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Executive Summary 
 
This peer consultation meeting has been organized by Toxicology Excellence for Risk 
Assessment (TERA).  TERA is an independent non-profit organization with a mission to protect 
public health through the best use of toxicity and exposure information in the development of 
human health risk assessments.  TERA has organized and conducted peer review and peer 
consultation meetings for private and public sponsors since 1996.   
 
This peer consultation conference call was part of an ongoing effort to develop site-specific 
bioavailability data that may be used to generate site-specific cleanup criteria for a Dow 
Chemical Company facility in Midland, Michigan.  In an earlier phase of the process, the panel 
members provided written comments on the study design for the pilot study.  In this phase of the 
peer consultation, the panel provided comments on the results of the initial pilot study and on the 
proposed design for a follow-up study, based on the pilot study results.  The bioavailability 
studies are being designed and conducted by Dow Chemical Company, under regulatory 
oversight by MDEQ.  Following a short presentation by the authors, the panel discussed the 
issues raised in the Charge to Reviewers. 
 
The panel thought that the pilot study was well designed and interpretable.  The panel 
recommended several modifications to the proposed follow-up study design.  The panel agreed 
that the follow up study should be conducted in rats only.  The panel agreed that the doses for the 
reference oil group should be matched to the anticipated absorbed dose of compounds from the 
soil/feed group.  The panel agreed that the issue of using the swine RBA was irrelevant and that 
a range of RBA estimates (e.g., 0.25, 0.5, 0.75) should be used in the follow up study in order to 
bracket the actual RBA and provide dose response information on bioavailability.  The panel 
agreed that both liver and adipose tissues should be used for evaluating congener concentrations 
and estimating RBA.  The panel agreed that the study should be done in five single animals, 
rather than 5 pairs of animals.  The panel noted that a single animal should yield enough adipose 
tissue to perform the analysis, and that fat deposits other than abdominal fat can be used for the 
analysis.  The panel recommended that the gavage volume remain the same so that the results of 
the follow up study could be directly compared to the initial pilot results.  The panel agreed that 
the gavage groups should have additional animals to account for gavage-related mortality.  
However, the panel suggested that 7 rather than 10 animals should be sufficient.  Finally, the 
panel recommended that the follow up study include a true control group of naïve animals that 
would be analyzed for background levels of EROD/MROD only.  The naive animals should be 
dosed with the same vehicle as the PCDD/PCDF animals.  Other recommendations from the 
panel include developing a better understanding of how bioavailability differs among the widely 
different soil types, determining that soil effects on enzyme induction are in the linear portion of 
the dose response, and evaluating multiple sources of oral exposure. 
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1.  Participants 
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Lesa Aylward 
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Tom Long, The Sapphire Group 
 
 
Peer Consultation Panel Members* 
 
Linda Birnbaum, PhD. 
Director, Experimental Toxicology Division, National Health and Environmental Effects 
Research Laboratory, US EPA, Research Triangle Park, NC 
 
Michael L. Dourson, Ph.D.  
Toxicology Excellence for Risk Assessment (TERA) 
Facilitator  
 
Michael Gallo, PhD. 
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2.  Background and Process 
 
This peer consultation meeting has been organized by Toxicology Excellence for Risk 
Assessment (TERA).  TERA is an independent non-profit organization with a mission to protect 
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public health through the best use of toxicity and exposure information in the development of 
human health risk assessments.  TERA has organized and conducted peer review and peer 
consultation meetings for private and public sponsors since 1996.   
 
Elevated levels of PCDDs and PCDFs have been found in surficial soils surrounding the Dow 
Chemical Company facility in Midland, Michigan.  These elevated levels are predominantly the 
result of air emissions from historical processing and combustion practices at Dow.  Elevated 
levels of dioxins and furans have also been found in sediments and floodplain soils along the 
Tittabawassee River downstream of the Dow facility.  These two areas have distinct and 
different patterns of PCDD and PCDF contamination, both in congener distribution and spatial 
distribution.  A detailed investigation to determine the nature and extent of contamination in 
these two distinct areas has not yet been conducted.  It is also not known if there are other 
contaminants of concern in these areas. 
 
Under Michigan’s cleanup program (Part 201, Environmental Remediation of the Natural 
Resources and Environmental Protection Act, 1994 PA 451, as amended), the Michigan 
Department of Environmental Quality (MDEQ) derives generic, land use-based cleanup criteria 
utilizing a risk-based approach that is consistent with the approach described in the U.S. EPA 
RAGS guidance.  This approach includes an assumption for oral absorption efficiency when 
estimating risks from incidental ingestion of soils.  The current generic assumption of oral 
absorption for PCDDs and PCDFs from soil used by MDEQ is 50%.  A person conducting a 
cleanup also has the option to generate and utilize site-specific criteria, rather than using criteria 
based on generic assumptions.   
 
This peer consultation conference call was part of an ongoing effort to develop site-specific 
bioavailability data that may be used to generate site-specific cleanup criteria.  In an earlier phase 
of the process, the panel members provided written comments on the study design for the  pilot 
study to address the broad question:  “Is the study design adequate to reliably estimate the 
bioavailability of dioxin in the site soils such that the bioavailability data can be used for a 
human health risk assessment on incidental soil ingestion?”  The bioavailability studies are being 
designed and conducted by Dow Chemical Company, under regulatory oversight by MDEQ. 
 
At the start of the call, Dr. Dourson, the facilitator, described how the call would be run.  He 
explained that discussions would be based on the items found in the Charge to the Panel (located 
in Appendix A).  He noted that all panelists would have the opportunity to state their own 
positions on the charge items and to ask one another clarifying questions and further discuss the 
issues.     
 
TERA has prepared this meeting report.  The report summarizes the sponsors’ presentations and 
comments, as well as the panel discussions and recommendations.  The meeting report is a 
summary, not a transcript.  Individual opinions of the panel members are noted (although not 
identified by name), along with areas of agreement and disagreement.  Panel members have 
reviewed and commented on the draft report.  The sponsors also were given the opportunity to 
review the draft report to confirm the accuracy of the sponsor presentations and comments.   
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3.  Sponsor Presentation and Clarifying Questions 
 
Ms. Lesa Aylward of Exponent, Inc. gave a presentation of the dioxin bioavailability pilot study.  
The presentation summarized the goals and initial design of the pilot study as well as the initial 
study results and issues that have affected the interpretation of the results.  Finally, the 
presentation outlined the proposed design for the follow up pilot study, based on the findings of 
the initial study results.  A copy of the full presentation is attached to this report as Appendix B. 
 
One panel member asked if the differential EROD/MROD induction observed in the study could 
be due to variability in background.  Another panel member noted that EROD was in the range 
of background levels reported in the literature.  This panel member noted that there were no true 
control animals in the study and that the corn oil group referred to animals that had been dosed 
with corn oil containing relevant PCDD and PCDF congeners.  A control group in the study 
could have helped in the interpretation of whether the EROD results were valid.  Ms. Aylward 
indicated that, prior to conducting the pilot study, they measured EROD and MROD in naïve 
animals of similar strain and age to the experimental animals in order to understand what the 
background levels of EROD and MROD were.  The hepatic TEQ concentrations in the reference 
oil group were about 2.3- and 4.9-fold higher than the hepatic TEQ concentrations in the 
respective soil groups.  Panel members noted that background EROD and MROD activities 
appear to be decreasing in recent years compared to concentrations reported in earlier literature.  
Ms. Aylward agreed, noting that the lower EROD and MROD activities observed in background 
(naïve animals) could be due to decreasing background TEQ tissue concentrations in 
experimental animals, for example, from lower TEQ concentrations in diet, which could result in 
lower EROD and MROD activities in background (naïve) animals.  Panel members asked if they 
could review the data from the study in naïve animals; Ms. Aylward indicated that she would 
send these reports to call participants.  These studies are also attached to this report as 
Appendix C. 
 
One panel member strongly recommended against using only liver tissue for congener analysis 
in the follow up study.  This person indicated that if the results observed were due to differential 
metabolism, then samples in adipose tissue would be needed to address the issue of 
sequestration.  Ms. Aylward asked whether composite fat samples from all rats in the group 
would be sufficient for this analysis.  The panel member replied that there should be sufficient 
fat from individual rats for the analysis.   
 
One panel member asked why rats died from the gavage.  Ms. Aylward replied that two rats died 
due to gavage technique error; one of the rats never adapted to the treatment and struggled during 
each dosing.  Panel members agreed that using extra animals in the dose groups to account for 
gavage error was a reasonable approach, but suggested that seven animals would be sufficient. 
 
One panel member asked if the purpose of the bioavailability study was to generate data that 
would be used in risk assessment.  Ms. Aylward replied that the data would be used to establish a 
protocol for testing the bioavailability from different soil types in the area and to develop 
probability distribution functions.  Another panel member then asked why they were only 
looking at two different soils.  Ms. Aylward replied that once the most appropriate method had 
been developed, they would eventually look at many different soil types.  However, panel 
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members questioned the usefulness of additional studies.  They suggested that the initial pilot 
study provided sufficient information to show that the MDEQ default of 0.5 is a reasonable 
estimate.  Ms. Aylward replied that if the actual bioavailability is closer to 0.25 than 0.5, this 
could have a big impact on setting the clean up levels.   
 
MDEQ also indicated that their default assumption did not account absorption from feed, since 
the existing slope factor is based on a feeding study (Kociba et al, 1978).  If absorption from feed 
is considered, the absolute bioavailability from soil would be closer to 0.25.  However, Ms. 
Aylward noted that the goal of the bioavailability studies was not to match the gavage doses to 
the Kociba study doses but to match them to the administered doses from local soil. 
MDEQ noted that for risk assessment purposes, the form and value of the bioavailability 
estimate to be used in deriving a direct contact criterion would depend on the toxicity study used 
to establish toxicity criteria.  That is, the bioavailability estimate may need to be estimated as 
relative to feed, relative to oil gavage, or may need to be estimated as an absolute bioavailability, 
depending on the basis of the toxicity criteria used.  If the feed used for comparison purposes in 
the first pilot study is similar to that used for Kociba et al, then the bioavailability from the feed 
is in the range of 47-65% for the congeners measured, assuming corn oil bioavailability is 80%.   
 
