transport proteins involved.    

The third criterion that is considered in a PBT evaluation is “inherent 

toxicity” (iT).  Inherent toxicity refers to the “hazard a substance presents to an 

organism” (Environment Canada, 2006). Environment Canada prefers to use 

acute toxicity studies over chronic toxicity studies because there are more data 

available (shorter time duration means it is easier to obtain data) and QSAR 

(quantitative structure-activity relationship) models are available for acute 
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endpoints (Environment Canada, 2006).  Table 3 highlights toxicity criteria from 

various regulatory agencies around the world.  Table 3 shows that there is no 

commonality among the toxicity criteria of various agencies around the world. 

Table 3. Toxicity criteria of various agencies around the world. 
Regulatory 
Agency 

Toxicity Criteria 
(The substance fulfils the toxicity 
criteria when: ) 

Program 

Exposure 
Duration 

Criteria 

Environment 
Canada 

Acute + LC50 (EC50)* ≤ 1 mg/L CEPA (1999) 
(for aquatic 
species) 

Chronic++ NOEC** ≤ 0.1 mg/L 

EU  Chronic 
(marine or 
freshwater 
organisms) 

NOEC ≤ 0.01 mg/L REACH 
(2006) 

The substance is classified as 
carcinogenic (category 1 or 2), 
mutagenic (category 1 or 2) or toxic for 
reproduction (category 1, 2, or 3), or 
there is other evidence of chronic 
toxicity 

US EPA “Develop toxicity data where necessary, 
based upon various factors, including 
concerns for P, B, other 
physical/chemical factors, and toxicity“. 

US EPA 
(2010) 

Acute+: for Daphnia magna – 48h LC50; for rainbow trout (Oncorhynchus mykiss) – 96h LC50 
Chronic++: for green algae (P. subcapitata) – 72h IC50***; for larvae of freshwater midges 
(Chironomus tentans or C. riparius) – 10d LC50; for larval fathead minnows (Pimephales 
promelas) 7d LC50 or 7d ICp**** (Environment Canada, 2009).  
 

*LC50: the concentration of the substance in water causing death to 50% of the experimental 
organisms. EC50 is the concentration of the substance in water inducing toxic effects on 50% of 
the experimental organisms.   
** NOEC: Non-observed-effect concentration, where there is no observed adverse effect for the 
highest concentration of a substance in a toxicology study.   
***IC50: Inhibiting concentration for 50% of the population (e.g. decreased biomass) 
****ICp: Inhibiting concentration for a (specified) percentage effect 
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To predict BCFs and BAFs for aquatic organisms, researchers often use 

log Kow values and computer models. Computer models that are used to predict 

BCFs identify different ranges of log Kow values that meet or exceed the criteria 

(Arnot and Gobas, 2006).  Arnot and Gobas’ paper (2006) report that, using a 

bioaccumulation criteria of 5000 L/kg, different computer models predicted 

different log Kow ranges as having bioaccumulation potential.  For example, Arnot 

and Gobas’ paper states that the Mackay linear BCF model predicts a log Kow 

value equal or greater than 5 that meets or exceeds the BCF criteria on a value 

of 5000 L/kg. The BCFWIN model (without any correction factors) predicts log 

Kow values between 5.7 - 7.8 to exhibit a BCF criteria in excess of 5000 L/kg.  

Arnot and Gobas predicted log Kow values between 4.9 - 8.8 for their own BCF 

model and 4.1 - 12.5 for their own BAF model to exceed the bioconcentration 

criteria of 5000, respectively.  In addition, Arnot and Gobas assessed the 

probability of each model for generating Type II errors (false negative; predicting 

that a chemical does not meet the bioconcentration criteria when it actually 

does).  These type II errors range from 5.6% (Arnot-Gobas BAF model) to 70.6% 

(BCFWIN model).  This means that there can be much uncertainty when using 

computer models to generate BCFs from log Kow values.   

Arnot and Gobas (2006) showed that BAF values are greater than BCF 

values because of dietary uptake and magnification, trophic transfer, and 

sediment-water disequilibria, factors that are not present in the BCF.  These 

factors show that BAF values are more reflective of the natural environment to 

which an organism is exposed and therefore, are more valuable when assessing 
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it against the bioaccumulation criteria of 5000.  However, there just are not that 

many BAFs in literature.  If there is a heavy reliance on using BCFs to access 

bioaccumulation criteria, then the probability of generating Type II errors 

regarding chemical regulations in terms of PBT criteria increases.   

A way of including biological processes in terms of bioaccumulation 

potential may be to use an in vitro biotransformation system that can be used to 

extrapolate to whole body metabolism and refine BCF estimates since many 

more BCF data values are available compared to BAFs Cowan-Ellsberry (2008).  

Han and colleagues (2007) measured the depletion of the parent compound in 

trout liver S9 fraction and in primary hepatocytes isolated from the common carp.  

His results suggest that in vitro biotransformation data can be used to refine BCF 

model estimates.  However, validations for a wider range of chemicals are 

needed.  Cowan-Ellsberry et al. (2008) based their method on what 

pharmaceutical companies have been doing for years, which is to measure the 

route and fate of new drugs within the human body using in vitro studies.   

Most pharmaceutical companies use the rat liver as a model system for 

studying the fate of new drugs in the human body.  The liver is often the major 

site of metabolism in the body but the small intestine can also play a significant 

role in the biotransformation of chemicals in organisms (Doherty and Charman, 

2002; Kaminsky and Zhang, 2003; Back and Rogers, 1987).  Pharmacological 

research has shown that the first pass metabolism in the small intestine can 

affect the bioavailability of drugs before they reach the systemic circulation (Back 

and Rogers, 1987).  There are many digestive enzymes such as proteases, 
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lipases, nucleases (Fearn and Hirst, 2006), transport proteins (Doherty and 

Charman, 2002) and CYP450 enzymes (Martignoni et al., 2006) in the intestine. 

Nutrients, drugs, and xenobiotics have to be absorbed by the intestinal cells 

(enterocytes), then travel through the portal vein to the liver where they are 

subject to biotransformation (Martignoni et al., 2006).  Because of this 

relationship between the small intestine and liver, it is difficult to ascertain the 

role of the small intestine in terms of its contribution of overall biotransformation 

rate in organisms.  

There are many studies that indicate the small intestine contributes 

substantially to overall first-pass metabolism of drugs such as cyclosporine, 

nifedipine, midazolam, verpamil and others (listed in Lin et al., 1999).  Some 

studies have suggested that the contribution of the intestinal metabolism to 

overall first-pass effect is quite large (Wu et al., 1995; Zhang and Benet, 2001).  

The goal of this project was to develop and evaluate a suitable in vitro 

method for measuring biotransformation rates of hydrophobic chemicals in rat 

intestinal cells.  The two test chemicals were benzo[a]pyrene, a PAH and diethyl 

phthalate, a phthalate ester.  The CYP1A1 activity in the rat small intestinal cells 

were measured and compared with rat liver S9 fractions to evaluate the use of 

isolated small intestinal cells in in vitro biotransformation rate studies.  

1.2 Background on small intestinal metabolism 

The primary function of the mammalian small intestine is to digest and 

absorb nutrients. The mammalian small intestine is divided into three sections.  

The slightly digested foodstuff passes from the stomach and into the duodenum 
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(proximal third of the small intestine), jejunum (middle third) and finally, into the 

ileum (distal third).   The small intestinal morphology is particularly well-suited for 

digestion and absorption because of its extensive surface area resulting from the 

projection of many tiny villi (finger-like projections) (Kaminsky and Zhang, 2003).  

 
Along the length of the small intestine in mammals, the villi are most populous in 

the duodenum and jejunum, and gradually decreases towards the ileum.  The 

base of the villi are composed of undifferentiated cells, goblet cells, 

enteroendocrine cells and Paneth cells (Kaminsky and Fasco, 1992).  These 

stem cells at the base of the crypt give rise to differentiated enterocytes (the 

villous epithelium) of which the tips contain carrier-mediated absorption proteins 

(Doherty and Charman, 2002), metabolizing enzymes such as the cytochrome 

P450 (CYP450) enzymes (Kaminsky and Fasco, 1992) and other proteins 

(Doherty and Charman, 2002).  These CYP450 enzymes are responsible for 

metabolizing many xenobiotics, most notably the ubiquitous environmental 

contaminant, benzo[a]pyrene. The highest amount of these CYP450 enzymes 

are reported to be in the differentiated epithelial cells of the villus region and 

decline progressively towards the crypt region (van de Kerkhhof, 2007b) while 

UDP-glucuronyltransferase is more evenly distributed along the length of the 

villus (Borm et al., 1983).  Hence, this gradient of enzymatically active cells near 

the proximal end of the small intestine and at the tips of the villi, while leading to 

a gradual decrease towards the distal end and the crypt cells, is crucial in 

understanding factors that affect the extent and rate of xenobiotic 

biotransformation in the small intestine of mammals.  
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In addition to containing digestive enzymes such as proteases, lipases, 

nucleases (Fearn and Hirst, 2006), and CYP450 enzymes, the small intestine 

contains transport proteins. These proteins, such as P-glycoprotein, Multidrug 

Resistance-Associated Protein Family (MRP), lung resistance protein (LRP) and 

other transporter proteins, are capable of recycling xenobiotic compounds 

between enterocytes and the lumen  in rats and in humans (Martignoni et al., 

2006; Doherty and Charman, 2002). This recycling increases the xenobiotic 

exposure to metabolizing enzymes and may decrease the chance of xenobiotic 

compounds reaching the systemic circulation.   

Much of the research on in vitro BaP and phthalate biotransformation 

rates in rat intestines was performed in the 1960s-80s whereas most of the 

modern literature that focused on BaP biotransformation rates also included 

transport of metabolites (Table 4). In terms of studying phthalate diester 

biotransformation rates, only three articles were found pertaining to DEP 

whereas many more papers pertained to di-(2-ethylhexyl) phthalate (DEHP) 

biotransformation (Table 4).  
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Table 4. List of journal articles found that focused on BaP and DEP biotransformation 
rates in the small intestine of the rat 

Journal 
Article 

Subject Model 

Wattenberg et 
al., 1962 

Benzpyrene hydroxylase activity in 
the gastrointestinal tract  

Male SD-rats*; intestinal 
mucosa 

Chhabra, 1974 A comparative study of xenobiotic-
metabolizing enzymes in liver and 
intestine of various animal species  

Male CDI strain of mice; 
microsomes 

Stohs et al., 
1977 

Benzo[a]pyrene metabolism by 
isolated rat intestinal epithelial cells 

Male SD-rats; enterocytes

Grafström, 
1979 

Xenobiotic metabolism by isolated rat 
small intestinal cells 

Male SD-rats; enterocytes

Autrup et al., 
1982 

Comparison of benzo[a]pyrene 
metabolism in bronchus, esophagus, 
colon, and duodenum from the same 
individual  

Male & female human 
intestinal tissue  
(age 18-65) 

Salbe and 
Bjeldanes, 
1985 

The effects of dietary Brussels 
sprouts and Schizandra chinensis on 
the xenobiotic-metabolizing enzymes 
of the rat small intestine 

Male SD-rats; in vivo 

van de Wiel et 
al., 1992 

Influence of long-term ethanol 
treatment on in vitro biotransformation 
of benzo[a]pyrene in microsomes of 
the liver, lung and small intestine from 
male and female rats  

Male & female Wistar 
rats; microsomes 

Rowland et al., 
1977 

Hydrolysis of phthalate esters by the 
gastro-intestinal contents of the rat 
(esters: dimethyl, diethyl, di-n-butyl, 
dicyclohexyl, di-n-octyl & di-(2-
ethylhexyl) phthalate) 

Male Wistar and SD-rats; 
small intestinal 
suspensions 

Lake et al., 
1977 

The in vitro hydrolysis of some 
phthalate diesters by hepatic and 
intestinal preparations from various 
species (esters: diethyl, di-n-butyl, di-
n-octyl, di-(2-ethylhexyl), dicyclohexyl 
phthalates; species: rat, baboon, 
ferret) 

Male SD-rats; intestinal 
mucosal cell 
homogenates 

White et al., 
1980 

Absorption and metabolism of three 
phthalate diesters by the rat small 
intestine (esters: dimethyl, di-n-butyl, 
di-(2-ethylhexyl) phthalates) 

Male SD-rats; everted gut 

*SD-rats – Sprague-Dawley rats 
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Many of the articles listed in Table 4 investigated the ability of the small intestine 

to metabolize BaP and DEP, not on their biotransformation rates.  The three 

main papers that investigated the in vitro hydrolysis of DEP were performed in 

the late 1970’s while most of the subsequent studies on phthalate ester 

metabolism were done using DEHP and other higher molecular weight 

phthalates.  

Two study chemicals with different structures were chosen, a polycyclic 

aromatic hydrocarbon, benzo[a]pyrene and a phthalate ester, diethyl phthalate.  

Benzo[a]pyrene is one of the many polycyclic aromatic hydrocarbons (PAHs) that 

are ubiquitous environmental contaminants.   

 

 

Figure 2. Structure of benzo[a]pyrene (BaP). 

 

 

BaP (Figure 2) comes from a number of different sources such as from 

industrial processes, vehicle exhaust emissions, oil spills, cigarette smoke and 

cooked foods (Miller and Ramos, 2004).  Of all the hundreds of PAHs that are 

detected in the environment, many of them, including BaP, has been recognized 

as carcinogenic.  BaP is one of the 16 PAHs designated on the priority pollutant 
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list by US EPA (Cavret et al., 2004).  Because BaP is a ubiquitous environmental 

contaminant and because it is converted to a carcinogen by metabolism, its 

metabolism has been extensively studied.  BaP (CAS no. 50-32-8) has a log Kow 

value of 5.98 and water solubility of 3.78 µg/L (Hattemer-Frey and Travis, 1991).  

The high log Kow value of BaP makes it a particularly suitable study chemical for 

this project because one of the goals of the experiment is to find 

biotransformation rates for hydrophobic compounds in the rat small intestine. The 

high log Kow value for BaP yields a BCF value greater than 5000 from modelling; 

however, this overestimates its bioaccumulative potential because it is 

biotransformed into a more water-soluble compound and is excreted in the urine 

and feces (van Schooten et al., 1997).  