 
4.  Discussion of Charge Questions 
 
4.1.  Question 1.  Based on the description of the soil selection and the data in Table 1, did the 
selected soils contain the range of congeners likely to be of interest for future soil studies at 
sufficient concentrations to make detection in tissues likely?   

 
Panel members agreed that the selection of the soils for the pilot was reasonable and the 
congener concentrations were sufficient to ensure that the pilot was a valid study.  However the 
broader issue was the applicability to a broader range of soil types.  The panel members noted 
that a wide variety of soils in the area mean that bioavailability could range from 0 to 100%.  
Therefore, follow up studies would be needed to address the range of soils.   
 
4.2.  Question 2.  Do you have any comments on or specific suggestions for improvement of the 
methods used to prepare the soil/diet, reference diet, or reference oil materials? 
 
One panel member indicated one approach to dosing would have been to give the rats cookies, 
similar to the dough balls used for the swine.  However, this approach would not be the 
appropriate choice if a goal of the follow up study is to keep dosing methods the same so that the 
results can be compared. 
 
Another panel member disagreed with decreasing the volume of oil for gavage in the follow up 
study.  This person noted that the amount of dioxins absorbed is known to vary with gavage 
volume.  If the gavage volume is changed, then the results of the follow up study will not be 
comparable with the first study.  Although one panel member questioned whether changing the 
gavage volume would really affect the amount absorbed, all panel members agreed that the 
dosing regime should not change from the initial study. 
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The panel members agreed that the follow up study should include true control animals.  Ms. 
Aylward asked if these should be naïve animals that will be assayed for EROD/MROD 
concentrations only, not for congener concentrations in tissues.  The panel indicated that this was 
correct. 
 
MDEQ indicated that there were likely to be soils that had higher concentrations of congeners 
than were in the soils used in the pilot.  Although, the distributions of the congeners would be 
similar to that in the soils used.  Therefore, MDEQ asked if soils with higher concentrations 
should be used for the follow up.  Ms. Aylward replied that the university conducting the 
analyses had a restriction that prevented them from using soils containing ≥ 1,000 TEQ. 
 
4.3.  Question 3.  Regarding the methods described for estimating “relative bioavailability” 

• Were the assumptions made reasonable and appropriate? 
• Should additional assumptions have been made? 
• Are you aware of any other information that could affect  interpretation of the 

pilot study results? 
 

The panel thought that the assumptions were reasonable.  However, one panel member noted that 
although congeners are metabolized by CYP1A1, there is also evidence that CYP1A2 also has a 
role in congener metabolism.  Therefore, passive elimination also has a role in the tissue 
concentrations of dioxin congeners.  Another panel member noted that there were several factors 
that could affect the interpretation of the enzyme results.  First, as discussed in the report, there 
could be differential induction of metabolizing enzymes.  Second, there could be increased 
induction of Ah receptors, which is not discussed in the report.  Third, there are differences in 
metabolism between rats and humans. 
 
One panel member indicated that the idea of differential elimination is reasonable, but that the 
cause is not known.  Therefore, the report should acknowledge the CYP1A2 as well as CYP1A1 
participates in PCDD/PCDF elimination.  In addition, the report should acknowledge that by 
measuring enzyme activity, the study is not actually measuring metabolism.  At this point, there 
is not information to know for sure if the different congener tissue concentrations are due only to 
metabolism or to other elimination processes as well.  Another panel member again indicated 
that differential induction of Ah receptor could be involved.   
 
4.4.  Question 4.  Rats in the soil/feed groups had lower administered doses, lower liver TEQ 
concentrations, and lower EROD/MROD activity, than rats in the respective reference feed and 
reference oil groups.  What effect does this have on the interpretation of the pilot study results 
and on the design of the follow up study? 
 
The panel thought that the pilot study was well designed and interpretable.  However, one panel 
member asked why the authors were relying on the swine relative bioavailability (RBA) value 
for estimating the absorbed dose in the follow up study.  Ms. Aylward responded that the swine 
data showed no differential induction of hepatic enzyme activity.  Therefore, the swine results 
could serve as the basis for designing the follow-up to test the hypothesis that differential 
enzyme induction could have affected the results from the rat study, resulting in the disparate rat 
and swine results.  The panel members then recommended using a range of RBA values to 
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bracket the absorbed dose estimates and provide dose response information.  For example, by 
using RBA assumptions of 0.25, 0.5, and 0.75 the authors will get a range of absorbed dose 
estimates for the follow up study.   If the remaining parameters of the follow up study are kept 
consistent with the original study, the follow up study results can be combined with the initial 
pilot study, which used an RBA value of 1, to extend the observed dose response range.  This 
goal would be more important than trying to design the follow up to have the rat results be 
consistent with the swine results; this is important because the congener tissue concentrations 
were too low and swine are rapidly growing animals. 
 
Another panel member noted that the effects could be due to other types of binding, for example 
soil binding issues could be playing a role.   
 
4.5.  Question 5.  Were the data obtained from either of the two animal models (rats and swine) 
sensitive enough to reliably estimate RBA for these soils? 
 
One panel member expressed concern over use of the swine model for these studies because they 
were rapidly growing animals.  Another panel member agreed, noting that there was no benefit 
to using swine as an animal model for these compounds because there is no evidence of species 
differences.  The remaining panel member agreed, noting that the variability in the swine data 
raises significant issues.  Ms. Aylward then asked if similar bioavailability estimates were 
expected from all species, should rats be used because they were better understood.  Also, were 
the species differences in the initial pilot an artifact that should be explored?  The panel agreed 
that, while exploring the reasons for the species differences would be a valid intellectual 
exercise, the rat data, as opposed to the swine data, are sufficient for the purposes of risk 
assessment. 
 
4.6.  Question 6.  Are the differences in EROD/MROD activity and the different distribution 
patterns of PCDD/PCDFs between rats and swine adequately explained by the data?  Do the 
conclusions made in the report clearly follow from the available data? 

 
One panel member noted that after the discussion of the background study of EROD/MROD 
levels, the results of the initial pilot are more meaningful.  The follow  up study, as modified 
with the suggestions made during this conference call should give also meaningful results.  
Another panel member indicated that if enzyme induction is to be used in any way to assess 
bioavailability then it must be determined that soil effects on enzyme induction are in the linear 
portion of the dose response curve.  This panel member noted that the data presented in the tables 
seems to indicate that this is the case; but this panel member suggested that a more rigorous 
analysis of this needs to be performed. 
 
4.7.  Question 7.  The overall goal of the follow up study is to investigate whether the differential 
enzyme induction observed in the rat (but not swine) soil/feed groups compared to the reference 
groups contributed to or caused the observed differences in apparent bioavailability between 
rats and swine.  Therefore, a key objective in the design of the proposed follow up study is to 
attempt to ensure that differential induction of EROD and MROD between soil/feed and 
reference oil groups does not occur.  Based on the outcome of the pilot study is this an 
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appropriate goal for the follow up study?  Are there other important goals that should be 
considered when designing the follow up study? 

 
The panel indicated that this was a reasonable goal.  In addition, one panel member indicated that 
an additional important goal would be to evaluate the dose response relationship for 
bioavailability.  As a part of this goal, it will be important to measure PCDD/PCDF congeners in 
both liver and adipose tissues, because at different doses, the congeners may have a different 
pattern of sequestration in the tissues.   
 
4.8.  Question 8.  Please be prepared to comment on the following aspects of the proposed 
design for the follow up study.  If you agree with the approach, be prepared to state why.  If you 
disagree, please offer alternative approaches. 

• Conducting the study in rats only 
• Matching the doses for the reference oil group to the anticipated absorbed dose of 

compounds from the soil/feed group. 
• Using the relative bioavailability estimates from the swine study to estimate absorbed 

dose of compounds from soil/feed. 
• Analyze only liver tissue for estimating RBA 
• Analyze only 5 single animals per dose group, rather than 5 pairs of animals. 
• Reduce the volume of the gavage material by half (increasing the concentration 

accordingly). 
• Increase the number of animals in the gavage groups from 5 to 10 to account for 

gavage-related mortality.  At end of administration period, 5 animals will be selected 
at random from surviving animals for liver tissue collection.  

 
The panel agreed that the follow up study should be conducted in rats only.  The panel agreed 
that the doses for the reference oil group should be matched to the anticipated absorbed dose of 
compounds from the soil/feed group.  The panel agreed that the issue of using the swine RBA 
was irrelevant and that a range of RBA estimates should be used in the follow up study in order 
to bracket the actual RBA and provide dose response information on bioavailability.  The panel 
agreed that both liver and adipose tissues should be used for evaluating congener concentrations 
and estimating RBA.  The panel agreed that the study should be done in five single animals, 
rather than 5 pairs of animals.  The panel noted that a single animal should yield enough adipose 
tissue to perform the analysis, and that fat deposits other than abdominal fat can be used for the 
analysis.  The panel recommended that the gavage volume remain the same so that the results of 
the follow up study could be directly compared to the initial pilot results.  The panel agreed that 
the gavage groups should have additional animals to account for gavage-related mortality.  
However, the panel suggested that 7 rather than 10 animals should be sufficient.  Finally, the 
panel recommended that the follow up study include a true control group of naïve animals that 
would be analyzed for background levels of EROD/MROD only.  The naive animals should be 
dosed with the same vehicle as the PCDD/PCDF animals. 
 
MDEQ asked if the follow up study could be improved by having groups of animals with 
matched feed intakes.  The panel agreed that doing a paired feeding study would not provide 
additional information for the cost, especially with the addition of a dose response component to 
the study. 
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4.9.  Question 9.  Should the Tittabawassee River soil doses (and thus, the doses of each 
congener) used in the study be reduced in order to reduce the likelihood of differential enzyme 
induction? 
 
The panel agreed that the Tittabawassee River soil doses should not be reduced in the follow up 
study. 
 
 
5.  Additional Panel Comments 
 
One panel member noted that if the authors incorporate the panel’s comments on the design of 
the follow up study, then the study will be a valid study.  However, a more important issue 
perhaps is to develop a better understanding of how bioavailability differs among the widely 
different soil types present at the site rather than whether the RBA is 0.3 or 0.5.  Since there is a 
range of RBAs for different congeners (up to 0.89) and not all soils at the site have been tested, 
these are more important issues to resolve for risk assessment purposes.  Ms. Aylward indicated 
that the purpose of this pilot study and follow-up is to develop a method for assessing 
bioavailability from a variety of soil types, not to define a value for bioavailability for all soils in 
the area.  Once a method is developed, then a range of soils can be assessed.  The follow-up 
study is needed to clarify whether the assumptions of the method have been violated due to the 
differential enzyme induction, and how to address this issue in further studies.   
  
One panel member noted that the proposed in vitro model would be a reasonable approach to 
evaluating a variety of soil types, but the model has not been validated yet.  While the data 
presented in the pilot report (Table 16) is encouraging that the in vitro model gives similar results 
for the two soils tested in the pilot., more soil comparisons are needed.  Another panel member 
agreed noting that more samples are needed rather than more details about a single sample.  The 
remaining panel member also agreed that for purposes of the site risk assessment, there would 
appear to be greater value from looking at a variety of soils than getting much more detail on the 
biology involved in bioavailability.   
 
MDEQ agreed with the panel recommendations to look at bioavailability in a variety of soils.  
They also expressed concern that there will be a dose response relationship that may not be 
identified if the laboratory cannot handle soils with TEQ concentrations higher than 1,000 ppt. 
One panelist agreed with this concern because soils with a higher organic content will bind more 
dioxin.  In addition, MDEQ expressed concern regarding the effort to assess this exposure 
pathway when other exposure pathways, such as food chain and agriculture, are more important 
sources of exposure.  Ms. Aylward replied that the soil bioavailability studies were initiated 
because the Michigan remediation specified that direct contact with soils be considered for 
remediation, not other exposure pathways. 
 
The panel recommended that the issues of multiple soil types and multiple sources of oral 
exposure be addressed.   
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Peer Consultation 
Pilot Study Report: Oral bioavailability of Dioxins/Furans in Midland and Tittabawassee 

River Flood Plain Soils. 
And 

Proposed design for Follow up Pilot Study 
Charge to Reviewers 

 
Pilot Study Report: 
 
1.  Based on the description of the soil selection and the data in Table 1, did the selected soils 
contain the range of congeners likely to be of interest for future soil studies at sufficient 
concentrations to make detection in tissues likely?   
 
2.  Do you have any comments on or specific suggestions for improvement of the methods used 
to prepare the soil/diet, reference diet, or reference oil materials? 
 
3.  Regarding the methods described for estimating “relative bioavailability” 

• Were the assumptions made reasonable and appropriate? 
• Should additional assumptions have been made? 
• Are you aware of any other information that could affect interpretation of the pilot 

study results? 
 
4.  Rats in the soil/feed groups had lower administered doses, lower liver TEQ concentrations, 
and lower EROD/MROD activity, than rats in the respective reference feed and reference oil 
groups.  What effect does this have on the interpretation of the pilot study results and on the 
design of the follow up study? 
 
5.  Were the data obtained from either of the two animal models (rats and swine) sensitive 
enough to reliably estimate RBA for these soils? 
 
6.  Are the differences in EROD/MROD activity and the different distribution patterns of 
PCDD/PCDFs between rats and swine adequately explained by the data?  Do the conclusions 
made in the report clearly follow from the available data? 
 
7.  Can you draw different conclusions or make recommendations regarding the pilot study 
report? 
 
 
Proposed Follow up Pilot Design: 
 
8.  The overall goal of the follow up study is to investigate whether the differential enzyme 
induction observed in the rat (but not swine) soil/feed groups compared to the reference groups 
contributed to or caused the observed differences in apparent bioavailability between rats and 
swine.  Therefore, a key objective in the design of the proposed follow up study is to attempt to 
ensure that differential induction of EROD and MROD between soil/feed and reference oil 
groups does not occur.  Based on the outcome of the pilot study is this an appropriate goal for the 
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follow up study?  Are there other important goals that should be considered when designing the 
follow up study? 
 
9.  Please be prepared to comment on the following aspects of the proposed design for the follow 
up study.  If you agree with the approach, be prepared to state why.  If you disagree, please offer 
alternative approaches. 
 

• Conducting the study in rats only 
• Matching the doses for the reference oil group to the anticipated absorbed dose of 

compounds from the soil/feed group. 
• Using the relative bioavailability estimates from the swine study to estimate absorbed 

dose of compounds from soil/feed. 
• Analyze only liver tissue for estimating RBA 
• Analyze only 5 single animals per dose group, rather than 5 pairs of animals. 
• Reduce the volume of the gavage material by half (increasing the concentration 

accordingly). 
• Increase the number of animals in the gavage groups from 5 to 10 to account for gavage-

related mortality.  At end of administration period, 5 animals will be selected at random 
from surviving animals for liver tissue collection.  

 
10.  Should the Tittabawassee River soil doses (and thus, the doses of each congener) used in the 
study be reduced in order to reduce the likelihood of differential enzyme induction? 
 
11.  What additional recommendations would you make regarding the design of the follow up 
study? 
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Pilot Bioavailability Study:Pilot Bioavailability Study:
Initial Results and Proposal Initial Results and Proposal 
for Followfor Follow--up Studyup Study

Lesa AylwardLesa Aylward
Exponent, Inc.Exponent, Inc.
September 7, 2005September 7, 2005

OverviewOverview

•• PilotPilot--study goalsstudy goals

•• PilotPilot--study designstudy design

•• Initial results evaluationInitial results evaluation

•• IssuesIssues

•• Proposed followProposed follow--up studyup study
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Pilot Study GoalsPilot Study Goals

•• Evaluate animal models for Evaluate animal models for 
–– Sensitivity Sensitivity —— Are tissue concentrations detectable?Are tissue concentrations detectable?

–– Consistency within and between species Consistency within and between species 

•• Number of animals required per group?Number of animals required per group?

•• Develop streamlined design for full Develop streamlined design for full 
bioavailability studybioavailability study
–– Single animal modelSingle animal model

–– Single tissueSingle tissue

Pilot Study DesignPilot Study Design

Reference oil
(dough balls)

Soil (dough balls)

Reference feed

Reference oil gavage

Soil/feed

Dosing Dosing 
(30 days)(30 days)

XX

XXSwineSwine

X

XX

XXRats Rats 

TittabawasseeTittabawassee
River FloodRiver Flood
Plain SoilPlain Soil

(~850 (~850 pptppt TEQ)TEQ)bb

Midland Midland 
SoilSoil

(~270 (~270 pptppt
TEQ)TEQ)aaSpeciesSpecies

a TEQ dominated by TCDD and PeCDD
b TEQ dominated by 4-PeCDF and TCDF
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Pilot Study Design Pilot Study Design (continued)(continued)

•• Five TEQ contributors tracked per soil Five TEQ contributors tracked per soil 
–– Midland soil congener, Percent of TEQ:Midland soil congener, Percent of TEQ:

•• TCDDTCDD 48.9%48.9%
•• PeCDDPeCDD 24.9%24.9%
•• 44--PeCDFPeCDF 6.7%6.7%
•• 1,2,3,4,6,7,81,2,3,4,6,7,8--HpCDDHpCDD 4.3%4.3%
•• 1,2,3,6,7,81,2,3,6,7,8--HxCDDHxCDD 2.7%2.7%

Total TEQ %:Total TEQ %: 88%88%
–– TittabawasseeTittabawassee River soil congener, Percent of TEQ:River soil congener, Percent of TEQ:

•• 44--PeCDFPeCDF 52.1%52.1%
•• TCDFTCDF 25.4%25.4%
•• 1,2,3,4,7,81,2,3,4,7,8--HxCDFHxCDF 8.5%8.5%
•• 11--PeCDFPeCDF 6.3%6.3%
•• 1,2,3,6,7,81,2,3,6,7,8--HxCDFHxCDF 1.9%1.9%

Total TEQ%:Total TEQ%: 94%94%

Key Assumptions between Soil and Key Assumptions between Soil and 
Reference GroupsReference Groups

•• Liver, adipose major depotsLiver, adipose major depots
–– WellWell--documenteddocumented

•• Body distribution pattern equivalentBody distribution pattern equivalent
–– Monitor MROD activity to confirmMonitor MROD activity to confirm

•• Elimination rates equal Elimination rates equal 
–– Monitor EROD activity to confirmMonitor EROD activity to confirm
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RBA Calculation MethodRBA Calculation Method

•• For each group, the total dose For each group, the total dose 
administered is:administered is:

•• And the fraction of administered dose And the fraction of administered dose 
retained in the body at the end of the retained in the body at the end of the 
study is given by:study is given by:

admin

body

Q
Q

FR =

tDQadmin *=

RBA Calculation Method RBA Calculation Method (continued)(continued)

•• Fraction retained in each dose group isFraction retained in each dose group is
–– A A linearlinear function of absorption fraction function of absorption fraction 

(absolute bioavailability)(absolute bioavailability)
–– A A nonnon--linearlinear function of elimination ratefunction of elimination rate

•• If elimination rates are equalIf elimination rates are equal between between 
groups, the relative RBA can be groups, the relative RBA can be 
estimated as:estimated as:

ref

soil
FR
FRRBA =
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Midland SoilMidland Soil

TittabawasseeTittabawassee River Flood Plain SoilRiver Flood Plain Soil
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Why Are the Estimates Different Why Are the Estimates Different 
Between Rats and Swine?Between Rats and Swine?