Diethyl phthalate (DEP, CAS no: 84-66-2) is a lower MW phthalate with 

the following chemical structure in Figure 3:  

 

Figure 3. Structure of diethyl phthalate (DEP). 

 

Phthalates, as a group of structures, are colourless liquids with a slightly 

aromatic odour and low volatility. Phthalate esters (PE) are divided into three 

general classes of use, depending on their molecular weights (MW).  Lower-MW 
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PE (e.g. dimethyl and diethyl phthalates) are used as solvents in cosmetics (bath 

oils, eye shadow, perfumes, hairspray, nail polish, etc.) or as plasticizers of 

cellulose acetate polymers.  Higher-MW PEs are used as solvents in some PVC 

products that are combined with other plasticizers in floor covers, or as a solvent 

or plasticizer in the cosmetic and pharmaceutical industries.  The highest-MW 

PEs are used as plasticizers of PVC for wire and cable coverings, medical 

products and other consumer products (David and Gans, 2003). Studies have 

shown that short (acute) exposure to DEP is not a health concern (Sharpe and 

Irvine, 2004 Api, 2001), but because PEs are widely used and exposure to them 

is high, chronic toxicity is a concern because studies have shown that some 

phthalates (e.g. Di-n-butyl phthalate and di-(2-ethylhexyl) phthalate, DEHP; van 

Wezel et al., 2000; Latini et al., 2004)) are endocrine disruptors and may affect 

the reproductive tract of male rats which results in a decrease in sperm 

production (Mylchreest et al., 1999).   

One of the most widely used PEs is di-(2-ethylhexyl) phthalate (DEHP) 

and much research has been done on this phthalate regarding its toxicity and 

human health effects.  Comparatively, there are fewer studies on DEP, mainly 

because it is metabolized quickly (around 1-2 days) and likely will not 

bioaccumulate in the organism (Api, 2001).  The impact of DEP on the organism 

will likely be less than DEHP because it is metabolized faster than DEHP and 

therefore, remains in the body for a shorter amount of time.  A study conducted 

by Rowland and colleagues (1977) measured the metabolic rates of a few PEs in 

the small intestine of the rat and lighter MW PEs such as dimethyl phthalate 
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(DMP), DEP and dibutyl phthalate were metabolized more quickly than the 

heavier weight PEs, such as dicyclohexyl phthalate (DCP), DEHP and Di-n-octyl 

phthalate (DOP).  In the body, DEP is believed to be hydrolyzed to its monoester 

derivative and the hydrolysis reaction is similar in rats and humans. The 

hydrolysis to the monoester can occur in the lumen of the GIT, in the intestinal 

mucosal cells, liver, kidney and lung (Api, 2001). The monoester derivative, 

monoethylphthalate, is fairly rapidly excreted in the urine with 47% of the dose 

excreted within 12 h, 82 % within 24 h and 90% within 48 h after oral 

administration to rats (Api, 2001).   

Diethyl phthalate was chosen as the second test chemical because it is a 

PE, and is used in a wide variety of products such as plastic packaging films, 

cosmetic formulations (e.g. hairspray, nail polish, and perfumes), tolietries, 

medical treatment tubing, as an alcohol denaturant, a camphor substitute, 

wetting agent, dye application agent and a surface lubricant in food and 

pharmaceutical packaging (NTP, 2006).  Diethyl phthalate is also metabolized 

quickly in the body (Api, 2001), it has a log Kow value of 2.47 and it is soluble in 

water (1000 mg/L of water at 25oC) (Sabljić et al., 1995).   
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2: THEORY  

2.1 In vitro methods for measuring biotransformation rates 

There are many pharmaceutical studies that measure in vivo and in vitro 

xenobiotic intestinal metabolism because the peroral route is the most common 

mode of administering a drug (Kapp, 2007).  Drugs that enter the body through 

the peroral route is subject to first-pass metabolism in the small intestine and 

liver.  When measuring the extent of metabolism in the small intestine, 

researchers tend to focus on the type and amount of metabolites generated, or 

the amount of parent compound that is remaining after a certain time period.  In 

most cases, the focus has not been on measuring biotransformation rates.   

As noted above, the relationship between the small intestine and the liver in 

the body makes it difficult to separate the relative contributions of each organ to 

total body metabolism. Methods for studying intestinal metabolism (from whole 

organs to tissues to cells to sub-cellular fractions) include perfusion, tissue slices, 

cell cultures, isolated cells, and cell fractions (van de Kerkhof, et al., 2007a; Fix, 

1996).  For the sake of brevity, the focus of the following section will be a brief 

summary on subcellular fractions, S9 fractions, and microsomal fractions that are 

used for biotransformation studies because they are most similar to my chosen 

experimental method.  For more information on different methods of in vitro 

biotransformation studies, please refer to van de Kerkhof et al. (2007a), Quaroni 

and Hochman (1996), Kaminsky and Fasco (1992) and Kimmich (1990). 
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2.1.1  Cellular fractions 

Isolated enterocytes are often used in drug/xenobiotic metabolic studies.  

Their main advantage is that the extracellular environment can be highly 

controlled.  Isolated enterocytes do not require the addition of add co-factors 

since these are intact cells and already contain their own co-factors.  Isolated 

cellular fractions have been used extensively to study glucuronidation and 

sulphation of various xenobiotics (Bonkovsky, 1985).  The disadvantages of 

using isolated cells are that the steps in preparing and isolating the cells are 

labour intensive and not easily standardized between laboratories.  Moreover, 

studying drug transport is difficult because cell polarity is lost (Fearn and Hirst, 

2006).  In the small intestine, cells near the proximal end contain slightly different 

enzymes and in varying amounts compared to cells near the distal end 

(Kaminsky and Zhang, 2003). In addition, cells in the proximal end (villous tips) 

also vary in the type and amounts of enzymes contained within them compared 

to crypt cells (Kaminsky and Zhang, 2003).  There are different ways to isolate 

intestinal epithelial cells.  They include the vibrational method (Kaminsky and 

Fasco, 1992), the scraping method (Bonkovsky, 1985) and the elution method 

(Weiser, 1973).  
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2.1.1.1  Vibrational method 

Kaminsky and Fasco (1992) describe a vibrational method where the 

small intestine is everted over steel rods and placed in a buffered solution 

containing ethylenediaminetetracetate (EDTA), and subjected to mechanical 

stress using a vibro-mixer.  According to the degree of vibrational stress, either 

the villous or crypt cells become separated from the small intestine.   

 

2.1.1.2  Scraping method 

Scraping the mucosal side of the small intestine can also yield epithelial 

cells (Zheng et al., 1999) but Kaminsky and Fasco (1992) suggest that scraping 

action indiscriminately yields a mixture of villous tip, mid-villous and crypt cells 

while the action may damage the cells.  In addition, this scraping action also 

dislodges cell clumps, cell debris, lamina propria, connective tissue and 

excessive amounts of mucous (Kimmich, 1990). This gelatinous mass creates 

cell clumps that prevent easy separation of the cells.  Therefore, scraping of the 

intestine should only be used if the procedure does not require intact cells.  

However, the scraping method is the easiest and fastest method of obtaining 

cells compared to the vibrational or elution technique (Stohs et al., 1977; 

Kimmich, 1990).   The scraping method is also used as a preparatory step in 

making intestinal homogenates and S9 fractions (Sinko and Hu, 1996; Sohlenius-

Sternbeck and Orzechowski, 2004). The steps in preparing the small intestine for 

scraping are quite similar to the elution method. The rats can be fasted before 

excising the intestinal tissue and scraping the intestine to ensure that the 
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intestine is relatively clear of any foodstuff.  Then, either by anaesthesia or 

decapitation, the rat is sacrificed and a section of the small intestine is removed.  

The lumen is then flushed with an isotonic buffer and split open lengthwise so 

that the mucosal side can be gently scraped with either a metal spatula or a 

glass slide (Sinko and Ho, 1996; Sohlenius-Sternbeck and Orzechowiski, 2004). 

By applying different pressure, different cells can be obtained, but the meaning of 

“gentle” scraping pressure is quite subjective, such that there is no standardized 

cell yield each time the procedure is performed.  

 

2.1.1.3 Enzyme-mediated Elution method 

The enzyme-mediated elution method is one of the more widely used 

methods of obtaining isolated cells other than scraping because the cells remain 

intact.  The method of Weiser (1973) uses a chelating agent (citrate) to 

dissociate the mucosal cells from rat intestines and is further treated with 1.5 mM 

EDTA in a phosphate-buffered 0.9% NaCl solution without using any proteases 

or other enzymes.  After the small intestine is excised from the rat and washed, a 

different buffer containing the chelating agents are incubated in the lumen for a 

certain amount of time and repeated to elute the cells (Weiser, 1973). During the 

incubations, the small intestine is gently tapped to loosen the cells (Bonkovsky et 

al., 1985).  The first few incubations elute the villus cells while the next few 

incubations elute the mid-villus cells followed by the crypt cells (Weiser, 1973).  

This method allows researchers to study the location of the metabolizing 

enzymes in relation to the crypt-villus axis and also allows only the villus cells 
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containing the CYP450 enzymes to be isolated. By excluding the mid-villus and 

crypt cells, the concentration of the CYP450 enzymes is greater than if all the 

enterocytes were included in the isolation.  After the incubations, the cells are 

centrifuged at around 500-700 g for three to five minutes (Watford et al., 1979; 

Oates et al., 1997) to concentrate the cells and to transfer the pellet to another 

solution containing nutrients for the cells to use (Mohri and Uesawa, 2001).   

Bonkovsky (1985) modified the method of Weiser to yield cells whose 

microsomes contained higher CYP450 enzymes than the original procedure.  

Mohri and Uesaswa (2001) uses a slightly modified method of Weiser where they 

added dithiothreitol (DTT) to one of the incubating solutions and during 

incubation, the small intestine was tapped several times to loosen the cells.  

Watkins et al. (1987) uses a slightly modified method of Weiser where 

phenylmethylsulfonylfluoride (PMSF) is added as a protease inhibitor.  Many 

other methods of elution have been described, all with varying concentrations of 

chelating agents, salts, incubating times and temperatures.  

Experiments that use isolated cells are typically used for studying 

metabolism of drugs because it is a very simple model.  There is no need to take 

into account monolayer permeability (like Caco-2 cells, Ussing chambers, 

intestinal slices), or blood flow (intestinal perfusions), or having to add co-factors 

(like microsomes).  Basically, the most labour-intensive and time-consuming 

aspect of the method is to isolate the cells and maintain their viability.  Typically, 

having cell viability that is greater than 80% is considered a minimal requirement 

for cell preparations, some investigators even require a cell viability of at least 
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90-95% before the cell preparations are deemed suitable for use (Fix, 1996). The 

viability of the cells is most commonly determined by the Trypan dye exclusion 

(Fix, 1996).  Equal aliquots of the cell suspension and of 0.4% Trypan Blue 

solution is allowed to mix for five minutes before cells are viewed and counted in 

under a hemocytometer (Sigma-Aldrich Co., 2009,).  This method is also used to 

determine the proper concentration of the cells that is needed for subsequent 

chemical incubations.   

 

2.1.2 S9 fractions 

Intestinal mucosal S9 fractions can be obtained from the three cell 

isolation procedures mentioned above, or by direct tissue homogenization where 

the fragmented cells are centrifuged at around 9000 g for 20 minutes.  The 

supernatant fraction containing the cytosol and microsomes is used, hence the 

name S9 fraction (Sohlenius-Sternbeck and Orzechowiski, 2004). An advantage 

of using S9 fractions in metabolism studies is that it is very efficient because the 

compounds do not have to travel through a cell membrane in order to interact 

with the CYP450 enzymes (van de Kerkhof et al., 2007a) and that it can be 

frozen and used another time (Sohlenius-Sternbeck and Orzechowiski, 2004). 

However, physiological concentrations of co-factors such as NADPH-generating 

system (GS) are not present and have to be added, and drug transporters are 

also not present.  This means that S9 fractions are mainly used to study 

metabolism, and not permeation or drug transport (van de Kerkhof et al., 2007a).  

Sohlenius-Sternbeck and Orzechowiski (2004) studied the metabolism of 
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testosterone in intestinal S9 fractions and discovered that the metabolic activities 

and of glutathione transferase (GST) and phenol sulfotransferase (pST) are 

generally much lower than the liver S9.  Liquiritigenin (a drug in preclinical 

studies for treating inflammatory liver disease) was also shown to be metabolized 

in rat intestinal S9 fractions (Kang et al., 2009).   

 

2.1.3 Microsomes 

 Intestinal microsomes are obtained by further centrifuging S9 fractions at 

12,000 g for 30 minutes, the supernatant decanted, filtered through two layers of 

cheesecloth and centrifuged at 100,000 g for 1 hour (Fasco et al., 1993). Poet et 

al. (2003) centrifuged their intestinal homogenates at 105,000 g for 90 minutes, 

then sonicated the supernatant for four-10 second intervals and centrifuged the 

solution at 105,000 g for 60 minutes according to the method used by van der 

Hoeven and Coon (1974). Walker et al. (2006) first centrifuged the homogenized 

cells at 10,000 g for 10 minutes to remove excess or undisrupted tissue and fat.  

Next, they centrifuged the supernatant at 15,000 g for 15 minutes to remove 

nuclei and mitochondria.  Then the post-mitochondrial fraction was centrifuged at 

100,000 g for 60 minutes at 4oC to pellet down the microsomes.  The 

microsomes were frozen in liquid nitrogen until they were used. 

The advantages of using microsomes in metabolism studies are that the 

drugs are directly exposed to the metabolizing enzymes, but co-factors also 

needed to be added.  The limitations to using microsomes are similar to S9 

fractions, such as physiological amounts of co-factors are not present, nor are 
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cytosolic DMEs and drug transporters (van de Kerkhof et al., 2007). In addition, 

the time and labour involved in preparing microsomal fractions is significant.    

Another method of studying epithelial cell metabolism is to use immortalized 

or tumour intestinal cell lines.  These tumour cells are derived from human colon 

tumour cell lines (Leibovitz et al., 1976) and are widely used for studying 

membrane transport (Werdenberg et al., 2003), sorption (Vasiluk et al., 2008) 

and recycling (Hochman et al., 2000). The advantages to using these tumour cell 

lines (e.g. Caco-2 cells) are that they do exhibit CYP 1A, 1B and 3A in the cells 

and they exhibit well-developed microvilli and form tight monolayers with a 

polarized distribution of brush border enzymes (Cavret and Feidt, 2005).  

However, the amounts of CYP enzymes may differ in Caco-2 cells versus rat 

intestinal cells. In Caco-2 cells, the levels of CYP3A4 are lower than in human 

intestinal tissue (Fearn and Hirst, 2006).   In addition, Caco-2 cells are derived 

from human colon tumour cells whereas the focus is on intestinal cells.     
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3: METHODS 

3.1 Overview 

The small intestines of two male Sprague-Dawley rats (250-350 g each) 

were excised and the first 50 cm of the intestine was used to obtain enterocytes.  

After the cells had been isolated by using a chelating agent, the viability of the 

cells was verified by using Trypan Blue Dye Exclusion.  The cells were then 

incubated in a 37oC water bath along with two test chemicals, BaP and DEP. At 

predetermined time intervals; the reaction was stopped by adding ice-cold 

hexane.  Afterwards, an internal standard was added (PCB-153), and a portion of 

the hexane was placed in another vial to be analyzed by the GC-MS.   

Cytochrome P450 1A enzymatic activity was also analyzed using 

Promega’s P450-GloTM Assays by measuring the luminescence generating from 

the transformation of luciferin-CEE by CYP1A in the enterocytes.   
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3.2 Chemicals and Animals 

3.2.1 Chemicals  

All of the chemical reagents and solvents used in the experiments are as 

follows with CAS no., chemical grade and vendor name in parenthesis, 

SOLVENTS: acetonitrile (75-05-8, 99.8%, Caledon Laboratory Ltd., Georgetown, 

ON, Canada); hexane (110-54-3, >95%, Sigma-Aldrich, St Louis, MO, USA); 

BUFFERS: potassium chloride (7447-40-7, 99.5%, EMD Chemicals Inc, 

Darmstadt, Germany.); sodium chloride (7647-14-5, unknown, The Canadian 

Salt Company Ltd., Pointe-Claire, PQ, Canada); sodium citrate (68-04-2, 99.5%, 

BioShop Canada Inc., Burlington, ON, Canada); monopotassium phosphate 

(7778-77-0, 99%, Caledon Laboratory Ltd.); dipotassium phosphate (7758-11-4, 

98%, Anachemia Canada Inc, Montreal, QC, Canada); disodium hydrogen 

phosphate (7558-79-4, Caledon Laboratory Ltd.); phenymethanesulfonylfluoride 

(PMSF, 329-98-6, Sigma-Aldrich); ethylenediaminetetraacetic acid (EDTA, 60-

00-4, >99.5%, BioShop Canada Inc.); dithiothreitol (DTT, 3483-12-3, >99%, 

Sigma-Aldrich); glucose (dextrose, 50-99-7, EMD Chemicals Inc, Gibbstown, NJ, 

USA), L-glutamine (56-85-9, 200 mM solution in 0.85% NaCl solution, 

BioWhittaker, Lonza, Walkersville, MD, USA); Minimum Essential Medium Eagle 

(MEM, cat. M4642, Sigma-Aldrich), sodium hydrogen carbonate (144-55-8, 99.7-

100.3%, EMD Chemicals Inc., Darmstadt, Germany); 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES, 7365-45-9, >99.5%, BIoShop Canada 

Inc., Burlington, ON, Canada); collagenase (9001-12-1, cat. C5138, Sigma-

Aldrich); CHEMICALS: Benzo[a]pyrene (BaP, 50-32-8, >98%, Sigma-Aldrich); 
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diethyl phthalate (DEP, 84-66-2, Sigma-Aldrich); PCB-153 (35065-27-1, 

99.5±4%, Chromatographic Specialties Inc., Brockville, ON, Canada); sodium 

azide (26628-22-8, 99%, cat. B30111, BDH Inc, Toronto, ON, Canada); 0.4% 

Trypan blue solution (72-57-1, 0.4%, Sigma-Aldrich); NADPH-GS: glucose-6-

phosphate, disodium salt hydrate (G6P, 3671-99-6, ≥ 98%, Sigma-Aldrich); β-

nicotanamide adenine dinucleotide phosphate reduced tetrasodium salt (NADP, 

2646-71-1, 96%, Sigma-Aldrich); glucose-6-phosphate dehydrogenase , type VII: 

Baker’s Yeast, Crystalline suspension in 3.2 M (NH4)2SO4 (G6PD, 9001-40-5, 

13.2 mgprotein/mL, Sigma-Aldrich); and magnesium chloride (MgCl2, 7786-30-3, ≥ 

98%, Sigma-Aldrich).  

 

3.2.2 Preparation of the Buffers and Dosing Chemicals 

The buffers were prepared the day before the incubation and kept in a 

fridge overnight. The contents of the intestinal wash are as follows: 0.15 M NaCl, 

1 mM DTT and 0.23 mM PMSF.  

The contents of Buffer A (cell incubation) were:  96 mM NaCl, 27 mM Na-

citrate, 1.5 mM KCl, 8 mM KH2PO4, 5.6 mM Na2HPO4 and 0.23 mM PMSF (pH 

7.4).  The contents of Buffer B (cell dissociation) were: 109 mM NaCl, 2.4 mM 

KCl, 1.5 mM KH2PO4, 4.3 mM Na2HPO4, 1.5 mM EDTA, 10 mM glucose, 5 mM 

glutamine, 0.5 mM DTT and 0.23 mM PMSF (pH 7.4). The contents of the MEM 

solution (cell storage) were: 10.6 gpowder/Lwater, 4.2 mM NaHCO3, 15 mM HEPES 

(pH 7.0).   The solutions were aerated for 30 minutes before the intestinal tissues 
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were excised. After the intestinal tissues were excised, the buffers were 

continually kept on ice.   

The stock solutions of BaP and DEP were prepared in acetonitrile (83.83 

uM each).  The internal standard (I.S.) stock solution (PCB-153) was prepared in 

toluene (10.22 uM).  Sodium azide was dissolved in dionized water (30 mM).  

The NaN3 solution was only used for the control cells for trial 1.  Trials 2 and 3 

used cells that were kept overnight as control cells.   

 

3.2.3 Animals 

Two male Sprague-Dawley rats (350-450g, Charles-River, Wilmington, 

MA, USA) were used per experiment. Animals were not fasted overnight and 

intestinal tissues were obtained between 9:00-9:30 am each time.  Rats were 

sacrificed by anesthesia using isoflurane.  The abdominal cavity was cut open 

and the heart muscle was cut to complete the exsangination.  The small 

intestine, liver and stomach were immediately removed (the liver and stomach 

were to be used by another researcher) and placed in ice-cold intestinal wash 

buffer.  

The proximal 50 cm of intestine (duodenum and part of the jejunum) was 

excised and divided into approximate two 25 cm segments (2 

segments/intestine) and ice-cold intestinal wash was rinsed through it to dislodge 

any debris.  Buffer A was injected into each segment, the ends were clamped 

closed and incubated in 37oC in buffer A for 15 minutes.   
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3.3 Cell Collection 

The contents of the intestines were discarded and replaced with ice-cold 

buffer B, and the ends were clamped closed. The intestines were placed on a 

glass plate on top of a layer of ice and were massaged and tapped several times 

for 4 minutes to loosen the top layer of cells.  The contents of the intestine were 

collected and the procedure was repeated for two more times for 2 minutes each 

time.  Approximately 10 mL of MEM solution was placed in the beaker that was 

used to collect buffer B and its contents after it was filtered through a 250 and 

200 µM pore size mesh (Sefar Filtration Inc., Depew, NY, USA).   

 

3.4 Cell Separation  

The MEM solution containing buffer B and the cells were centrifuged at 

1660 g for five minutes (Thermo Fisher Scientific CL2 Centrifuge, Waltham, MA, 

USA).  The supernatant was aspirated and discarded.  The mass was re-

suspended in ice-cold MEM + collagenase so that the final concentration of 

collagenase was 0.6 mg/mL.  The solution was pipetted for 5 minutes to loosen 

the cell mass and then it was centrifuged again at 1660 g for 5 minutes.  The 

supernatant was aspirated off, replaced with ice-cold MEM solution (without 

collagenase), pipetted for 5 minutes and centrifuged again at 1660 g for 5 

minutes.  The previous step was repeated once more, taking extra care not to 

add too much ice-cold MEM solution or else the cells concentration will be too 
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dilute.  Finally, the MEM solution with cells was filtered through a 200 µM pore 

size mesh to get rid of any remaining mucous and the solution was kept on ice.   

 

3.5 Quantifying Cell Viability Using Trypan Blue Dye Exclusion 

A 1:1 ratio of 0.4% Trypan Blue Solution was added to the MEM solution 

containing cells to determine cell viability.  Live (cells that excluded Trypan Blue) 

and dead (cells turned blue) cells were viewed under a microscope (Carl Zeiss, 

Axioskop2 Plus) and pictures were taken (Zeiss, AxioCam MRm) using Axio 

Vision (v 4.7.1.0) software. The cells were counted in a hemocytometer (VWR 

Levy Counting Chamber, Hausser Scientific, cat. 15170-208) according to Figure 

4): 
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Figure 4. Example of grid lines on a hemocytometer (Caprette, 2007) 

 

Briefly, the number of cells were counted in five 1/25 mm2 square (four 

outer corners and the middle square) and averaged out. Since the depth of each 

square was 0.1 mm, the volume of each 1/25 mm2 square was 0.004 mm3 (0.04 

mm2 x 0.1 mm). Since approximately 1000 mm3 = 1 cm3 = 1 mL, the cell 

concentration per mL was calculated as follows (equation 4): 

Average number of cells x dilution factor x 250,000 = # cells/mL   4   

 

1 mm 
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In addition the number of stained cells was also counted to get the percent 

viability.  For example, if the average number of total cells in all the squares was 

30, then there would be approximately 15 million cells/mL. If there were 5 stained 

cells out of a total of 30 cells, then the percent viability would be 83% ([30-

5]/30x100).   

 

3.6 In vitro Compound Delivery to Cells 

After the cell concentration (per mL) was determined, the cell 

concentration was adjusted so that there were approximately 1 million cells per 

vial (volume 400 µL; table 5).  The time intervals for tests and controls were as 

follows: 0, 5, 10, 20, 60, 90, and 120 minutes.  For trial 1, 5 µL of the 0.3 mM 

NaN3 solution was added to the cell solution so that the final NaN3 concentration 

was 0.03 mM in the cell solution to inactivate cell metabolism. For trials 2 and 3, 

half of the volume of cell solution was split so that half would be kept overnight 

on the counter to reduce enzymatic activity to be used as control cells the next 

day (the experiment was run on two separate days). The cell solution was evenly 

split for the test and control runs so that 400 µL of the cell solution was placed 

into a 2 mL screw-top amber auto sampler vial (Agilent Technologies Inc., Santa 

Clara, CA, USA) and capped with a screw cap with a Teflon/rubber/Teflon 

septum (Agilent Technologies Inc., Santa Clara, CA, USA).  The dosing order of 

the cell solution and chemicals are listed in Table 5. Dosing order of solutions 

and chemicals   
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Table 5. Dosing order of solutions and chemicals   

Order Solution/Chemical to Add to Vial Test Run 
(µL) 

Control Run (µL) 

#1 MEM solution with cells 400 400 

#2 MEM solution only 100 95 

#3 NaN3 solution* --------- 15 

Incubate vials for 3 minutes in a 37oC water bath 

#3 Dosing chemical** in ACN 3 3 

 Total volume*** 503 503 

* [NaN3]Dionized water = 30 mM 

** [BaP]ACN = 83.83 uM & [PCB-209]ACN = 83.83 uM 

*** Final concentration of BaP and PCB-209 in vial was 0.5 uM each; of NaN3 was 0.03 mM.  

 

After the vials were incubated in the water bath for 3 minutes, the reaction 

was initiated by adding 3 µL of the dosing chemical to the vial. The time was 

noted, the vials were capped immediately, shaken a few times by hand and 

placed on the roller system in the water bath (Grant orbital/linear shaking bat 

OLS200, Grant Instruments Cambridge Ltd., Cambridgeshire, UK) for a 

predetermined period of time.  This step was repeated for the rest of the vials 

until all of them have been placed in the water bath.  

The vials for test-0 minutes and control-0 minutes were performed last 

where after 3 µL of the dosing chemical was added, capped and shaken a few 

times by hand, and ice-cold hexane (1 mL) was added to the vial to stop the 

reaction. The vial was re-capped and vortexed for 5 seconds before being placed 

on ice.   
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At specific time points, 1 mL of ice-cold hexane was added to stop the 

reaction in other vials and placed on ice until all the vials were processed.   

 

3.7 Chemical Extraction from Intestinal Cells 

PCB-153 (40 µL) was added to each of the vials to act as an internal 

standard (final concentration 0.39 µM) and then all the vials were horizontally 

placed in a vortexer (VWR VX-2500 Multi-tube Vortexer, VWR International, LLC, 

West Chester, PA, USA) to be vortexed for 90 seconds (setting 6) to ensure that 

the hexane was completely mixed between the cells and was able to extract the 

compounds.   The vials were then centrifuged at 2130 g for 5 minutes to separate 

the hexane/water phases and then 0.6 mL of the hexane supernatant was 

extracted and placed in a clean auto sampler vial for GC-MS analysis.   

 

3.8 GC-MS Analysis 

All the vials were analyzed using an Agilent 6890 gas chromatograph 

(GC) attached to an Agilent 5973N mass spectrometer (MS), with a 

programmable cool on-column injection port, a 30 m x 250 µm x 0.25 µm HP-

5MS 5% phenyl methyl siloxane-coated column (Agilent), and a 5 m x 530 µm x 

0.25 µm fused-silica deactivated guard column (Agilent). The oven temperature 

profile is shown in Table 6.  
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Table 6. Oven temperature profile for analyzing BaP, DEP and PCB-253. 