•• Differential enzyme induction among rat Differential enzyme induction among rat 
dose groups may contributedose groups may contribute……
–– MROD activityMROD activity——similar among soil and similar among soil and 

reference dose groups, butreference dose groups, but

–– EROD activityEROD activity——statistically increased in statistically increased in 
reference oil groups compared to soil groupsreference oil groups compared to soil groups

•• Swine showed no differences in enzyme Swine showed no differences in enzyme 
activity between soil and reference oil activity between soil and reference oil 
dose groupsdose groups

*

*

*

EROD Enzyme InductionEROD Enzyme Induction

* p<0.05 compared to soil group
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Liver TEQ and EROD ActivityLiver TEQ and EROD Activity

2.3x

4.9x

Rat Administered Dose and Hepatic Rat Administered Dose and Hepatic 
TEQ by Dose GroupTEQ by Dose Group

2.9

2.6

1.0

0.7

0.6

Admin. Dose Admin. Dose 
((ngng TEQ/kgTEQ/kg--d)d)

Fold Difference Fold Difference 
Compared to Soil Compared to Soil 

GroupGroup

1.1

—

1.7

1.2

—

Admin. Admin. 
dosedose

2.3

—

4.9

2.5

—

Hepatic Hepatic 
TEQTEQ

1556Ref. Oil Ref. Oil 
GavageGavage

684
TTittabawasseeittabawassee
RiverRiver
Soil/FeedSoil/Feed

201Ref. Oil Ref. Oil 
GavageGavage

104Ref. FeedRef. Feed

41Midland Midland 
Soil/FeedSoil/Feed

Hepatic Hepatic 
TEQ (pg/g)TEQ (pg/g)Dose GroupDose Group
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What Does This Mean?What Does This Mean?

•• Possible differential elimination rates Possible differential elimination rates 
between soil and reference groups between soil and reference groups 

•• What would the impact of this be?What would the impact of this be?

Absorption and Elimination Rates Absorption and Elimination Rates 
EqualEqual

Baseline CaseBaseline Case
Amounts remaining in 
body at end of study 
equal

Equal absorbed doses

Equal elimination rates
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Lower Absorption in Soil Group; Lower Absorption in Soil Group; 
Elimination Rates EqualElimination Rates Equal

Study GoalStudy Goal
Body levels in soil 
group lower than in 
reference group in  
proportion to reduced 
absorption (lower 
RBA)

Lower absorbed dose 
from soil

Equal elimination rates

Absorption Rate Lower in Soil Group; Absorption Rate Lower in Soil Group; 
Elimination Rate Greater in Reference Elimination Rate Greater in Reference 
Oil GroupOil Group

Possible Possible 
Explanation for Explanation for 
Rat ResultsRat Results
RBA low for soil group, 
but body levels similar 
due to faster elimination 
in oil group.  RBA might 
appear to be high, even 
though absorption was 
actually lower from soil.

Greater elimination rate in 
ref. oil group

Lower absorbed dose 
from soil
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Possible Effect of Differential EROD Possible Effect of Differential EROD 
InductionInduction

•• Which congeners metabolized by CYP1A1?Which congeners metabolized by CYP1A1?
–– TCDFTCDF
–– 11--PeCDFPeCDF
–– Probably 4Probably 4--PeCDFPeCDF
–– Other furan congeners possible, but no direct Other furan congeners possible, but no direct 

experimental evidence to confirmexperimental evidence to confirm
–– Dioxin congeners?  Dioxin congeners?  

•• No direct evidence linking CYP1A1 activity No direct evidence linking CYP1A1 activity 
specifically to dioxin metabolism rates, but TCDD specifically to dioxin metabolism rates, but TCDD 
elimination rate does increase with increasing elimination rate does increase with increasing 
body burden and hepatic concentration in mice body burden and hepatic concentration in mice 
and rats (and rats (DilibertoDiliberto et al. 2001; Hurst et al. 2000).et al. 2001; Hurst et al. 2000).

•• Magnitude of effect hard to estimateMagnitude of effect hard to estimate

TCDDTCDD——Fraction of Administered Dose Fraction of Administered Dose 
Retained After Subchronic DosingRetained After Subchronic Dosing
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Reviewing Study GoalsReviewing Study Goals

•• SensitivitySensitivity
–– Rats achieved detectable concentrationsRats achieved detectable concentrations

•• Both soils Both soils 
•• Both liver and adipose tissueBoth liver and adipose tissue
•• Liver concentrations higherLiver concentrations higher

–– Swine less sensitiveSwine less sensitive
•• Rapid growth dilutes concentrations in tissueRapid growth dilutes concentrations in tissue
•• Adipose concentrations > liverAdipose concentrations > liver
•• Inconsistent detection above Inconsistent detection above quantitationquantitation limitslimits

––Only for Only for TittabawasseeTittabawassee River soil River soil 
dose/congenersdose/congeners

––Only for adipose tissueOnly for adipose tissue
•• Difficult to administer significantly higher doses of Difficult to administer significantly higher doses of 

soil on a bodyweight basissoil on a bodyweight basis

Reviewing Study Goals Reviewing Study Goals (continued)(continued)

•• ConsistencyConsistency
–– When detectable, quantifiable levels are When detectable, quantifiable levels are 

achieved, estimates are tight within species achieved, estimates are tight within species 
(particularly rats)(particularly rats)

•• C.V.s in the range of 10 to 20 percentC.V.s in the range of 10 to 20 percent

•• Number of animals per group sufficientNumber of animals per group sufficient

–– Difference observed between rat and swine Difference observed between rat and swine 
(enzyme activity issue?)(enzyme activity issue?)
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Proposed FollowProposed Follow--Up Up 

•• Goal:  Eliminate group differences in Goal:  Eliminate group differences in 
hepatic EROD activityhepatic EROD activity

•• Rats onlyRats only
•• Match reference oil doses to expected Match reference oil doses to expected 

ABSORBED doses from soilABSORBED doses from soil
–– Calculate expected absorbed soil doses by:Calculate expected absorbed soil doses by:

•• Reliance on measured feed intake rates Reliance on measured feed intake rates 
from pilot study (previously overestimated)from pilot study (previously overestimated)

•• Reliance on swine RBA estimate of ~0.3Reliance on swine RBA estimate of ~0.3

Proposed FollowProposed Follow--Up Up (continued)(continued)

•• Compare soil group to oil reference Compare soil group to oil reference 
group on:group on:
–– Liver TEQ concentrationsLiver TEQ concentrations

–– EROD activityEROD activity

•• If significant differences are avoided or If significant differences are avoided or 
greatly reduced, reassess RBAgreatly reduced, reassess RBA
–– Are RBA results now more consistent with Are RBA results now more consistent with 

swine estimates?swine estimates?
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Other Proposed Study Design Other Proposed Study Design 
ModificationsModifications

•• Analysis of liver tissue only as surrogate Analysis of liver tissue only as surrogate 
for amount in bodyfor amount in body

•• Use single rats rather than rat pairsUse single rats rather than rat pairs
–– Liver tissue mass, concentrations from Liver tissue mass, concentrations from 

individual animals provide sufficient sensitivityindividual animals provide sufficient sensitivity
•• Decrease oil gavage volume from 1 ml/d Decrease oil gavage volume from 1 ml/d 

to to ½½ ml/dml/d
•• Increase number of rats in gavage Increase number of rats in gavage 

groups to account for gavagegroups to account for gavage--related related 
mortalitymortality

Proposed Dose GroupsProposed Dose Groups

a Five animals randomly selected from all remaining group animals at the end of the
30-day dosing period 

4.  Reference corn oil gavage matched to the 
expected absorbed doses of the Midland 
soil/feed mixture, 1/2 ml, 1 x per day

3.  Midland soil/feed mixture
(soil sample CC-S-27)

2.  Reference corn oil gavage matched to the 
expected absorbed doses of the 
Tittabawassee River soil/feed mixture, 1/2 
ml, 1 x per day

1.  Tittabawassee River flood plain soil/feed 
mixture (soil sample Imerman Park 2 
THT02769)

Dose Group DescriptionDose Group Description

5a10

55

5a10

55

Number of Number of 
Liver Liver 

Tissue Tissue 
AnalysesAnalyses

Number Number 
of of 

Animals Animals 
on Teston Test
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DiscussionDiscussion

Distribution of Distribution of 
Administered Administered 
Doses in Rat Doses in Rat 
TissuesTissues——
Midland Soil Midland Soil 
and Reference and Reference 
GroupsGroups
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Distribution of Distribution of 
Administered Administered 
Doses in Rat Doses in Rat 
TissuesTissues——
TittabawasseeTittabawassee
River Flood River Flood 
Plain Soil and Plain Soil and 
Reference Reference 
GroupsGroups

Distribution of Distribution of 
Administered Administered 
Doses in Swine Doses in Swine 
TissuesTissues——
Midland Soil Midland Soil 
and Reference and Reference 
GroupsGroups
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Distribution of Distribution of 
Administered Administered 
Doses in Swine Doses in Swine 
TissuesTissues——
TittabawasseeTittabawassee
River Soil and River Soil and 
Reference Reference 
GroupsGroups
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Quantification of EROD and MROD activities in Pig and Rat Liver Microsomes 

An Interim report-08/12/03 
 

By John Giesy and John L. Newsted 
 
Overview 
This report summarizes the results of the analysis of Ethoxyresorufin O-deethylase (EROD) and 
Methoxyresorufin O-demethylase (MROD) activity in the liver microsomes of pigs and rats.  
Liver samples were collected from both species to establish background EROD and MROD 
activities in support of a bioavailability study of polychlorinated dibenzo-p-dioxins (PCDDs) and 
polychlorinated dibenzofurans (PCDFs) in soils.  Two sets of pig liver samples and one set of rat 
liver samples were collected and evaluated.  The protocols used to prepare liver microsomes and 
to measure both protein levels and enzymatic activities are outlined in the MSU-ATL SOP# 250, 
version 1.1 (Protocol for Liver Microsome Preparation and Microsomal Protein Measurement 
and AROD Assays in the same 96-Well Plate). 
 
Methods 
The dates for liver microsome preparation for both pigs and rats are shown in Table 1: 
 
Table 1. Species and samples used in the analysis of background Cytochrome 
P450 activities.a

Species Sample IDs Microsome Preparation date 
Pig- Set #1 260, 262, 264, 274, 970 4/15/03 
Pig- Set #2 106, 131, 132, 141, 150 5/14/03 
Rat- Set 1 D12, D34, D56, D78, D910 6/19/03 
a Microsomes were processed and then stored at –80oC until analysis. 
 
Microsomes isolated from Pig Set#1 were used to optimize the conditions of the EROD and 
MROD assays.  However, it should be noted that the final assay conditions that were established 
with the background samples might need to be reevaluated with induced samples. This is 
because the activity levels for both EROD and MROD were low and near the detection limit of 
the assays and to the fact that substrate levels may need to be adjusted to reflect these greater 
activities.   
 
As outlined in the SOP#250, sets of protein and resorufin standards were run with each 
microtiter plate to account for differences in assay conditions and instrumental performance.   
All microsome samples were thawed and stored on ice (4oC) prior to the onset of the enzyme 
assays.  All working solutions including resorufin standards, 7-ER and 7-MR solutions, and 
NADPH were made the day of the assay and stored on ice prior to use.  The incubation 
conditions and substrate concentrations for pig and rat EROD and MROD assays are given 
below: 
 
Pre-incubation time: 10 min @ 37oC 
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Incubation Time: 10 min @ 37oC 
Final Substrate Concentrations: 
   Pig  EROD 5 µM 
     MROD 10 µM 
 
   Rat  EROD 2.5 µM 
     MROD 5.0 µM 
Fluorescence Filter Settings: 
   EROD: Excitation-530 nm 
     Emission-590 nm 
   Protein: Excitation- 400 nm 
     Emission- 460 nm 

EROD/MROD activities and protein concentrations were measured within the same wells in a 
96-well plate.  Protein concentrations were measured fluorometrically at the end of the assay and 
differences between animals and replicates were taken into account during statistical analysis of 
the data.  Fluorescence was measured with a Cytofluor multiplate reader and the data was 
collected and stored to disk as a “xxx.cvs” file.  The data was then imported into Excel (Office 
97) for analysis.   
 
Results 
Pig Liver Microsomes 
All pig and rat liver samples were analyzed for EROD and MROD on June 20, 2003.  This 
included pig Set #1 and Set #2 samples that had been analyzed at an earlier date.  An 
examination of the data showed that there was no significant change in enzymatic activity 
between the earlier analyses and the results from the August 20, 2003 analysis and as a result, 
only the data collected on August 20, 2003 is presented in this report. 
 
The EROD and MROD results for the Pig liver samples are given in Table 2. 
 

Table 2. Mixed function oxygenase activities in pig liver samples.a

  EROD MROD 
Sample Set  Sample ID (pmol/mg/min) (pmol/mg/min) 

Background 1 260 25.8 ± 1.25 10.0 ± 1.09 
(Set #1) 262 21.9 ± 1.95 1.6 ± 1.13 

 264 33.2 ± 5.86 5.4 ± 6.51 
 274 19.7 ± 7.49 13.8 ± 12.0 
 970 24.6 ± 1.18 9.3 ± 6.66 
 Set Average 25.0 ± 6.03 8.0 ± 4.56 

Background 2 106 16.7 ± 4.78 9.6 ± 1.35 
(Set #2) 131 20.3 ± 0.70 10.9 ± 1.33 

 132 16.2 ± 4.78 6.9 ± 1.31 
 141 16.3 ± 1.65 8.3 ± 3.97 
 150 16.9 ± 5.33 7.0 ± 0.76 
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 Set average 17.3 ± 3.23 8.5 ± 1.27 
 Total Average 21.2 ± 6.18 8.3 ± 3.72 

a Activities given as means and standard deviations.  Each sample measured in triplicate.   
 
A comparison of EROD activity between the two sets of pig background samples show that there 
was a 1.4-fold decrease in Set #2 as compared to Set #1.  This difference was statistically 
significant (p < 0.05), however, the difference between these two sets of samples was less than 2-
fold and most likely is indicative of the natural variability between animals and not due to any 
other extrinsic factor that could alter enzyme activity.  The overall EROD activity was 
approximately 21.2 pmol/mg/min. 
 
Unlike EROD, there was no statistical difference between MROD activities between the two 
sample sets. A comparison of the two sets showed that there was approximately a 1.1-fold 
increase in the MROD activity in Set #2 as compared to Set #1 but that this difference was not 
statistically significant.  The overall MROD activity was 8.3 pmol/mg/min.   
 
 Rat Liver Microsomes 
Rat liver microsomal samples were analyzed on June 20, 2003.  The EROD and MROD results 
are given in Table 3. 
 

Table 3. Mixed function oxygenase activities in rat liver samples.a

 EROD MROD 
Sample IDb (pmol/mg/min) (pmol/mg/min) 

D12 5.0 ± 5.56 6.2 ± 1.79 
D34 6.8 ± 5.53 1.1 ± 0.19 
D56 7.5 ± 2.33 0.4 ± 1.30 
D78 9.1 ± 0.05 4.0 ± 2.09 
D910 6.6 ± 1.42 5.6 ± 0.62 

Set Average 7.0 ± 3.44 3.5 ± 2.69 
a Activities given as means and standard deviations.  Each sample measured in triplicate.   
b Sample IDs are based on composited rat livers  (Rat  #1 + Rat #2=D12).  

 
The overall mean values for EROD and MROD activities in rat liver microsomes were 7.0 and 
3.5 pmol/mg/min, respectively. 
 
Discussion 
 
The enzyme activities for both EROD and MROD in pig liver microsomes were within expected 
values for this species.  In a study by Myers et al. (2001), EROD activity in liver microsome of 
market weight swine was approximately 70 pmol/mg/min while the MROD activity was 
approximately 10 pmol/mg/min.  In addition, EROD activities in female, male and castrated 
male pigs were 41, 43 and 34 pmol/mg/min, respectively (Skaanild and Friis, 1999).  Thus, our 
values were well within the expected range for pigs taking into account differences in sex, breed 
and age that exist between these different studies.  It is important to emphasize that the EROD 
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and MROD assays that have been used to analyze the background pig samples have been 
optimized with control animals and may still need to be optimized for animals that have been 
exposed/induced.  However, the conditions used in our assays, including substrate 
concentrations, are similar to those used in other studies with pigs and should be acceptable for 
samples from exposed pigs.   Finally, the rat liver EROD and MROD activities were also within 
literature values.  In Sprague-Dawley rats, control EROD activities ranged from 20 to 42 
pmol/mg/min while control MROD activities ranged from 28 to 76.1 pmol/mg/min (Fadhel et al. 
2002; Hallgren et al., 2001). However, enzyme activities are dependent on numerous factors 
including rodent species, sex, age and reproductive condition.  For instance, in Fisher 344 rats 
basal EROD and MROD activities averaged 69 and 36 mmol/mg/min, respectively (Suzuki et al. 
2001).  In conclusion, the results of our analysis of EROD and MROD activities in pig and rat 
liver microsomes show that these animals are not induced and are within literature values for 
these species. 
 
References: 
 
Fadhel, Z., Lu, Z., Robertson, L.W., Glauert, H.P. (2002).  Effect of 3,3’,4,4’-
tetrachlorobiphenyl and 2,2,4,4,5,5-hexachlorobiphenyl on the induction of hepatic lipid 
peroxidation and cytochrome P-450 associated enzyme activities in rats.  Toxicol. 175: 15-25. 
 
Hallgren, S. Sinjari, T., Hakansson, H., Darnerud, P.O. (2001).  Effects of polybrominated 
diphenyl ethers (PBDEs) and polychlorinated biphenyls (PCBs) on thyroid hormone and vitamin 
A levels in rats and mice. Arch. Toxicol. 75: 200-208. 
 
Hanioka, N., Jinno, H., Tanaka-Kagawa, T., Nishimura, T., Ando, M. (1998).  Changes in rat 
liver cytochrome P450 enzymes by atrazine and simazine treatment.  Xenobiotica 28: 683-698. 
 
Myers, M.J., Farrell, D.E., Howard, K.D., Kawalek, J.C. (2001). Identification of multiple 
constitutive and inducible hepatic cytochrome P450 enzymes in market weight swine.  Drug 
Metab. Disp. 29: 908-915. 
 
Skaanild, M.T., and Friis, C. (1999). Cytochrome P450 sex differences in minipig and 
conventional pigs. Pharmacol. Toxicol. 85: 174-180. 
 
Suzuki, T., Nakagawa, Y., Tayama, K., Yaguchi, K., and Suga, T. (2001). Toxicity and effects of 
2,6-di-tert-butyl-4-methylphenyl N-methylcarbamate (terbutol) on hepatic cytochrome P450 in 
F344 rats. Arch. Toxicol. 75: 555-561. 
 
 
ATTACHMENT 
 
I.   SOP#250 
 

Peer Consultation Conference Call on Dioxin Bioavailability C-5



Aquatic Toxicology Laboratory SOP: 250 
Michigan State University Revision:1.1 
East Lansing, Michigan   48824  
Eff. Date 01/05/00 Replaces SOP: 1.0 

 
Michigan State University 

National Food Safety and Toxicology Center 
Aquatic Toxicology Laboratory 

 
STANDARD OPERATING PROCEDURE 

 
Protocol for Liver Microsome Preparation and Microsomal 

Protein Measurement and AROD Assays in the Same 96-
Well Plate 

 
Version 1.1   May 12, 2003 

 
John Newsted and John P. Giesy 

 
 

Supported through: 
National Food Safety and Toxicology Center 

Institute for Environmental Toxicology 
Department of Zoology 

 
Correspondence to: 

213 National Food Safety and Toxicology Center 
Michigan State University 

East Lansing, MI 48824-1222 
USA 

T: (517)-432-6321 
F: (517)-432-2310 

 
 
© 2000 by Michigan State University’s Aquatic Toxicology Laboratory 
All rights reserved.  Neither this document nor any part may be reproduced or transmitted in any 
form or by any means, electronic or mechanical, including photocopying, microfilming or 
recording, or by any information storage or retrieval system, without prior permission in writing 
by Dr. John P. Giesy. 