Ramp Temperature 
increase 
(oC / min) 

Next 
temperature 

(oC) 

Hold 
(min) 

Runtime 
(min) 

Start  60 4.00 4.00 

Ramp 1 25 200 1.00 10.6 

Ramp 2 20 300 5.00 20.6 

 

The injection port and ion source temperatures were 60 and 230 oC, 

respectively. The carrier gas was helium at 1 mL/min flow rate.  The ion selected 

for detection for BaP, DEP and PCB-153 were m/z 252, 149 and 498, 

respectively. The ions were selected based on properties of high intensity and 

low interference. The GC-MS injected 1 µL of the sample into the column by a 5-

µL gas-tight glass syringe (Agilent).  The height and area of the peaks 

corresponding to each of the chemical were integrated and quantified on the 

chromatogram using Chemstation (Hewlett Packard) software.   

 

3.9 Quantifying Metabolites and Calculating Rates of 
Metabolism 

3.9.1 Internal Standard 

An internal standard (PCB-153) was added before the vortexing stage (30 

mL of 57.85 M of PCB-153 dissolved in toluene) to ensure that it provided a 

consistent standard for the test chemicals because inconsistent volumes of 

hexane may be extracted from each vial.  In addition, the sensitivity of the GC-
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MS vary for each run and the sensitivity at the beginning of the run may differ 

substantially from the end of the run, especially if there are many vials to run.  

The ratio of the amount of analyte over the internal standard (analyte/I.S.) can 

provide a more accurate representation of the relative change in concentration of 

the test chemicals while taking into account the variation in volume of hexane 

extracted and GC-MS conditions.    

 

3.9.2 Quantifying Test Compounds 

An example of a chromatogram showing the peaks of BaP, PCB-209 and 

PCB-153 are shown in Figure 5.  The peak height and area were quantified using 

Chemstation software. The height and area of the peak of each chemical is 

correlated with the quantity of chemical that was extracted with hexane.   
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Figure 5. Example of chromatogram with BaP(16.97 min), DEP (10.26 min) and PCB-153 
(14.34 min) peaks.  The peak at 15.25 min is Di (2-ethylhexyl) phthalate, a 
widespread contaminant.   

3.9.3 Calibration Curves 

Calibration curves using BaP, DEP and PCB-153 (as the internal 

standard) were used to calculate the concentration of chemical.   

Calibration concentrations of BaP and DEP were: 0.01, 0.02, 0.05, 0.1, 

0.2, 0.5, and 1.0 µM in hexane. The concentration of PCB-153 remained at 0.1 

µM in all seven vials.   

A plot of the area ratio (analyte/I.S.) for trials 1 and 3 were plotted against 

the concentration of the analyte whereas a plot of the area abundance instead of 

the area ratio was used in trial 2. The linear regression of the data points was 

used to calculate the concentration of the dosing chemicals (BaP and DEP) that 
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were detected by the GC-MS.  The formula of the linear regression is in the form 

“y = mx + b”, where “y” was the area ratio (analyte/I.S.) and “x” is the value of the 

concentration of the analyte remaining in the experimental vials (the value we 

want to find, µM).   

3.10 Cytochrome P4501A Enzyme Detection 

3.10.1 Buffers 

The presence and amount of CYP1A enzymes were detected in 

enterocytes and S9 liver fractions isolated from the same rat.  S9 liver fractions 

were thawed from -70oC and were used as a positive control for the presence of 

CYP1A enzymes (when NADPH-GS was added) and were also used to compare 

relative amounts of the enzyme in enterocytes and in S9 liver fractions.  S9 liver 

fractions without NADPH-GS added were deemed the negative controls because 

the microsomes require co-factors to become active (van de Kerkhoff, 2007a).  

The enterocytes were kept in an ice-cold MEM buffer whereas the S9 fraction 

was kept in a phosphate buffer (0.078 M KH2PO4, 0.122 M K2HPO4 in deionized 

water) and 1.15% KCl solution on ice. The NADPH-GS was made the day of the 

experiment according to the following amounts: 0.08 M G6P, 7.44 mM NADP, 

1.95 µL/mL G6PD and 0.04 M MgCl2. The ratios of the S9 fraction (positive 

control) containing NADPH-GS, phosphate buffer, 1.15% KCl, and S9 was 

1:2:1:1, respectively. The ratios of the S9 fraction (negative control) containing 

phosphate buffer, 1.15% KCl and S9 was 3:1:1, respectively.  A total volume of 

100 µL of the positive and negative control (each) of the S9 solution was 

prepared.   
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3.10.2 Cytochrome P4501A Enzyme Detection  

The verification of the presence of active CYP4501A enzymes in 

enterocytes was conducted using Promega’s P450-GloTM Assays (Madison, WI, 

USA, Cat # V8751).  More detailed instructions for using P450-GloTM Assays can 

be found online at: www.promega.com/tbs/.  Very briefly, the procedure for 

detecting CYP1A enzymes in enterocytes was as follows:  After isolating the 

enterocytes, the cell solution was diluted so that there were approximately 2 

million cells/ mL.  According to Table 7, the total volume of the commercial 

luminogenic CYP substrate (luciferin-CEE) was determined. The cell 

concentration and the luciferin-CEE concentration was twice that of the final 

concentration (1 million cells/mL and 30 µM, respectively) because equal 

volumes of each were added in each vial.  The final volume (per vial) was 100 

µL.   

For the S9 liver fraction vials, they were pre-mixed with amounts of the 

phosphate buffer, KCl buffer and NADPH-GS (if needed) according to the ratios 

mentioned in section 3.10.1.  For each vial, 50 µL of the S9 liver solution 

(including its buffers and NADPH-GS) was added into a vial of which 10 µL 

comprise the S9 liver fraction.   

Control vials contained cells that were prepared by leaving a small amount 

of the freshly isolated enterocytes at room temperature for one day so that all the 

enzymatic activity declined before the assay.  “Buffer only” vials were used as a 

second “buffer” control, S9 fractions from hepatocytes (from the same rats) were 

used as a positive control (with NADPH-GS added) and S9 fractions without 
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NADPH-GS added were used as a negative control.  Lastly, ACN (3 µL per 500 

µL of cell solution) was added to account for the presence of the dosing solvent 

in the cell solution.  

The cell solution and luciferin-CEE were incubated in a 37oC water bath 

for three hours in the dark.  The luminescence of each vial was then recorded 

four times (known as “before” values) and 100 µL of the detection reagent was 

added.  Each vial was left at room temperature in the dark for another 20 minutes 

and then a luminescence reading of each vial (known as “after” values) was 

taken four times and the mean reading was reported.  The ratio of the 

luminescence values (“after” values over “before” values) were calculated and 

normalized to luminescence per 1 million cells (enterocytes) or approximately 1 

million cells (hepatocytes).  The calculations for normalizing S9 liver fractions to 

number of cells is described in section 4.2.   
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Table 7. Volume and concentrations of various substrates used in 
detecting CYP1A enzymes in each vial.  

 
Vial Category 

#Cell/ 
mL 

Volume 
of [cell]

(µL) 

[luciferin-
CEE] 
(µM) 

Volume of 
[luciferin-

CEE] 
(µL) 

Final 
[luciferin-

CEE] 
(µM) 

Final 
Volume

(µL) 

Live Cells 2x106 50  60  50  30  100  

1-week old 
cells 

2x106 50  60  50  30  100  

Buffer Only  
(MEM) 

None 50  60  50  30  100  

Hepatocytes 
(S9) 

(+NADPH-GS, 
positive 
control) 

N/A 50  60  50  30  100  

Hepatocytes 
(S9) (no 

NADPH-GS, 
negative 
control) 

N/A 50  60  50  30  100  

Live Cells + 
ACN 

(<0.6%v/v) 

2x106 50  60  50  30  100  

 

3.11 Calculating luminescence  

According to Table 7, the vials were incubated in a 37oC water bath for 

three hours after equal volumes of the cell solution and luciferin-CEE was added 

to a vial.  After incubating the solution for three hours, luminescence readings 

were taken with a luminometer (Turner Designs 20/20, CA, USA, delay: 2 sec, 

integration: 10 sec, standard mode) for four times per vial and averaged out.  
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These readings were designated as the “before” reading.  Next, 100 µL of the 

luciferin detection reagent was added to the vial (bringing the total volume to 200 

µL).  The reaction was allowed to continue for 20 minutes at room temperature in 

a darkened room.  After 20 minutes, four “after” luminescence readings were 

taken per vial and averaged out.  

To compare the relative amounts of CYP1A enzymes as reflected by the 

amount of luminescence released from the reaction between luciferin-CEE and 

the luciferin detection reagent, the ratio of the averages of the “after” 

luminescence readings over the average “before” luminescence readings were 

calculated and plotted on a bar graph. The ratios of the “after” and “before” 

luminescence readings were used to take into account the luminescence 

variations among vials before the addition of the luciferin detection reagent.  

3.12 Data Analysis 

3.12.1 Depletion Rates 

Assuming that analyte depletion rate follows first-order kinetics, the 

depletion rate can be represented as: 

    d[C]/ dt = -kC    5  

 

Where C is the concentration of the analyte (moles/L) , t is time (minutes or 

hours) and k is the depletion rate constant (minute-1).  
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If equation 5 is integrated on both sides and rearranged according to 

equation 6, then: 

 

          ln [C] – ln [C]0 = - kt 

          ln [C] = -kt + ln [C]0    6 

      

The natural logarithm was calculated for each concentration and plotted on a 

graph. The linear regression of the natural logarithm of the concentration versus 

time for control and test vials for each analyte was conducted using Microsoft’s 

Excel©.   

A Student’s t-test (equation 7) was used to determine statistical 

differences between the depletion rates measured in the control and test 

samples. The Student t-test is a statistical hypothesis test that compares the 

means of two normally distributed populations. If the slopes of the control and 

test vials were not significantly different (p > 0.05), then the null hypothesis holds 

true and the biotransformation rate was either non-existent or too small to be 

detected by this experimental method.   

Student t-test =     7 
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.  The linear regression function of the natural logarithm of each 

concentration was performed on test and control lines. The summary output for 

the linear regression statistics gave the degrees of freedom for the test and 

control vials, and the standard error for the slope that is calculated in Student’s T-

test formula.  

Where xtest and xctrl are the slopes of the linear regression lines of the 

natural logarithm of the concentrations of the analytes, and SEtest and SEctrl are 

the standard errors calculated from the linear regression function in Excel.  The 

Student T-test value was compared to its value in a table according to its degree 

of freedom to test whether the test and control slopes were significantly different 

(p<0.05). If the Student T-test value is greater than the one in the table, then the 

slopes of the test and control vials are significantly different (p<0.05).   

All of the time points were used in calculating the significant difference 

between the test and control slopes for BaP, but only time points up to 20 

minutes were used for DEP.  This was because there appeared to be a biphasic 

biotransformation rate for DEP and the initial period of the incubation period is 

expected to be the most representative of intestinal biotransformation rates. 
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4: RESULTS AND DISCUSSION 

4.1 Cell Yield 

Approximately 210 ± 112 (SD) million cells were isolated from the first 50 

cm of the rat small intestine (duodenum and jejunum) per trial for the three trials. 

The average cell viability was 85.7 (±1.9) per cent.  The cell viability of the three 

experiments were: 83.5%, 86.6%, and 87%, respectively.   

It was difficult to separate the cells in the solution completely because there 

was mucous in the solution.  Prior to adding collagenase and filtering the cell 

solution three times (twice using the 250 µm pore mesh and once in 200 µm pore 

mesh), the cells appear clumped together when viewed under the light (Axiocam) 

microscope (Figure 6).  

Under the microscope, there appeared to be darkened splotches, which 

were the mucosal masses that were stained with Trypan Blue solution. The 

circular objects were enterocytes.  These dark splotches and the cells clumping 

together made it difficult to count the cells and calculate the cell viability.  After 

altering the buffer solutions to the current method and adding 1.2 mg/mL of 

collagenase to the cell solution for 5 minutes, cell separation became much 

better (Figure 7). It was easier to count the number of live (clear) and dead 

(stained) cells in each square because they were nicely separated. 

Unfortunately, the Axiocam MRm photo-taking software does not capture 

pictures in colour, so it is difficult to see which cells were stained or not.  The 
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slightly darkened mass on the right side of the figure would be a mass of 

mucous.  

 

Figure 6. Isolated enterocytes when viewed under 10x magnification. Collagenase was not 
used to separate the cells. The thick white lines are 1 mm apart. 
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Figure 7. Isolated enterocytes when viewed under 10x magnification. Collagenase was 
used to separate the cells. The thick white lines are 1 mm apart. The white 
arrow shows a mucosal mass that is stained.   

 

4.2 CYP1A1 Content 

Using Promega’s P450-GloTM Assays, the amount of CYP1A1 enzymes 

was measured by incubating the cells with luciferin and measuring the 

luminescence before and after the addition of the luciferin detection reagent.  

Figure 8 shows the luminescence values given for each category of vials 

(live cells, live cells plus ACN, control cells, buffer, S9 liver fractions with and 

without co-factors added) before the addition of the luciferin detection reagent.  It 

can be seen that the luminescence values range between 0.01-0.04 (unitless).  

 Figure 9 shows the luminescence values after the luciferin detection 

reagent had been added for 20 minutes.  It can be seen that the S9 liver fractions 
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with co-factors added has a luminescence that is approximately 28 times higher 

than live cells plus ACN, which has the next highest luminescence values.  The 

luminescence values for control cells and buffer vials were between 0.12-0.88.   

10 shows the relative luminescence ratios of the previously mentioned 

categories (live cells, live cells plus ACN, control cells, buffer, S9 liver fractions 

with and without co-factors added) in figure 8.  The relative luminescence ratios 

are expressed to one million enterocytes or equivalent to one million 

hepatocytes.   

Since S9 liver fractions are prepared from hepatocytes, it is quite simple to 

estimate the number of hepatocytes per mL of S9 liver fraction.  The CYP1A1 

activity in rat hepatocytes was not compared to rat enterocytes because the lab 

did not have a specific procedure for isolate rat hepatocytes.  

The number of rat liver cells (hepatocytes) was calculated from a value 

given by Yung-Shan Lee (personal communication, a Ph.D student at the Gobas 

lab who is working on rat liver metabolism of several hydrophobic chemicals) 

when she was preparing rat liver S9 fractions. Yung-Shan Lee obtains her liver 

tissues the same time I obtain my intestinal tissues.  Before she proceeds with 

her protocol for obtaining S9 liver fractions, she weighs each liver beforehand 

and measures the amount of S9 liver fractions she was able to obtain at the end.  