Peer Consultation Conference Call on Dioxin Bioavailability C-6



Aquatic Toxicology Laboratory SOP: 250 
Michigan State University Revision:1.1 
East Lansing, Michigan   48824  
Eff. Date 01/05/00 Replaces SOP: 1.0 

 
APPROVAL PAGE 

 
Revisions to an existing SOP, addition of an SOP change form, or preparation of a new SOP 
must be reviewed, approved, and signed by the following: 
 
 
 
 
 
Authored By: John Newsted and John P. Giesy Date: 5/12/03 
 
 
 
Supervisor Review By: ______________________________ Date: ____________ 
 
 
 
Reviewed By: ______________________________ Date: ____________ 
(QA Coordinator) 
 
 
 
 
 
 
 

Peer Consultation Conference Call on Dioxin Bioavailability C-7



Aquatic Toxicology Laboratory SOP: 250 
Michigan State University Revision:1.1 
East Lansing, Michigan   48824  
Eff. Date 01/05/00 Replaces SOP: 1.0 

 
DEFINITIONS AND ACRONYMS 

 
MSU-ATL Michigan Sate University - Aquatic Toxicology Laboratory (218C Food 

Safety & Toxicology Center) 
 
MSU-ORCBS Michigan State University- Office of Radiation, Chemical, and 

Biological Safety 
 
Freeze-clamp  Method of instantly freezing a thin flattened piece of tissue between two 

aluminum blocks at -196° C 
 
Microsomes  closed vesicles formed by the self-sealing of fragments of the endoplasmic 

reticulum membrane when a cell is homogenized 
   
Precipitate  the solid pellet formed during centrifugation 
   
Supernatant  the liquid layer following centrifugation 
 
EDTA Ethylenediaminetetraacetic acid 
 
DTT Dithiothreitol 
 
AROD Alkoxyresorufin-O-dealkylase 
 
EROD Ethoxyresorufin- O-dealkylase 
 
PROD Pentoxyresorufin- O-dealkylase 
 
MROD Methoxyresorufin- O-dealkylase 
 
BSA Bovine serum albumin 
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PURPOSE 
The purpose of this document is to describe the methods necessary to prepare liver microsomes 
so that they can be used in microsomal protein measurement and AROD assays in a 96-well 
plate. 
 
SCOPE AND APPLICATION 
This section describes the species, temporal, and spatial applicability of the methodology 
described in this protocol. Cytochrome P-450 and its associated mixed-function oxygenase 
enzymes are located in the smooth endoplasmic reticulum of cells, particularly in the liver. It is 
desirable to perform such enzyme activity assays because several of the cytochrome P-450 
isozymes are specifically induced by certain chemicals.  In some cases, measurements of enzyme 
activity can be used as biomarkers of exposure to specific classes of chemical compounds (Shipp 
et al. 1998).  The rate of conversion of specific homologues of alkoxyphenoxazone substrates to 
the fluorescent product resorufin can be used to measure the catalytic activity of different 
cytochrome P450s in tissues (Lubet et al. 1990).  The AROD assays outlined in this protocol are 
a modification of the methods outlined in Kennedy and Jones (1994) for the simultaneous 
measurement of cytochrome P450 activity and protein in a microtiter plate with a fluorescence 
reader.  This method can be used with both microsomes or with the S9 fraction of tissues isolated 
from terrestrial or aquatic species.  
 
SAFETY CONSIDERATIONS 
All lab safety will be in accordance with MSU-ORCBS.  Since several substrates and solvents 
are hazardous compounds, individuals involved in these procedures will wear gloves and lab 
coats during all phases of the microsome and catalytic assays. 
 
EQUIPMENT, MATERIALS, AND REAGENTS 

1.1. Microsome Preparation 

• Centrifuge with refrigeration unit, capable of attaining 10,000 x g at 4° C 
• High-speed centrifuge with refrigeration unit, capable of attaining 100,000 x g at 

 4° C 
• "Tri-R Stir-R" homogenizer with teflon stir stick 
• -80° C freezer 
• meat cleaver/scalpel/Large scissors 
• small pair of scissors 
• ice 
• 5-, 25-, and 50- ml beakers 
• Plastic centrifuge tubes - labeled 
• 5 ml plastic-coated glass homogenizer tubes 
• Ultra-centrifuge tubes - labeled 
• waste beaker 
• Eppendorf tubes: small (0.5 ml) and large (1.5 ml)-labeled 
• Tris buffer 
• EDTA buffer 
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• Microsomal stabilizing buffer 

 
1.2. AROD assay 

• 96-well microtiter plate, flat bottom 
• Pipetman pipets 
• 37 oC incubator 
• Fluorescamine 
• HEPES buffer 
• Methanol 
• 7-Ethoxyresorufin stock (829 µM in methanol: MW=241.25, CAS# 5725-91-7) 
• 7-Methoxyresorufin stock (880 µM in methanol: MW=227.22,   

    CAS# 5725-89-3) 
• Resorufin stock (150µM in methanol: MW=235.17, CAS#635-78-9) 
• Bovine Serum Albumin (BSA) 
• NADPH (Sigma Cat. # 
• Acetonitrile 

 
METHOD, PROCEDURES, AND REQUIREMENTS 
The following procedures describe the sampling method in a stepwise fashion. Detailed below 
are the procedures for sample preparation, documentation, preservation, and shipping. 
 
1.3. Mobilization and Training 

This section describes requirements for mobilization for the necessary lab work, as well as the 
necessary safety training.  Each individual participating in these assays will receive instruction in 
this procedure.  Retraining will occur when major revisions are made to the procedure 
 
1.4. Microsomal Buffer and Reagent Preparation  

Tris buffer preparation 
This buffer is 0.05 M Tris and 1.15% KCl in nanopure water, pH 7.5. 

1. Put 850 ml of nanopure water into a 1000 ml Erlenmeyer flask 

2. Add 6.055 g Tris 

3. Add 11.5 g KCl 

4. After dissolving the KCl using a stir plate, the solution must be cooled to 4° C in a 
refrigerator before adjusting the pH because the pH of Tris solutions are temperature-
dependent. 

5. After adjusting the pH, transfer solution to a volumetric flask 

6. Bring to 1000 ml and transfer to a storage bottle and store in a 4° C refrigerator. 
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EDTA buffer preparation 
This buffer is 10 mM EDTA and 1.15% KCl in nanopure water, pH 7.4.  

1. Put 850ml of nanopure water into a 1000 ml erlenmeyer flask  

2. Add 3.7224 g EDTA 

3. Add 11.5 g KCl 

4. After dissolving the KCl using a stir plate, adjust to pH 7.4.  This can be done at 
room temperature because EDTA is not temperature-dependent for pH.  

5. After adjusting the pH, transfer solution to a volumetric flask 

6. Bring to 1000 ml and transfer to a storage bottle and store in a 4° C refrigerator 

 
Microsome stabilizing buffer preparation 
This buffer consists of 20% glycerol, 0.1 M KH2PO4, 1 mM EDTA and 1 mM dithiothreitol 
(DTT) at pH 7.25.   

1. Add 100ml glycerol to a 500 ml Erlenmeyer flask using a glass cylinder.  It is very 
thick so wash cylinder several times with distilled water, putting rinsate in the flask. 

2. Bring total volume to 425 ml 

3. Add 0.18612 g of EDTA 

4. Add 6.80 g of KH2PO4 

5. Stir on stir plate 

6. Adjust pH to 7.25 

7. Bring volume to 500 ml  

8. Transfer to a 500 ml Nalgene plastic storage container 

9. Each time the buffer is used, add 1 µl off DTT solution to the buffer per ml of buffer, 
after approximating the volume of buffer remaining. 

10. Discard any of the DTT aliquot which remains 

 
Most of this buffer is stable.  However, the dithiothreitol is a reducing agent and it must be 
replenished in the buffer each time that the buffer is used.  Therefore aliquots of the dithiothreitol 
should be stored in a -20° C freezer, and it should be added to the buffer right before it is used.   
 
Instructions of DTT preparation are below. 

1. Add 0.9258 g of DTT to a 15 ml centrifuge tube 

2. Add 6 ml of nanopure water; mix thoroughly 

3. Transfer 500 µl to each of 12 small Eppendorf tubes 

4. Store in a -20oC freezer 
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1.5. Microsome preparation  

1. Place 5 ml of chilled Tris buffer in a chilled 25 ml beaker. 

2. Remove liver sample from the liquid nitrogen. 

3. Obtain a subsample without thawing the liver.  (This step can be avoided if the sample was 
freeze-clamped.). 

4. Weigh out a liver portion of approximately 0.75 grams, record the weight, and place the 
portion in the beaker with the buffer.  Re-wrap the remainder of the liver and place it 
back in liquid nitrogen immediately. 

5. Use a small pair of scissors to mince the liver in the buffer.  Let the minced liver settle for 
approximately a minute.  Pour the excess buffer off into the waste beaker. 

6. Place 2 ml of Tris buffer in a homogenizer tube and chill to 4° C.  Pour the 2 ml from the 
homogenizer tube into the beaker.  Swirl, then rapidly transfer all beaker contents into the 
homogenizer tube. 

7. Mix the homogenizer tube contents using a vortex mixer.  Then, homogenize the sample 
using the Tri-R Stir-R by moving the sample carefully up and down 5 times with the 
speed setting at approximately 5.5. 

8. Place 8 ml of Tris buffer in a thick plastic (low speed) centrifuge tube.  Add the contents of 
the homogenizer tube to the buffer in the centrifuge tube.  Mix the contents by vortexing, 
cover the tube and place on ice.  The ratio of sample to total buffer volume should be 
1:10 (w:v).  If smaller samples are processed, the Tris buffer volumes should also be 
proportionally reduced to reflect the final buffer to sample ratio. 

9. Wash the all equipment, beakers, and homogenizer prior to processing next sample.  Begin 
to process the next liver using steps 1-8.  If possible, samples from reference locations or 
laboratory controls should be processed prior to working with samples for contaminated 
areas or high dose groups. The number of samples processed in a single group is 
dependent on the type of rotor used in the centrifugation steps. 

10. Place samples in a high-speed centrifuge that has been pre-cooled to 4° C.  Centrifuge the 
samples at 10,000x g. The centrifuge speed (RPM) is rotor specific.  For Beckman 
Optima TLX ultracentrifuge equipped with a TLA-100.3 rotor, located in the ATL, 
centrifuge the samples for 10 min at 16,000 rpm. 

 
This step prepares a S10 fraction that can be used for enzymatic analysis if a 
microsomal preparation is not needed for cytochrome P450 analysis. This fraction 
contains both microsomal and cytosolic enzymes capable of phase I and phase II 
transformations and catalytic activity. 

11. Prepare for the next round of centrifugation by placing a set of ultra-centrifuge tubes on 
ice.  These tubes should be labeled in a similar manner to that used for samples processed 
in the first “low” speed centrifugation step. 
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12. Discard the precipitate from the first centrifugation.  If a lipid layer appears on the top of 

the supernatant, use a disposable pipette to aspirate as much lipid off as possible without 
losing too much supernatant or contaminating it.  Place a small beaker on a scale and tare.  
Place centrifuge tube in the beaker, on the scale (place the gasket and cap on the scale is 
applicable).  Use a disposable pipette to transfer the purest supernatant possible into the 
tube.  Record the final weight of the centrifuge tube and its contents and place on ice.  
Repeat with each sample, making sure that the final weight of each tube is within a 
hundredth of a gram.  If a sample does not have sufficient supernatant to meet the weight, 
Tris buffer can be used to bring the weight up to the mark. 

13. Place the centrifuge tubes in the ultracentrifuge. Set speed to achieve 100,000 x g at 4 oC.  
The speed and time is centrifuge and rotor specific.  For the Beckman Optima Ultra 
centrifuge equipped with a TLA-100.3 rotor, the rotor speed can be set to 60,000 rpm for 
30 min to achieve equivalent results as that used with other, larger rotors. 

14. Upon the completion of the centrifuge run, first pipette supernatant (cytosol) into a 1.5 ml 
Eppendorf tube (approximately 2/3 full), label and store in a –80 oC freezer. Discard 
remaining supernatant into a waste beaker while being careful to not disturb microsomal 
at the bottom of the tube. 

15. Place 5 ml of the EDTA buffer into a regular plastic centrifuge tube and chill.  For each 
sample, use a disposable pipette to take some of the buffer; transfer it into the other tube 
with the pellet.  Work to resuspend the pellet into the buffer.  If multiple tubes are used 
per sample, transfer resuspended sample into its corresponding tube along with its buffer. 
Place the combined sample back on ice.  Repeat for each sample. 

16. Prepare to ultracentrifuge again.  Tare beaker, weigh high-speed centrifuge tubes (along 
with gasket and lid if necessary).  Add the entire sample to the tube, plus enough extra 
EDTA buffer to make the tube more than 3/4 full and up to an even weight to match.  
Place on ice.  Repeat for each sample, making sure all samples weigh the same. 

17. Ultracentrifuge the samples for approximately 60 minutes at 100,000x g using the same 
settings as outlined in step 13. 

18. Discard the supernatant from the centrifuge spin in step 17.  Add 1 ml of microsomal 
stabilizing buffer to the centrifuge tube per gram of liver used originally.  Use a 
disposable pipette to resuspend the pellet, and then transfer all of the contents of the tube 
to a clean plastic (low speed) centrifuge tube.  Use the Tekmar blender to homogenize the 
sample.  Place on ice.  Repeat for each sample, making sure to rinse the Tekmar with 
distilled water, appropriate detergent, and a final rinse with distilled water between 
samples. 

19. Transfer 100 µl of the homogenate to each of the labeled small labeled Eppendorf tubes.  
Place on ice.  Repeat for each sample. 

20. Store in a -80° C freezer until enzyme activity assays can be performed.  Samples should 
not be held for more than a few months, because activity decreases 1-2% per month of 
storage. 
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Liver microsome preparations will have the same ID number as the sample from which it came 
with an additional designation of “-m” to indicate microsome while a sample ID number with a 
“- c” indicates cytosol.   

 
1.6. Hepatic microsomal protein measurement and AROD assay 

Preparation of stock solutions 
 A. Fluorescamine 

1. 60 mg fluorescamine/100 ml acetonitrile.  Wrap in foil and store in freezer. 
B. HEPES buffer, 0.05 M, pH 7.8 

1.  Add 450 ml of nanopure water to a 500 ml Erlenmeyer flask 

2.  Add 5.96 g HEPES 

3.  Bring to 37 oC in an incubator 

4.  Adjust pH, bring to 500 ml in a volumetric flask and transfer to a bottle for 
storage at 4 oC 

C. Ethoxyresorufin stock (829 µM in methanol) 

1. Add 0.001 g of 7-ER to a 5 ml volumetric flask 

2. Add methanol to 5 ml mark 

3. Add micro-stir bar.  Seal with a ground glass stopper and parafilm. Cover with 
aluminum foil. 

4. Leave on stir plate for several hours until all 7-ER is dissolved. 

5. Store in freezer. 

D. Methoxyresorufin stock (880 µM in methanol) 

1. Add 0.001 g of 7-MR to a 5 ml volumetric flask 

2. Add methanol to 5 ml mark 

3. Add micro-stir bar. Seal with a stopper and parafilm. Cover with aluminum foil. 

4. Leave on stir plate for several hours until all 7-MR is dissolved. 

5. Store in freezer. 
E. Resorufin stock (150 µM in methanol) 

1. Add 0.00352 g of resorufin to a 100 ml volumetric flask 

2. Add methanol to 5 ml mark 

3. Transfer to a storage bottle. 

4. Add -stir bar.  Cover with parafilm, and aluminum foil. 

5. Leave on stir plate for several hours until all resorufin is dissolved. 

6. Store in freezer. 
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F. Bovine Serum Albumin (BSA) 

1. Add 2 mg of BSA to 1ml of HEPES buffer 

2. Place in 1.0 ml aliquots 

3. Store in freezer 

 
Daily Working Solutions  
 A. NADPH in buffer

1. Make a 2 mM solution so that the final well concentration is 0.3 mM NADPH 

2. Proper ratio is 5.0 mg NADPH/3 ml buffer 

3. Calculate the volume of NADPH which will be needed for the day (approximately 
2.1 ml per plate plus necessary excess for pipetting) 

4. Make only as much as needed for the day, as the NADPH is expensive 

 
 B. Working resorufin solution (7.5 µM) 

1. Add 50 µl of stock resorufin (150 µM) to 950 µl of HEPES buffer 
 
 C. Working 7-ER solution 
 

Make approximately 2.5 ml per plate plus 1 ml excess per day. This value is based on 
running a full microtiter plate with 15 samples, each run in triplicate with a 
corresponding blank. The 7-MR working solution concentration is species and tissue 
specific and should be determined and conditions optimized from literature and/or 
laboratory derived data. 
 

1. Mink and Rodents (11.7 µM) 
a) Add 50 µl of stock 7-ER (829 µM) to 3.450 ml HEPES buffer (3.5ml total 

volume per plate.  This will result in a final well concentration of 2.5 µM. 
2. Commercial Pigs (23.5 µM) 
a) Add 100 µl of stock 7-ER (829 µM) to 3.400 ml HEPES buffer (3.5ml total 

volume) per plate. This will result in a final well concentration of 5.0 µM. 
D.   Working 7-MR solutions

Make approximately 2.5 ml per plate plus 1 ml excess per day.  This value is based on 
running a full microtiter plate with 15 samples, each run in triplicate with a 
corresponding blank.  The 7-MR working solution concentration is species and tissue 
specific and should be determined and conditions optimized from literature and/or 
laboratory derived data. 

 
1. Mink and Rodents (23.5 µM) 
a).  Add 94 µl of stock 7-MR (880 µM) to 3.406 ml HEPES buffer (3.5ml total 

volume per plate.  This will result in a final well concentration of 5.00 µM. 
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2. Commercial Pigs (47 µM) 
a.) Add 187 µl of stock 7-MR (880 µM) to 3.213 ml HEPES buffer (3.5ml total 

volume) per plate. This will result in a final well concentration of 10 µM. 
 

 E. Fluorescamine in acetonitrile
1. Pour 5ml per plate (plus excess) into centrifuge tube 
2.  

Addition of Reagents to the 96-well Plate 
Add reagents to 96-well plate in the following order, according to the volumes specified  
in Table 1. The actual set-up of the plate is shown in Table 2. 

1. Add 200 µl of HEPES buffer to all unused wells 

2. Add specified quantity of HEPES buffer to all other wells. 

3. Add BSA to standard wells 

4. Add microsomes to sample wells (Blank and 3 sample wells). 

5. Add 7-AR to all wells (except unused wells). 

6. Pre-incubate 10 minutes at 370C. 

7. Start the reaction by adding NADPH to sample wells (except blanks, columns 5 and 
9), and all standard wells. 

8. Incubate for 10 minutes at 370C. 

9. Stop the reaction by adding fluorescamine in acetonitrile to all wells (except unused 
wells). 

10. Cover plate to exclude light. 

11. Wait 15 minutes and read plate. 

 
Cytofluor Plate Reader Settings 
Read the plate and analyze the data 

1. Use the following settings and read them simultaneously: 
 Filter #  Reads  EX Filter  EM Filter  Sensitivity 
 1  EROD  C 530/25  C 590/35  3 
 2  protein  E 400/30  A 460/40  3 
 

2. Save the data on disk as a “.cvs” file and analyze in Excel. 
 
RECORDS, DOCUMENTATION, AND QC REQUIREMENTS 
In this section, records, documentation, and QC requirements are described as applicable. 
The minimum quality assurance/quality control requirements for this sampling activity are the 
following: 
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Identification:  Each liver microsome sample will have a unique number based on the ID number 
of the sample from which it came (This would be based on the study and type of sample 
collected). 
 