From 1 gram of liver, Lee (personal communication) obtained approximately 1.13 

mL of S9 liver fraction. Lee measured approximately 14 g of liver in a 350 g rat.  

Houston (1994) stated that there are approximately 135 million hepatocytes per 

gram of liver.  From the two previous values, I was able to calculate there were 
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approximately 1.2 million equivalent hepatocytes in the 10 µL of S9 fractions with 

and without co-factors (10 µL of S9 liver fraction per 50 µL of S9 liver solution).  

In addition, I was able to calculate that there are approximately 1.89 billion 

hepatocytes per rat.  Conversely, approximately 210 ±112 (SD) million cells were 

isolated from the first 50 cm of two intestines per trial for the three trials (data not 

shown). The amount of liver cells isolated from one rat is approximately nine 

times more than the amount of intestinal cells isolated from the first 50 cm of two 

intestines from two similar sized rats. This calculation is to illustrate that the 

metabolic capacity of the rat liver can be many times greater than that of the rat 

small intestine purely due to the number of metabolically active cells in each 

organ (assuming that all the cells in the liver and the first 50 cm of the small 

intestine contain metabolically active cells).   

Figure 1010 shows that the CYP1A1 enzymatic activity of rat liver S9 

fractions (even when normalized to an equivalent of 1 million cells), is 28 times 

higher than the enzymatic activity of live enterocytes incubated with 0.6% ACN.  

Although this test only measures the enzymatic activity of one enzyme, it shows 

that the CYP1A1 metabolic capability of the liver is many times greater than that 

of the small intestine.   

Given that the S9 liver fractions without co-factors should have low 

enzymatic activity, it is encouraging to see that its enzymatic activity is lower than 

that of the live enterocytes and live enterocytes incubated in 0.6% ACN 

(luminescence ratio 104 versus 237 and 639, respectively).  However, the 

enzymatic activity for the S9 liver fractions without co-factors is slightly higher 
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than control enterocytes and buffer (luminescence ratio 104 versus 7.35 and 

19.5, respectively), which indicates that there is still some slight enzymatic 

activity in those S9 liver fractions.  

 

Figure 8. The "before" luminescence values (before the addition of the luciferin detection 
reagent) of live rat enterocytes (live), live rat enterocytes with ACN added (live 
+ ACN), control rat enterocytes (control), buffer, rat liver S9 liver fraction with 
co-factors added (S9 + co-factors), and S9 liver fraction without co-factors 
added (S9, no co-factors). The vertical bars are the standard deviations. 

 
 
 
 
 
 
 
 
 

Rat 
enterocytes 

Rat liver 
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Figure 9. The "after" luminescence values (after the addition of the luciferin detection 
reagent) of live enterocytes (live), live enterocytes with ACN added (live + 
ACN), control enterocytes (control), buffer, rat liver S9 fraction with co-factors 
added (S9 + co-factors) and rat liver S9 fraction without co-factors added (S9, 
no-cofactors).  The vertical bars are the standard deviations. 

 
 
 
 
 
 
 
 
 
 

Rat enterocytes Rat liver S9 
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Figure 10. The relative luminescence ratios of the “after” to “before” luminescence values 
(normalized to 1 million enterocytes or hepatocytes) of live enterocytes (live), 
live enterocytes with ACN added (live + ACN), control enterocytes (control), 
buffer, rat liver S9 fraction with co-factors added (S9 + co-factors), and rat liver 
S9 fraction without co-factors added (S9, no-cofactors). The numbers above 
the bars are the luminescence ratio and the vertical bars are the standard 
deviation.   

 

4.3 Calibration Curves 

Figure 111 - 13 show the relationships between the concentration of each 

analyte (either BaP or DEP) and its corresponding area ratio (or area abundance 

in figure 11) for that concentration.  The calibration curve of each analyte was 

calculated from the linear regression of each analyte (n = 3 for each analyte).   

The conditions of the GCMS varied day to day so it was necessary to 

calculate calibration curves each time the experiment is run.   

Rat enterocytes Rat liver S9 
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Figure 11. The relationship between the concentration of BaP and DEP versus its area 
ratio (area of analyte / area of I.S) for trial 1. The linear regressions of each 
analyte are the calibration curves.  The solid calibration curve represents BaP 
and the dashed calibration curve represents DEP.  

 
 
Figure 12. The relationship between the concentration of BaP and DEP versus its area 

ratio (area of analyte / area of I.S.) for trial 2. The linear regressions of each 
analyte are the calibration curves. The solid calibration curve represents BaP 
and the dashed calibration curve represents for DEP.  
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Figure 13. The relationship between the concentration of BaP and DEP versus its area 
ratio (area of analyte / area of I.S.) for trial 3.  The linear regressions of each 
analyte are the calibration curves.  The solid calibration curve represents BaP 
and the dashed calibration curve represents DEP. 

 
 

4.4 Biotransformation Rates 

4.4.1  Benzo[a]pyrene 

Figures 14 - 16 show the natural log of the concentration of BaP remaining 

in the active (live) cell and inactive (control) cell vials over time.  The 

concentration of BaP remaining in the vials in Figures 14 and 16 were calculated 

from the area ratio calibration curve of BaP (from Figures 11 and 13, 

respectively) whereas in Figure 155, the concentration of BaP was calculated 

from the area abundance peaks (Figure 12).   

The linear regression lines of the natural logarithm of the concentration of 

BaP versus time in the control cell vials (dashed lines, Figures 11 - 13 ‘BaP 
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control slope’) indicate a decrease in the amount of BaP that is extracted over 

the experimental period.  A summary of the BaP control slopes for trials 1 -3 is 

listed in table 8.   

Normally, one would expect that the concentration of BaP in the control 

vials would remain the same over time because it is presumed that the cells do 

not have any metabolic capabilities because they were left overnight on the 

counter in the lab.  In an experiment performed by Vadi and colleagues (1975) in 

which she incubated BaP in rat liver cells to find what percentage of the 

unmetabolized BaP remained in the incubation medium, cytoplasm or the 

particulate cell fraction, she found that 23% of unmetabolized BaP was recovered 

in the incubation medium (60 g supernatant), 6% in the cytoplasm (105,000 g 

supernatant) and 70% was bound to the particulate cell fraction (105,000 g 

pellet).  She centrifuged the incubation medium to separate out the cell 

components. This means that the majority of the unmetabolized BaP is most 

likely bound to the sedimentable cell fragments and may be difficult to extract 

using a solvent.  In addition, Vadi was only able to recover approximately 93% of 

the BaP dose. This suggests that it is normal to extract less than 100% of the 

original dose.   

As communicated by Danny Lee (MET student at the Gobas lab who was 

studying rat liver S9 metabolism of several PAHs, personal communication), 

when BaP was incubated in rat liver S9 fractions, a decrease in extraction 

efficiency was also seen.  This means that observing a decrease in the amount 

of BaP extracted over time even in inactive cells (or rat liver S9 fractions) is quite 
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normal.  Hawthorne and colleagues (2000) have noted that PAHs can become 

more tightly bound to an organic matrix over time and extracting PAHs from older 

samples may be more difficult.  Therefore, it is normal to extract a smaller 

amount of BaP at the end of the experiment (after two hours) compared to at the 

beginning of the experiment (0 minutes).  

The linear regression lines of the natural logarithm of the concentration of 

BaP versus time in live cell vials (solid line, figures 14-16, ‘BaP test slopes’) 

illustrate the observed depletion rates for BaP.  Table 8 summarizes the slopes 

of the linear regression lines for test vials.   

A Student’s T-test showed that there was a significant difference between 

the BaP control and BaP test slopes for trial 1 (p < 0.05), but there was not a 

significant difference between the slopes for trials 2 and 3 (p = 0.98 and p = 0.22, 

respectively).  Figures 15 and 16, corresponding to trials 2 and 3, show that there 

is large error associated with the test and control data points; such a large error 

reduces the statistical power of the Student T-test to observe for any significant 

difference between the BaP control and test slopes.  

A difference between the BaP control and test slope was calculated to 

illustrate the adjusted depletion rate for trial 1 (table 8).  This difference was 

taken because it was necessary to take into account the decrease in BaP 

concentration over time in the control cell vials.  In trial 1, the adjusted depletion 

rate for BaP is -4.3 (± 2.1) x 10-3/min (table 8).    

Literature values on the biotransformation of BaP in the rat small intestine 

are rare.  Researchers typically use the microsomal fraction of the rat small 
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intestine to measure for the presence of BaP metabolites (van de Wiel et al., 

1992; Seitz et al., 1981; Chhabra et al., 1974; Salbe and Bjeldanes, 1984) or the 

fraction of certain BaP metabolites generated as a result of metabolism (Stoh et 

al., 1977).  These values are quoted per gram of protein. As a result, it is difficult 

to compare values that are quoted as ‘per gram of protein’ versus ‘per 106 cells’ 

because no study has explicitly measured the amount of microsomal protein per 

intestinal cell.  Experimenters also measured the rate of formation for certain BaP 

metabolites instead of the depletion of the parent compound for calculating the 

BaP metabolism.  By counting only one or a few metabolites generated, only a 

partial picture of the total biotransformation rate emerges.  For example, Stoh 

and colleagues (1977) studied BaP metabolism using rat intestinal cells and 

measured the amount of fluorescence produced by BaP moooxygenase.  One 

BaP-monooxygenase unit is defined as the formation of 1 pmol of product/min 

using 3-hydroxy-BaP as the reference standard (Stoh et al., 1977).    As can be 

seen from table 8, the adjusted biotransformation rate for BaP was normalized to 

106 cells and the adjusted-normalized biotransformation rate for BaP was -0.65 

(± 0.31) x 10-3/min/106 cells (trial 1).  Stoh’s value was converted into a 

biotransformation rate (appendix B) and the rate was approximately -1.0 x 10-5 

/min/106 cells.  Stoh’s BaP biotransformation rate is approximately 65 times less 

than the adjusted-normalized rate calculated in trial 1.  A major difference 

between Stoh’s experiment and this one was that he was only measuring the 

formation of one metabolite whereas this experiment measured the depletion of 

the parent compound.  This difference in measurement may be a reason why 
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Stoh’s rate is approximately 65 times less than the rate obtained from this 

experiment for trial 1.  Miller and Ramos (2001) stated that many other 

metabolites are produced from BaP metabolism such as epoxides (2,3-, 4,5-, 

7,8-, and 9,10-isomers), dihydrodiols (4,5-, 7,8-, 9,10-diols), phenols, and 

quinones (BaP 7,8-quinone).  Stoh’s method of measuring the formation of only 

one metabolite may not be the best way of measuring the biotransformation rate 

of that compound as the metabolites may be generated at different rates and 

amounts. 

Another factor affecting the biotransformation rates of BaP would be its high 

lipophilicity and the problem of dissolving a high log Kow molecule in an aqueous 

medium. Trying to introduce lipophilic compounds into an aqueous solution is 

very difficult because the compound has to be dissolved into an organic solvent 

first and then the solvent mixture has to be dissolved into the aqueous solution.  

The reason for not having a significant difference between BaP control and test 

slopes, and the large error associated with the slopes, may be because of its 

high log Kow value. Benzo[a]pyrene is a very lipophilic compound, with a log Kow 

of approximately 6 and as a result, it has a very high tendency to associate with 

any of the lipophilic membranes in the cell solution.  Gerde and colleagues 

(1997) found that when dogs inhaled BaP into their trachea, the compound 

tended to be absorbed into the mucous and cell membranes first mainly because 

the lipophilic cells are dispersed in an aqueous (water and mucosal) medium.  

BaP has to travel through the mucous in order to reach the cell membranes.  In 

this experiment, even after filtering the cells three times through a 250 µm and 
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200 µm pore size mesh, the mucous could not be completely separated from the 

cells.  After introducing BaP into the cell solution, the compound could prefer to 

migrate into the cell membranes through the mucosal layer.  If there is still some 

mucous surrounding the cells, then we would find BaP in the mucosal layer. 

Miller and Ramos (2001) found that after BaP enters the cell, it may accumulate 

in the mitochondrion and nucleus instead of migrating into the microsomes where 

the CYP enzymes are contained.  Much of the metabolic studies involving BaP 

use microsomes or S9 fractions where the problem of having mucous or cell 

membranes interfering with the compound interacting with the enzymes is less 

pronounced. This may be a reason why other studies were able to find a 

significant biotransformation rate for BaP whereas I was unable to find a 

significant difference between control and test runs for two of the three 

experiments.    

Another factor that can affect the measurements of biotransformation rates 

are metabolites that are similar in structure to the parent compound are known to 

participate in end-product inhibition, where metabolites can compete with parent 

compounds for the same active site on enzymes, thus slowing down the 

biotransformation rate.  Shen and colleagues (1979) found that metabolites of 

BaP (such as BaP 1,6-, 3,6- and 6,12-quinones) were found to be non-

competitive inhibitors of BaP metabolism in the microsomes of rat livers.  End-

product inhibition may play a factor in affecting the biotransformation rates for 

BaP.    
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Figure 14. The natural logarithm of the concentration of BaP remaining in the live cells (    ) 
and control cells (    ) vials over time for trial 1. The solid and dashed lines are 
the linear regression of the live and control cells, respectively.  

 
 

 

Figure 15. The natural logarithm of the concentration of BaP remaining in the live cells (   ) 
and control cells (    ) over time for trial 2.The solid and dashed line are the 
linear regression of the live cells and control cells, respectively.   

 
 
 

p=0.98 
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Figure 16. The natural logarithm of the concentration of BaP remaining in live cells (   ) and 
control cells (     ) over time for trial 3.  The solid and dashed lines are the 
linear regression of the live cells and control cells, respectively.   

Table 8. Summary of adjusted and normalized depletion rates for BaP for trials 1-3. All of 
the errors are standard errors (S.E.)  

BaP Test 
Slope 
(x10-

3/min) 

Control 
Slope 
(x10-

3/min) 

Difference 
(x10-3/min) 

Cells/vial 
(x106cells
/vial) 

Normalized  
(x10-3/min/106 
cells)  

p-
value 
(two-
tailed)

Trial 
1* 

-4.4  
(± 0.87)  

-0.15  
(± 1.2) 

-4.3  
(± 2.1) 

6.6 -0.65 (± 0.31) 6.2 x 
10-4 

Trial 
2 

-1.9     
(± 3.0) 

-1.8  
(± 2.5) 

-0.11  
(± 5.5) 

4.9 -0.02 (± 1.0) 0.98 

Trial 
3 

-3.0  
(± 0.71) 

-1.8  
(± 0.73) 

-1.2  
(1.4) 

5.4 -0.24 (± 0.28) 0.22 

   Apparent biotransformation/depletion rate =  
-0.65 (± 0.31) x 10-3/min/106 cells 

* The difference in slopes between the test and control cell vials was significantly different (p<0.05).  
 

 

 

p=0.22 
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4.4.2  Diethyl Phthalate 

Figures 17 - 19 show the natural logarithm of the concentration of DEP 

remaining in the active (live) cell and inactive (control) cells.  The linear 

regression of the natural logarithm of the concentration of DEP remaining in the 

control cells (dashed line, Figures 17 – 19, ‘DEP control slope’) show a decrease 

in the amount of DEP extracted over the experimental period.  A summary of the 

DEP control slopes in Figures 17 – 19 are located in table 9.   

Similar to BaP, the DEP control slopes in Figures 16 - 18 show a decrease 

in the amount of DEP extracted over time.  It is not entirely certain why the 

amount of DEP extracted over time would decrease, although the reason may be 

similar to that of BaP; DEP becomes increasingly bound to cell fragments and 

becomes more difficult for hexane to extract it over time.   

The solid line in Figures 17 – 19 shows the linear regression of the natural 

logarithm of the concentration of DEP remaining in test cell vials over time (‘DEP 

test slope’).  The solid lines in Figures 17 – 19 shows a greater decrease in DEP 

concentration over time compared to the dashed lines (control cell vials).  A 

Student’s T-test showed that there was significant difference between the DEP 

test and DEP control slopes (p < 0.05).  Therefore, the adjusted depletion rates 

for DEP were calculated by taking the difference between the slopes of the DEP 

test and DEP control lines.  These differences are summarized in table 9.  It was 

necessary to calculate the difference between the DEP test and DEP control 

slopes because it took into account the decreasing amount of DEP that could be 

extracted in the control vials over time.  If it was assumed that 100 % of the 

original DEP dose in control vials was extracted from 0 – 120 minutes, then the 
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DEP test slope would be artificially greater. In addition, the number of cells in 

trials 1 – 3 differs, so the adjusted depletion rates for DEP were normalized to 

106 cells so that the rates for the three trials can be compared more easily.  The 

normalized-adjusted depletion rates for DEP are listed in table 9 and the average 

of the normalized-adjusted depletion rates for DEP is -0.049 (± 1.1 S.E.)/min/106 

cells.   

  One of the most widely cited papers that explicitly studied the hydrolysis 

of a few shorter-chain phthalates (dimethyl, diethyl, di-n-butyl phthalates) and 

longer-chain phthalates (dicyclohexyl, di-n-octyl, and di-(2-ethylhexyl) phthalates) 

in the rat small intestinal microsomes was performed by Rowland and colleagues 

in 1977.  Rowland and colleagues (1977) found that the shorter-chain phthalates 

were hydrolyzed faster than longer-chain phthalates and it may have been due to 

their solubility in water.  The biotransformation rate of DEP in the rat small 

intestine (figure 1 in the paper, calculations shown in appendix C) was estimated 

to be -0.027 umol/min/gtissue. Unfortunately, the rate was not measured as a 

function of the number of intestinal cells so a direct comparison cannot be made.  

The weight of the cells or the number of cells isolated per gram of intestinal 

tissue was not measured in this experiment because of the method used to elute 

the cells.  It was not possible to separate the buffers and the intestinal cells 

because the cells needed to be immersed in the buffer to remain active and 

viable. What is important to remember is that smaller PEs are metabolized 

quicker than larger PEs.  
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Api’s review (2001) focused extensively on the toxicological profile of 

DEP.  In his review (from Ioku et al., 1976), he stated that after oral 

administration of DEP to rats, the majority of the dose accumulated in the 

kidneys and liver, and was detected within 20 minutes after oral administration. 

The detected DEP decreased to trace amounts within 24 hours.  Ioku and 

colleagues (1976) found that the majority of metabolites were excreted in the 

urine (47% within 12 hours, 82% within 24 hours, and 90% within 48 hours), 

meaning that DEP has a short half-life in rats.  Williams and Blanchfield (1975) 

also found that orally administered dibutyl phthalate (DBP; which has a similar 

structure to DEP) was rapidly metabolized in rats in which 80-90% of the dose 

was excreted in the urine after 48 hours.   

A review conducted by Frederiksen and colleagues (2007) showed that 

phthalate diesters are metabolized in two steps; a phase I hydrolysis followed by 

a phase II conjugation.  Phthalate diesters are first hydrolyzed into a monoester 

phthalate by lipases and esterases that can be found in the intestine and 

parenchyma. Lower MW phthalate diesters are excreted in the urine primarily as 

their monoester derivative.  Higher MW phthalate diesters usually undergo a 

phase II conjugation in which the conjugation is catalyzed by the enzyme uridine 

5’-diphosphoglucuronyl transferase and excreted in the urine (Frederiksen et al., 

2007).   

 These three studies (Rowland et al., 1977; Ioku et al., 1976; and Williams 

and Blanchfield, 1975) and Fredericksen’s review (2007) suggest that DEP 

metabolism in the rat is quite rapid and that the small intestine is capable of 
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metabolizing DEP. A significant deplete rate was found in this experiment using 

DEP after only two hours of incubation time.   The half-life calculated from this 

experiment (Ln (2)/(0.049/min/106 cells) is approximately 2.4 hours/106 cells. 

 

 

Figure 17. The natural logarithm of the concentration of DEP remaining in live cells (   ) and 
control cells (    ) over time for trial 1. The solid and dashed lines are the linear 
regression of the live cells and control cells, respectively.  
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Figure 18. The natural logarithm of the concentration of DEP remaining in live cells (   ) and 
in control cells (    ) over time for trial 2. The solid and dashed lines are the 
linear regression of the live cells and control cells, respectively 

 

Figure 19. The natural logarithm of the concentration of DEP remaining in the live cells (   ) 
and in control cells (    ) over time for trial 3. The solid and dashed lines are the 
linear regression of the live cells and control cells data points, respectively.   

 

p<0.05 

p<0.05 
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Table 9. Summary of adjusted and normalized depletion rates for DEP for trials 1-3.  All of 
the errors are standard errors (S.E.) 

DEP Test 
Slope 
(x10-

2/min) 

Control 
Slope 
(x10-

2/min) 

Difference 
(x10-2/min) 

Cells/vial 
(x106cells/ 
vial) 

Normalized 
(x10-2/min/106 
cells) 

p-value 
(two-
tailed) 

Trial 
1* 

-17 
(± 2.0) 

-8.9  
(± 1.3) 

-8.1  
(± 3.3) 

6.6 -1.2  
(± 0.49) 

3.9 x 10-3

Trial 
2* 

-2.0  
(± 
0.098) 

-1.2  
(± 0.12) 

-0.80  
(± 0.22) 

4.9 -0.16 
(± 0.044) 

2.5 x 10-6

Trial 
3* 

-1.4  
(± 
0.083)  

-1.1 
(± 0.041) 

-0.30  
(± 0.12) 

5.4 -0.06 
(± 0.024) 

<10-6 

   Average apparent biotransformation/depletion rate: 
-0.49 (± 1.1) x 10-2/min/106 cells 

* There is a significant difference between the DEP test and control slopes (p<0.05).  
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5: CONCLUSION 

The average cell yield of intestinal cells isolated from the proximal 50 cm 

of the rat small intestine was 14 ± 2.2 x 106 intestinal cells/ mL (n=3).  The total 

cell yield was approximately 210 ± 112 x106 intestinal cells per two intestines 

(proximal 50 cm), which is substantially less than the number of liver cells that 

can be isolated from a single rat liver (approximately 1.89 x109 hepatocytes, 

Yung-Shan Lee).  The CYP1A1 activity of the liver S9 fraction is approximately 

38 times greater than in the live intestinal cells plus ACN even after normalizing 

for the number of cells.  The relatively smaller number of cells isolated from the 

small intestine compared to the liver, and the relatively smaller activity of 

CYP1A1 enzymes in the small intestinal cells compared to the liver cells makes it 

more challenging to conduct in vitro biotransformation rate studies. It makes it 

harder to detect slow biotransformation rates as was the case with BaP.   

It was a labour-intensive process to isolate the cells, separate the mucus 

from the cells, and check for cell viability (Trypan blue dye exclusion). After 

excising the small intestines from the rat, the entire isolation procedure including 

checking for cell viability took approximately 2.5 to 3 hours.  Given that it was not 

possible to completely separate the cells from the mucous, it may be easier to 

obtain an intestinal cell S9 fraction because less labour is involved and the 

sample contains more of the metabolizing enzymes rather than cell membranes 

and mucous.   
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The BaP test and control slopes for trial 1 (figure 13) was significantly 

different (p < 0.05) whereas there was no significant difference in trials 2 and 3 

(figures 15 and 16).  The difference between the BaP test and control slopes for 

trial 1 is -4.3 (± 2.1) x 10-3/min and the normalized-adjusted depletion rate for 

BaP is -0.65 (± 0.31) x 10-3/min/106 cells (table 8).  Due to the poor reproducibility 

of measuring BaP depletion rates in rat small intestinal cells, it was not possible 

to determine the variability in BaP depletion rate measurements so an average of 

the three trials cannot be calculated.  The reasons for the poor reproducibility are 

unknown, but it may be because of BaP preferentially be bound to cell tissue 

rather than be extracted, or dissolving high lipophilicity compounds into an 

aqueous medium, or end-product inhibition.   

There is a significant difference between DEP test and control slopes (p < 

0.05, figures7– 19) and after adjusting for the number of cells in each trial, the 

average normalized-adjusted depletion rate for DEP is -0.49 (± 1.1) x10-2/min/106 

cells (table 9).   

It is difficult to compare the depletion rates of BaP and DEP in rat 

enterocytes with values found in literature because there are few studies that 

specifically look at the depletion rates.  Often, researchers focus on the presence 

of metabolites and infer that metabolism is occurring.  In addition, the majority of 

the researchers obtain microsomal or S9 fractions instead of isolating intact cells.  

This difference in cell/cell fraction preparation makes it difficult to compare 

depletion rates because values obtained from cell fractions are normalized to 

protein content whereas I normalized my values to the number of cells.   
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Isolating intestinal cells is probably not the best method for measuring 

biotransformation rates because it is a labour-intensive process; it requires at 

least 2.5 to 3 hours just to isolate the cells.  Afterwards, it requires another 30 

minutes to one hour to check and calculate cell viability, and then the cells can 

be used for the biotransformation studies.  It was difficult to separate the mucous 

from the cells even after filtering the cell solution two times through a 250 µm 

pore mesh. Lastly, because the compounds may have to travel through the 

mucous and the cell membrane in order to make contact with the metabolizing 

enzymes, it introduces another obstacle to measuring slow depletion rates (such 

as BaP) and when test compounds are large in size such as active transport is 

needed for the compound to move across the cell membrane.  However, using 

enterocytes for metabolizing studies is a more complete system because the 

cells are all intact and contain all of their metabolizing enzymes.  Enterocytes 

also generate their own NADPH so no-cofactors are needed in order to activate 

the enzymes.  The most important thing to consider when isolating enterocytes is 

to remove as much of the mucous as possible because it makes it easier to 

count the cells and removes a possible complicating factor in enterocyte 

metabolism.   
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APPENDICES 
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Appendix A 

Table 10. List of POPs on the Stockholm Convention that includes pesticides, industrial 
chemicals and by-product contaminants (dioxins and furans) (Stockholm 
Convention on Persistent Organic Pollutants, 2009)  

Initial 12 POPs New 9 POPs 
Aldrin Chlordecone 
Chlordane Hexabromobiphenyl 
Dieldrin Lindane 
Endrin Alpha hexachlorocyclohexane 
Heptachlor Beta hexachlorocyclohexane 
Mirex Tetrabromodiphenyl ether and 

Pentabromodiphenyl ether 
Toxaphene Hexabromodiphenyl ether and 

heptabromodiphenyl ether 
DDT Perfluorooctane sulfonic acid 

(PFOS), its salts and 
perfluorooctane sulfonyl fluoride 

Hexachlorobenzene (HCB) Pentachlorobenzene 
PCBs  
Dioxins  
Furans  
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Appendix B  

The calculated estimated biotransformation rate of BaP in rat small intestinal tissue from 

Stoh, S.J., Grafstrom, R.C., Burke, M.D., Orrenius, S. 1977. Benao[a]pyrene metabolism by 

isolated rat intestinal epithelial cells. Arch. Biochem. Biophys. 179, 71-80.  

Data estimated from figure 3,”Metabolism of BaP with time in isolated intestinal cells from 

control and 3-methylcholanthrene-treated rats”. The initial BaP concentration in the incubation 

medium was 150 µM.  

Time 
(min) 

Estimated BaP-
MO* (pmol 
product/106 cells) 

0 0 

2 6.7 

4 12 

5 15 

6 17 

7.5 22 

8.3 23 

10 28 

15 37 

20 43 

*Benzo[a]pyrene-monooxygenase 

 The estimated amount of BaP-MO produced was subtracted from the initial concentration 

(150 µM), then the amount of unmetabolized BaP (that was remaining) was converted to its 

natural log values.  The linear regression was calculated from the natural log values and the 

equation generated is: y = -10-5 x + 5.0106, R2 = 0.9706, where “y” is the amount of BaP 

remaining (µM) and “x” is the time (minutes).  The slope from the equation gives a depletion rate 

(k) of approximately -105 /min/106 cells.  
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Appendix C 

The calculated estimated biotransformation rate of BaP in rat small intestinal tissue from 

Rowland, I.R., Cottrell, R.C., Phillips, J.C. 1977. Hydrolysis of phthalate esters by the gastro-

intestinal contents of the rat. Food Cos Toxicol. 15, 17-21.  

Data was estimated from figure 1, “Rate of metabolism of Dimethyl phthalate, diethyl 

phthalate and dibutyl phthalate when incubated at a final concentration of 1 mg/mL* with the 

contents of the rat small intestine (0.2 g/mL)”.  

*1 mgDEP/mL = 4499.6 µMDEP 

Time 
(min) 

% of DEP 
metabolized 

0 0 

2 2.0 

5 4.0 

10 5.5 

15 9.0 

20 11 

30 15 

 

 The amount of DEP remaining was calculated by subtracting the percent of DEP 

metabolized and the natural log was calculated from that value.  The linear regression of the 

natural log values was calculated, yielding the equation y = -0.0053 x + 8.4038, R2 = 0.9899 

where “y” is the amount of DEP remaining (µM) and “x” is the time (minutes).  The depletion (k) 

rate is estimated to be -0.0265 umol/min/gtissue.  
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Appendix D 

An example on how the Student’s T-test was used to test whether there is 

a significant difference between the slopes of the linear regression lines between 

the control and test cell vial data points for BaP in trial 1 (Table 11).   
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Table 11. Data values of the natural log of BaP concentrations versus time in trial 1. 

m = 1.34    b = - 0.03 

Test vials for BaP Control vials for BaP 

Time 
(Min.) 

Area 
Ratios 

Conc. 
(uM) 

Ln Conc Time 
(Min.) 

Area 
Ratios 

Conc. 
(uM) 

Ln Conc. 

0 0.06 0.06 -2.74 0 0.05 0.06 -2.83 

0 0.04 0.05 -2.91 0 0.08 0.08 -2.47 

0 0.05 0.06 -2.84 5 0.04 0.06 -2.89 

0 0.05 0.06 -2.80 5 0.04 0.05 -3.02 

5 0.05 0.06 -2.79 10 0.03 0.04 -3.20 

5 0.05 0.06 -2.80 10 0.03 0.05 -3.06 

5 0.04 0.05 -2.93 20 0.04 0.05 -2.99 

5 0.05 0.06 -2.85 20 0.03 0.05 -3.09 

10 0.05 0.06 -2.88 60 0.05 0.06 -2.84 

10 0.07 0.07 -2.63 16 0.03 0.05 -3.04 

10 0.05 0.06 -2.86 90 0.04 0.05 -3.00 

10 0.03 0.05 -3.07 90 0.03 0.04 -3.12 

20 0.05 0.06 -2.77 120 0.03 0.05 -3.03 

20 0.02 0.04 -3.34     

20 0.02 0.04 -3.28     

20 0.03 0.04 -3.12     

60 0.04 0.05 -2.99     

60 0.02 0.04 -3.30     

60 0.04 0.05 -2.95     

60 0.03 0.04 -3.15     

90 0.02 0.04 -3.22     

90 0.04 0.05 -2.93     

90 0.02 0.04 -3.29     

120 0.01 0.03 -3.58     

120 0.01 0.03 -3.54     

120 0.02 0.04 -3.34     

20 0.02 0.04 -3.33     

 

The test values were inputted into the “Data Analysis-Regression” function 

in Microsoft Excel © where a summary output was generated.  The summary 

output of the test values included the values for the x-variable (-4.4 x 10-3) and 
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the standard error (S.E.) of the x-variable (8.7 x 10-3).  The procedure was 

repeated for the control values (x-variable = -0.15 x 10-3, S.E. = 1.2 x 10-3) and 

the degrees of freedom (df) was noted (total values – 2 = 28).   

The formula for the student T-test is (equation 8):  

 T  = xtest – xctrl / [(SEtest)2 + (SEctrl)2]0.5     8  
 

The null hypothesis (Ho) is the slopes of the linear regression lines of the control 

and test data points are equivalent (mtest = mctrl; not significantly different where α 

= 0.05) and the alternate hypothesis (HA) is that the slopes are not equivalent 

(mtest ≠ mctrl; significantly different at α = 0.05). From a table of upper critical 

values of the Student’s t-distribution 

(www.itl.nist.gov/div898/handbook/eda/section3/eda3672.htm), the T value at α = 

0.05, df = 28, T0.05, 38 = 1.701.  The calculated value of Tcalc = 2.9.  Since the Tcalc 

> T0.05, 38, the slopes of the linear regression lines of the control and test data 

points for BaP in trial 1 are significantly different from each other.  From Tcalc, the 

p-value was calculated to be 7.2 x 10-3 (two-tailed) from: 

http://www.danielsoper.com/statcalc/calc08.aspx.  Since the p-value calculated 

from Tcalc is less than p = 0.05, that means that the slopes linear regression of 

the control and test data points are significantly different.  



 

 83

REFERENCE LIST 

Api, A.M. 2001. Review: Toxicological profile of diethyl phthalate: A vehicle for 
fragrance and cosmetic ingredients. Food Chem Toxicol. 39, 97-108.  

 
Arnot, J.A., Gobas, F.A.P.C. 2006. A review of bioconcentration factor (BCF) and 

bioaccumulation factor (BAF) assessments for organic chemicals in aquatic 
organism. Environ. Rev. 14, 257-297.  

 
Autrup, H., Grafström, R.C., Brugh, M., Lechner, J.F., Haugen, A., Trump, B.F. 

1982. Comparison of benzo[a]pyrene metabolism in bronchus, 
esophagus, colon, and duodenum from the same individual. Cancer Res. 
42, 934-938.  

 
Back, D.J., Rogers, S.M. 1987. Review: First-pass metabolism by the 

gastrointestinal mucosa. Aliment Pharmacol Therap. 1, 339-357.  
 
Borm, P.J.A., Koster, A.S., Frankhuijzen-Sierevogel, A., Noordhoek, J. 1983. 

Comparison of two cell isolation procedures to study in vitro intestinal wall 
biotransformation in control and 3-methyl-cholanthrene pretreated rats. 
Cell Biochem Funct. 1, 161-167.  

 
Bonkovsky, H.L. 1985. Cytochrome P450 of small intestinal epithelial cells: 

Immunochemical characterization of the increase in Cytochrome P450. 
Gastroenterol. 88. 458-567.   

 
Caprette, D.R. 2007. Using a Counting Chamber. Rice University. Houston:TX. 

Retrieved from: 
<http://www.ruf.rice.edu/~bioslabs/methods/microscopy/cellcounting.html> 
Accessed 21 Sept 2010.  

 
Cavret, S. Feidt, C. 2005. Intestinal metabolism of PAH: in vitro demonstration 

and study of its impact on HAP transfer through the intestinal epithelium.  
Environ Res. 98, 22-32.  

 
Cavret, S., Rychen, G., Feidt, C. 2004. In vitro intestinal transfer and metabolism 

of polycyclic aromatic hydrocarbons. Polycyclic Aromat. Compd. 24, 513-
525.   

 
Chhabra, R.S. 1974. A comparative study of xenobiotic-metabolizing enzymes in 

liver and intestine of various animal species. Drug Met Disp. 2, 443-447.  



 

 84

 
Commission of the European Communities. 2007. Community implementation 

plan for the Stockholm Convention on persistent organic pollutants. 
Brussels: Belgium. 
<http://chm.pops.int/Countries/National%20Implementation/tabid/253/ctl/D
ownload/mid/3061/language/en-US/Default.aspx?id=60>. Accessed 15 
Dec 2010.   

 
Cowan-Ellsberry, C.E., Dyer, S.D., Erhardt, S., Bernhard, M.J., Roe, A.L., Dowty, 

M.E., Weisbrod, A.V. 2008. Approach for extrapolating in vitro metabolism 
data to refine bioconcentration factor estimates. Chemosphere, 70, 1804-
1817.  

 
David, R.M., Gans, G. 2003. Summary of mammalian toxicology and health 

effects of phthalate esters. The Handbook of Environmental Chemistry 
Vol. 3. Part Q. 299-316.  

 
Doherty, M.M., Charman, W.N. 2002. The mucosa of the small intestine: How 

clinically relevant as an organ of drug metabolism? Clin Pharmacokinet. 
41, 235-253.  

 
Environment Canada. 1992. Biological test method: Test of larval growth and 

survival using fathead minnows. Ottawa (ON): Canada. EPS 1/RM/22 3rd 
edition. Retrieved from: http://www.etc-
cte.ec.gc.ca/organization/bmd/bmd_publist_e.html>. 16 June 2010.  

 
Environment Canada. 1997. Biological test method: Test for survival and growth 

in sediment using larvae of freshwater midges (Chironomus tentans or 
Chironomus riparius). Ottawa (ON): Canada. EPS 1/RM/32. Retrieved 
from: <http://www.etc-cte.ec.gc.ca/organization/bmd/bmd_publist_e.html>. 
Accessed 16 June 2010.  

 
Environment Canada. 2000. Biological test method: Reference method for 

determining acute lethality of effluents to Daphnia magna. Ottawa (ON): 
Canada. EPS 1/RM/14 2nd Edition. Retrieved from: <http://www.etc-
cte.ec.gc.ca/organization/bmd/bmd_publist_e.html>. Accessed 16 June 
2010.  

 
Environment Canada. 2000. Biological test method: Reference method for 

determining acute lethality of effluents to rainbow trout. Ottawa (ON): 
Canada. EPS 1/RM/13 2nd Edition. Retrieved from: <http://www.etc-
cte.ec.gc.ca/organization/bmd/bmd_publist_e.html>. Accessed 16 June 
2010.  

 
Environment Canada. 2006. Existing substances evaluation: Categorization of 

the Domestic Substances List (DSL). Ottawa (ON): Canada. Retrieved 



 

 85

from: 
<http://www.ec.gc.ca/substances/ese/eng/dsl/cat_criteria_process.cfm>. 
Accessed 15 June 2010.   

 
Environment Canada. 2007. Biological test method: Growth inhibition test using a 

freshwater alga. Ottawa (ON): Canada. EPS 1/RM/25. Retrieved from: 
<http://www.etc-cte.ec.gc.ca/organization/bmd/bmd_publist_e.html>. 
Accessed 16 June 2010.  

 
Environment Canada. 2009a. The Canadian Environmental Protection Act, 1999 

and the assessment of existing substances. Ottawa, Canada. 
<http://www.ec.gc.ca/lcpe-cepa/default.asp?lang=En&n=52CD77FA-1>.  
Accessed 09 October 2010.  

 
Environment Canada. 2009b. Biological Methods Publications List. Ottawa, 

Canada. <http://www.etc-
cte.ec.gc.ca/organization/bmd/bmd_publist_e.html>. Accessed 16 June 
2010.  

 
Environment Canada. 2009c. Fact Sheets. An overview of the Canadian 

Environmental Protection Act, 1999. CEPA 1999 and the assessment of 
existing substances. Retrieved from: <http://www.ec.gc.ca/lcpe-
cepa/default.asp?lang=En&n=1FE509F3-1>. Accessed 21 Sept 2010.  

 
EPA. 1996. Diethyl phthalate: Toxic chemical release reporting. Community right-

to-know. Federal Register 61, 39356-39359 (40 CRF Part 372, 29 July).  
 
European Commission. 2006. Regulation (EC) No 1907/2006 of the European 

Parliament and of the Council of 18 December 2006 concerning the 
Registration, Evaluation, Authorisation and Restriction of Chemicals 
(REACH). Retrieved from: < http://eur-
lex.europa.eu/JOHtml.do?uri=OJ:L:2006:396:SOM:EN:HTML>. Accessed 
14 June 2010.  

 
Fasco, M.J., Silkworth, J.B., Dunbar, D.A., Kaminsk, L.S. 1993. Rat small 

intestinal cytochromes P450 probed by warfarin metabolism. Mol. 
Pharmacol. 43, 226-233.  

 
Fearn, R.A., Hirst, B.H. 2006. Predicting oral drug absorption and hepatobiliary 

clearance: Human intestinal and hepatic in vitro cell models. Environ. 
Toxicol. Pharmacol. 21, 168-178.  

 
Fix, J.A. 1996. Intestinal rings and isolated intestinal mucosal cells. Pharmaceut. 

Biotech. 8, 51-66.  
 



 

 86

Frederiksen, H., Skakkebaek, N.E., Andersson, A-M. 2007. Review: Metabolism 
of phthalates in humans. Mol. Nutr. Food. Res. 51, 899-911.  

 
Gerde, P., Muggenburg, B.A., Thornton-Manning, J.R., Lewis, J.L., Pyon, K.H., 

Dahl, A.R. 1997. Benzo[a]pyrene at an environmentally relevant dose is 
absorbed by, and extensively metabolized in, tracheal epithelium. 
Carcinogenesis, 9, 1825-1832.  

 
Grafström, R. 1979. Xenobiotic metabolism by isolated rat small intestinal cells. 

Med Biol. 57, 287-293.  
 
Government of Canada. 2006. Canada’s national implementation plan under the 

Stockholm Convention on persistent organic pollutants. Ottawa 
<http://www.pops.int/documents/implementation/nips/submissions/canada/
stockholm_eng_sm.pdf>. Accessed 23 Dec 2009.  

 
Government of Canada. 2007a. Categorization. Ottawa. 

<http://www.chemicalsubstanceschimiques.gc.ca/fact-fait/categor_qa-qr-
eng.php>. Accessed 09 Oct 2010.  

 
Government of Canada. 2007b. Overview of the Chemicals Management Plan. 

Ottawa. < http://www.chemicalsubstanceschimiques.gc.ca/fact-
fait/overview-vue-eng.php>. Accessed 09 Oct 2010.   

 
Guillette Jr., L.J., Guillette, E.A. 1996. Environmental contaminants and 

reproductive abnormalities in wildlife: Implications for public health. Toxicol 
Ind Health, 12, 537-550.  

 
Han, X., Nabb, D.L., Mingoia, R.T., Y, C, H. 2007. Determination of xenobiotic 

intrinsic clearance in freshy isolated hepatocytes from rainbow trout 
(Oncorhynchus mykiss) and rat and its application in bioaccumulation 
assessment. Environ Sci Technol. 41, 3269-3276.  

 
Hattemer-Frey, H.A., Travis, C.C. 1991. Benzo-a-pyrene: Environmental 

partitioning and human exposure. Toxicol Ind Health. 7, 141-157.  
 
Hawthorne, S.B., Brabanski, C.B., Martin, E., Miller, D.J. 2000. Comparisons of 

Soxhlet extraction, pressurized liquid extraction, supercritical fluid 
extraction and subcritical water extraction for environmental solids: 
recovery, selectivity and effects on sample matrix. J Chromatogr A, 892, 
421-433.  

  
Hochman, J.H., Chiba, M., Nishime, J., Yamazaki, M., Lin J.H. 2000. Influence of 

P-glycoprotein on the transport and metabolism of indinavir in Caco-2 cells 
expressing Cytochrome P450 3A4. J Pharmacol Exp Ther. 292, 310-318.  

 



 

 87

Houston, J.B. 1994. Utility of in vitro drug metabolic data in predicting in vivo 
metabolic clearance. Biochem Parmacol. 47, 1469-1479.  

 
Ioku, T., Mukaide, A., Kitanaka, H., Sakagami, Y., Kamevama, T. 1976. In vivo 

distribution of drugs. Labelled compounds. Yakuri To Chiryo, 4, 510-514.  
 
Kaminsky, L.S., Fasco, M.J. 1992. Small intestinal Cytochromes P450. Crit Rev 

Toxicol. 21, 407-422.  
 
Kaminsky, L.S., Zhang, Q.Y. 2003. The small intestine as a xenobiotic-

metabolizing organ. Drug Metab Disp. 31, 1520-1525.  
 
Kang, H.E., Cho, Y.K., Jung, H.Y., Choi, K.Y., Sohn, S.I., Baek, S.R., Lee, M.G. 

2009. Pharmacokinetics and first-pass effects of liquiritigenin in rats: Low 
bioavailability is primarily due to extensive gastrointestinal first-pass effect. 
Xenobiotica, 39, 465-475.  

 
Kapp, R.W. Jr. Gastrointestinal tract as major route of pharmaceutical 

administration, from: Gad, S.C. (ed). 2007. Toxicology of the 
gastrointestinal tract. Taylor & Francis Group: Boca Raton, FL.  

 
Kimmich, G. A. 1990. Isolation of intestinal epithelial cells and evaluation of 

transport functions. Methods Enzymol. 192, 324-340. 
 
Lake, B.G., Phillips, J.C., Linnell, J.C., Gangolli, S.D. 1977. The in vitro 

hydrolysis of some phthalate diesters by hepatic and intestinal 
preparations from various species. Tox. App. Pharmacol. 39, 239-248.  

 
Lallas, P.L. 2001. The Stockholm Convention on persistent organic pollutants. 

Am. J. Int. Law, 95, 692-708.  
   
Landrigan, P.J., Sonawane, B., Mattison, D., McCally, M., Garg, A. 2002. 

Chemical contaminants in breast milk and their impacts on children’s health: 
An overview. Environ Health Perspect. 110, A313-A315.  

 
Latini, G., Verrotti, A., De Felice, C. 2004. Di-2-ethylhexyl phthalate and 

endocrine disruption: A review. Curr Drug Targets – Immune, Endocrine & 
Met Disorders, 4, 37-40.  

 
Leibovitz, A., Stinson, J.C., McCombs, W.B., McCoy, C.E., Mazur, K.C., Mabry, 

N.D. 1976. Classification of human colorectal admocarcinoma cell lines. 
Cancer Res. 36, 4562-4569.  

 
Lin, J.H., Chiba, M., Baillie, T.A. 1999. Is the role of the small intestine first-pass 

metabolism overemphasized? Pharmacol. Rev. 51, 135-157.  
 



 

 88

Martignoni, M., Groothuis, G., de Kanter, R. 2006. Comparison of mouse and rat 
CYP450-mediated metabolism in liver and intestine. Drug Metab Disp. 34, 
1047-1054.  

 
Miller, K.P., Ramos, K.S. 2001. Impact of cellular metabolism on the biological 

effects of benzo[a]pyrene and related hydrocarbons. Drug Metab Rev. 33, 
1-35.  

 
 
Mohri, K., Uesawa, Y. 2001. Enzymatic activities in the microsomes prepared 

from rat small intestinal epithelial cells by differential procedures. Pharm 
Res. 18, 1232-1236.  

 
Mylchreest, E., Sar, M., Cattley R.C., Foster, P.M.D. 1999. Disruption of 

androgen-regulated male reproductive development by di(n-butyl) 
phthalate during late gestation in rats is different from flutamide. 1999. 
Toxicol App Pharmacol. 156, 81-95.  

 
National Toxicology Program. 1982. Carcinogenesis bioassay of di(2-ethylhexyl) 

phthalate in F344 rats and B6C3F1 mice (feed study). Technical Report 
Series  No. 217. U.S. Department of Health and Human Services. 
Research Triangle Park. North Carolina and Bethesda, Maryland.  

 
National Toxicology Program. 2006. Chemical information profile for diethyl 

phthalate. Integrated laboratory Systems, Inc. Research Triangle Park, 
North Carolina.  

 
Oates, P.S., Thomas, C., Morgan, E.H. 1997. Iron Absorption: Characterization 

of isolated duodenal epithelial cells along a crypt-villus axis in rats fed 
diets with different iron content. J Gastroenterol Hepatol. 12, 892-838.  

 
Poet, T.S. Wu, H., Kousba, A. A., Timchalk, C. 2003. In vitro rat hepatic and 

intestinal metabolism of the organophosphate pesticides chlorpyrifos and 
diazinon. Toxicol Sci. 72, 193-200.   

 
Quaroni, A., Hochman, J. 1996. Development of intestinal cell culture models for 

drug transport and metabolism studies. Adv Drug Deliv Rev. 22, 3-52.  
 
Rowland, I.R., Cottrell, R.C., Phillips, J.C. 1977. Hydrolysis of phthalate esters by 

the gastro-intestinal contents of the rat. Fd. Cosmet. Toxicol. 15, 17-21. . 
 
Sabljić, A., Güsten, H., Verhaar, H., Hermens, J. 1995. QSAR modeling of soil 

sorption: Improvements and systematics of log Koc vs. log Kow correlation. 
Chemosphere, 31, 4489-4514.  

 



 

 89

Salbe, A.D., Bjeldanes, L.F. 1985. The effects of dietary Brussels sprouts  and 
Schizandra chinesis on the xenobiotic-metabolizing enzymes of the rat 
small intestine. Food Chem Tox. 23, 57-65.  

 
 
Seitz, H.K., Garro, A.J., Lieber, C.S. 1981. Enhanced pulmonary and intestinal 

activation of procarcinogens and mutagens after chronic ethanol 
consumption in the rat. Eur J Clin Invest. 11, 33-38.  

 
 
Semeena, V.S., Lammel, G. 2005. The significance of the grasshopper effect o 

the atmospheric distribution of persistent organic substances. Geophys. 
Res. Let. 32, L07804, doi:10.1029/2004GL022229.  

 
Sharpe, R.M., Irvine, D.S. 2004. How strong is the evidence of a link between 

environmental chemicals and adverse effects on human reproductive 
health? BMJ. 328.447-451.  

 
Shen, A.L., Fahl, W.E., Wrighton, S.A., Jefcoate, C.R. 1979. Inhibition of 

benzo[a]pyrene and benzo[a]pyrene 7,8-dihydrodiol metabolism by 
benzo[a]pyrene quinones. Cancer Res. 39, 4123-4129.  

 
 
Sigma-Aldrich Co. 2009. Product Information: Trypan blue solution. St. Louis: 

MO, USA. Retrieved from: 
<http://www.sigmaaldrich.com/etc/medialib/docs/Sigma/Usage/t8154use.P
Pa.0001.File.tmp/t8154use.pdf> Accessed 21 Sept 2010.   

 
Sinko, P.J., Hu, P. 1996. Determining intestinal metabolism and permeability for 

several compounds in rats: Implications on regional bioavailability in 
humans. Pharmaceut. Res. 13, 108-113.  

 
Sohlenius-Sternbeck, A.K., Orzechowiski, A. 2004. Characterization of the rates 

of testosterone metabolism to various products and of glutathione 
transferase and sulfotransferase activities in rat intestine and comparison to 
the corresponding hepatic and renal drug-metabolizing enzymes. Chem. 
Biol. Interact. 148, 49-56.  

 
Stohs, S.J., Grafstrŏm, R.C., Burke, M.D., Orrenius, S. 1977. Benzo[a]pyrene 

metabolism by isolated rat intestinal epithelial cells. Arch. Biochem. 
Biophys. 179, 71-80.  

 
Toppari, J., Larsen, J., C., Christiansen, P., Giwercman, A., Grandjean, P., 

Guillette Jr., L.J. et al. 1996. Male reproductive health and environmental 
xenoextrogens. Environ Health Perspect. 104 (Suppl 4), 741-803.  

 



 

 90

UNEP. 2001. Stockholm Convention on persistent organic pollutants (POPs). 
<http://chm.pops.int/Convention/tabid/54/language/en-
US/Default.aspx#convtext>. Accessed 14 Jun 2010.  

 
UNEP. 2009. Stockholm Convention on persistent organic pollutants (POPs). 

2009. The nine new POPs. Geneva, Switzerland. Retrieved from: 
<http://chm.pops.int/Convention/Media/Publications/tabid/506/language/en
-US/Default.aspx>. Accessed 11 Jun 2010.  

 
US EPA. 1976. Toxic substances control act (1976). US Environmental 

Protection Agency. Washington, D.C., USA.  
 
US EPA. 2010. New Chemicals. Chemical categories report. Washington: DC 

Retrieved from: < 
http://www.epa.gov/oppt/newchems/pubs/chemcat.htm>. Accessed 21 
Sept 2010.   

 
Vadi, H., Moldéus, P., Capdevila, J., Orrenius, S. 1975. The metabolism of 

benzo[a]pyrene in isolated rat liver cells. Cancer Res. 35, 2083-2091.  
 
van der Hoeven, T.A., Coon, M.J. 1974. Preparation and properties of partiall 

purified cytochrome P-450 and reduced nicotinamide adenine dinucleotide 
phosphate-cytochrome P-450 reductase from rabbit liver microsomes. J. 
Biol. Chem. 249, 5302-6310.  

 
van de Kerkhof, E.G., de Graaf, I., Groothuis, G.M.M. 2007a. In vitro methods to 

study intestinal drug metabolism. Curr Drug Metabol. 8, 658-675.  
 
van de Kerkhof, E.G., de Graaf, I.A.M., de Jager, M.H., Groothuis, G.M.M. 

2007b. Induction of phase I and II drug metabolism in rat small intestinal 
and colon in vitro. Am. Soc. Pharmacol. Exp. Ther. 35, 898-907.  

 
van de Wiel, J.A.G., Meuwissen, M., Kooy, H., Funeman, P.H.S., Noordhoek, J., 

Bos, R.P. 1992. Influence of long-term ethanol treatment on in vitro 
biotransformation of benzo[a]pyrene in microsomes of the liver, lung and 
small intestine from male and female rats. Biochem Pharmacol. 44, 1977-
1984.  

 
van Schooten, F.J., Moonen, E.J.C., Van de Wal, L., Levels, P., Kleinjans, J.C.S. 

1997. Determination of polycyclic aromatic hydrocarbons (PAH) and their 
metabolites in blood, feces, and urine of rats orally exposed to PAH 
contaminated soils. Arch. Environ. Contam. Toxicol. 33, 317-322.  

 
van Wezel, A.P., van Vlaardinger, P., Posthumus, R., Crommentuijn, G.H., Siurn, 

D.T.H.M. 2000. Environmental risk limits for two phthalates, with special 
emphasis on endocrine disruptive properties. Environ Res. 46, 305-321.  



 

 91

 
Vasiluk, L., Pinto, L., Tsang W.S., Gobas, F.A.P.C., Eickhoff, C., Moore, M.M. 

2008. The uptake and metabolism of benzo[a]pyrene from a sample food 
substrate in an in vitro model of digestion. Food Chem Toxicol. 46, 610-
618.  

 
Walker, S.A., Whitten, L.B., Seals, G.B., Lee, W.E., Archibong, A.E., Ramesh, A. 

2006. Inter-species comparison of liver and small intestinal microsomal 
metabolism of fluoranthene. Food Chem Toxicol. 44, 380-387.  

 
Watford, M., Lund, P., Krebs, H.A. 1979. Isolation and metabolic characteristics 

of rat and chicken enterocytes. Biochem. J. 178, 589-596.  
 
Watkins, P.B., Wrighton, S.A., Schuetz, E.G., Molowa, D.T., Guzelian, P.S. 1987. 

Identification of glucocorticoid-inducible Cytochromes P-450 in the 
intestinal mucosa of rats and man. J Clin Invest. 80, 1029-1036.  

 
Wattenberg, L.W., Leong, J.L., Strand, P.J. 1962. Benzpyrene hydroxylase 

activity in the gastrointestinal tract. Cancer Res. 22, 1120-1125.  
 
Weiser, M.M. 1973. Intestinal epithelial cell surface membrane glycoprotein 

synthesis. J Biol Chem . 248, 2536-2541.  
 
Werdenberg, D., Joshi, R., Wolffram, S., Merkle, H.P., Langguth, P. 2003. 

Presystemic metabolism and intestinal absorption of antipsoriatic fumaric 
acid esters. Biopharm. Drug Dispos. 24, 259-273. 

 
White, R.D., Carter, D.E., Earnest, D., Mueller, J. 1980. Absorption and 

metabolism of three phthalate diesters by the rat small intestine. Fd 
Cosmet Toxicol. 18, 383-386.  

 
Williams, D.T. Blanchfield, B.J. 1975. The retention, distribution, excretion, and 

metabolism of dibutyl phthalate-7-14C in the rat. J Agric Food Chem. 23, 
854-858.  

 
Wu, C.Y., Benet, L.Z., Hebert, M.F., Gupta, S.K., Rowland, M., Gomez, D.Y., 

Wacher V.J. 1995. Differentiation of absorption and first-pass gut and 
hepatic metabolism in humans: Studies with cyclosporine. Clin Pharmacol 
Ther. 58, 492-497.  

 
Zhang, Y., Benet, L.Z. 2001. The gut as a barrier to drug absorption: Combined 

role of Cytochrome P450 3A and P-glycoprotein. Clin Pharmacokinet. 40, 
159-168.  

 



 

 92

Zheng, Y., Fulu, M., Qiu, Y., Reiland, T.L. 1999. Enzymatic degradation of 
leuprolide in rat intestinal mucosal homogenates. Pharm Dev Tech. 4, 
539-544.  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