Technical Notebook: Use a registered notebook and sequentially numbered forms for recording 
observations and data.  Duplicate copies of all data will be made on the day information is 
recorded.  One copy will be stored with the project manager and the other will be stored at the 
University Research Containment Facility. 
 
Archives:  Chain of custody forms and field and laboratory records will be archived for three 
years. 
 
RESPONSIBILITIES 
The following positions and their respective responsibilities will be defined depending on the 
project and or study to be completed.    
 
Project Director —  
Project Manager —  
Quality Assurance (QA) Manager — 
Data Manager —   
Laboratory Project Manager —  
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Table 1. Simultaneous hepatic microsomal protein and EROD assay chart for 96-well plate 

 
 

Well # 

Sample 
Info 

 
Buffer 

(µl) 

BSA 
(2mg/ml) 

 (µl) 

Final 
BSA  
(mg) 

7.5 µM 
Resorufin 

(µl) 

Final 
Resorufin 

(pmol) 

 
7-AR a

(µl) 

2 mM 
NAPDH 

(µl) 

Fluorescamine   
in ACN 

(µl) 

Total well 
Volume 

(µl) 
A1→H1        

A & H, 1→4        
others 

 
Unused wells 

 
200 

       

 
200 

2 B→D        81 0 0 0 0 30 30 60 201
2 E→G 77      3 0.006 1 7.5 30 30 60 201
3 B→D 73      6 0.012 2 15 30 30 60 201
3 E→G 61      12 0.024 8 60 30 30 60 201
4 B→D 47      18 0.036 16 120 30 30 60 201
4 E→G 

Standards 
 

BSA 
and 

Resorufin 
33         24 0.48 24 180 30 30 60 201

        Microsomes
(µl) 

 

A5            Blank a 105 6 XXXX XXXX XXXX 30 0 60 201
A6→A8            Sample a 75 6 XXXX XXXX XXXX 30 30 60 201

B,C,D,E,F,G:5          Blanks 105 6 XXXX XXXX XXXX 30 0 60 201
B,C,D,E,F,G:6-8 Samples          75 6 XXXX XXXX XXXX 30 30 60 201

H5 Blank std ck 34 105 6 XXXX XXXX XXXX 30 0 60 201 
H6→H8          Std ck 34 75 6 XXXX XXXX XXXX 30 30 60 201

A9 Blank x           105 6 XXXX XXXX XXXX 30 0 60 201
A10→A12            Sample x 75 6 XXXX XXXX XXXX 30 30 60 201

H9 Blank z           105 6 XXXX XXXX XXXX 30 0 60 201
H10→H12            Sample z 75 6 XXXX XXXX XXXX 30 30 60 201

A Final 7-AR concentration is dependent on species and tissue.   
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Table 2: 96 Well Plate Layout for Microsomal and Protein Determination 

       1 2 3 4 5 6 7      8 9 10 11 12
A XXXX XXXX XXXX XXXX Blank 1 Sample 1 Sample 1 Sample 1 Blank 2 Sample 2 Sample 2 Sample 2 
B XXXX            STD STD STD Blank Sample Sample Sample Blank Sample Sample Sample
C XXXX           STD STD STD Blank Sample Sample Sample Blank Sample Sample Sample
D XXXX          STD STD STD Blank Sample Sample Sample Blank Sample Sample Sample
E XXXX           STD STD STD Blank Sample Sample Sample Blank Sample Sample Sample
F XXXX            STD STD STD Blank Sample Sample Sample Blank Sample Sample Sample
G XXXX            STD STD STD Blank Sample Sample Sample Blank Sample Sample Sample
H XXXX XXXX XXXX XXXX Blank chk Std chk Std chk Std chk Blank Sample Sample Sample 

XXXX Unused well (Contains only buffer) 
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Background data:  Liver TEQ data and EROD/MROD activity
Harlan Sprague Dawley Females, age 4 m at initiation of study, 30 days on lab feed

Soil Animal ID
Liver TEQ 

(DL)
Liver TEQ 
(1/2 DL)

EROD 
(pmol/mg/min)

MROD 
(pmol/mg/min)

Background Rat Rats 1/2 1.87 1.83 5 6.2
Background Rat Rats 3/4 2.00 1.95 6.8 1.1
Background Rat Rats 5/6 1.77 1.72 7.5 0.4
Background Rat Rats 7/8 1.88 1.84 9.1 4
Background Rat Rats 9/10 1.88 1.84 6.6 5.6

Background Rat Min 1.88 1.84 5 0.4
Background Rat Max 1.88 1.84 9.1 6.2

Background Swine Swine 106 0.285 0.142 16.7 9.6
Background Swine Swine 131 0.285 0.142 20.3 10.9
Background Swine Swine 132 0.285 0.142 16.2 6.9
Background Swine Swine 141 0.285 0.142 16.3 8.3
Background Swine Swine 150 0.285 0.142 16.9 7

Background Swine Min 0.285 0.142 16.2 6.9
Background Swine Max 0.285 0.142 20.3 10.9

Peer Consultation Conference Call on Dioxin Bioavailability C-22



Data from NTP (2004) TEQ Mixture Study
Vehicle Controls

Hepatic EROD Activity
Week Activity (pmol/min/mg protein)

Mean N SE SD
14 51.659 10 1.878 5.939
31 47.358 10 2.373 7.504
53 71.847 8 4.431 12.533

Hepatic Tissue Concentrations (pg/g)
CompoundTCDD 4-PeCDF PCB 126 TEQ, 3 congeners

Week TEF 1 0.5 0.1
14 1.47 10.6 69.78 13.748
31 0.5 10.8 90.08 14.908
53 1.14 9.44 89.46 14.806

=BLOQ, 1/2 DL
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RAT LIVER MICROSOMAL EROD AND MROD ACTIVITIES

Entrix Exponent EROD MROD Group
Sample ID ID (pmol/mg/min) (pmol/mg/min)

ERL-1 #10-11 257.5 120.6 1
ERL-2 #12-13 168.4 111.9 1
ERL-3 #14-15 115.8 95.4 1
ERL-4 #16-17 151.2 104.9 1
ERL-5 #18-19 153.1 108.6 1
ERL-6 #20-21 486.1 196.5 2
ERL-7 #22-23 430.0 176.2 2
ERL-8 #25-26 406.6 68.6 2
ERL-9 #27-28 455.3 209.1 2
ERL-10 #30-31 99.1 93.0 3
ERL-11 #32-33 75.7 95.3 3
ERL-12 #34-35 84.4 119.6 3
ERL-13 #36-37 91.4 115.6 3
ERL-15 #38-39 62.5 80.9 3
ERL-16 #40-41 261.1 148.3 4
ERL-17 #42-43 319.0 139.3 4
ERL-18 #44-45 307.2 198.3 4
ERL-19 #46-47 346.8 154.3 4
ERL-20 #48-49 361.5 198.0 4
ERL-21 #50-51 152.5 120.0 5
ERL-22 #52-53 151.9 139.1 5
ERL-23 #54-55 128.3 117.7 5
ERL-24 #56-57 146.7 136.8 5
ERL-25 #58-59 120.9 96.2 5
ERL-26 #24 489.4 101.1 NA

All assays conducted as outlined in SOP250
MSU-ATL SOP 250 version 1

Sample #29 was not analyzed due to damage in transit. Ampule broke
and sample was lost in the packing
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SWINE LIVER MICROSOMAL EROD AND MROD ACTIVITIES

Entrix Exponent EROD MROD Group
Sample ID ID (pmol/mg/min) (pmol/mg/min)

ESL-5 415 26.1 143 1
ESL-8 419 37.4 106 1
ESL-13 435 3.91 39.8 1
ESL-15 439 14.9 41.1 1
ESL-18 443 43.9 147.6 1
ESL-1 403 31.5 103.4 2
ESL-4 410 33.0 161 2
ESL-9 425 38.3 169 2
ESL-12 432 34.6 83.8 2
ESL-20 447 38.5 96.7 2
ERL-2 405 27.3 83.7 3
ESL-3 407 19.8 93.8 3
ESL-6 417 24.4 132 3
ESL-7 418 26.9 138 3
ESL-14 436 25.7 124 3
ESL-10 427 28.0 87.0 4
ESL-11 428 21.2 87.0 4
ESL-16 440 15.3 81.6 4
ESL-17 441 47.1 130.5 4
ESL-19 444 11.6 28.9 NA

All assays conducted as outlined in SOP250
MSU-ATL SOP 250 version 1
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Oral Bioaccessibility of Dioxins/
Furans at Low Concentrations
(50-350 ppt Toxicity Equivalent) in
Soil
M . V . R U B Y , * , † K . A . F E H L I N G , ‡
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Exponent, 4940 Pearl East Circle, Suite 300,
Boulder, Colorado 80301, Exponent, 631 First Street,
Suite 200, Santa Rosa, California 95404, Exponent,
149 Commonwealth Drive, Menlo Park, California 94025, and
The Dow Chemical Company, 1803 Building,
Midland, Michigan 48674

Animal studies have indicated that the oral bioavailability
of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in environ-
mentally contaminated soil could range from 0.5 to 60%.
To estimate the oral bioavailability of TCDD, and the 16 other
2,3,7,8-substituted dioxin/furan congeners, this study
used a physiologically based extraction test, designed
around the anatomic and physiologic characteristics of the
human digestive tract. This test measures the fraction of
dioxins/furans in soil that would be solubilized in the
gastrointestinal tract (i.e., that would be bioaccessible)
and therefore available for absorption. Eight soils from Midland,
MI, were evaluated in this study and exhibited TCDD
concentrations of 1.7-139 pg/g (ppt) and total TEQ
concentrations of 6-340 ppt. Bioaccessibility of dioxins/
furans from these soils ranged from 19 to 34% (averaged
across the 17 2,3,7,8-substituted dioxin/furan congeners), with
an average of 25%. The total organic carbon in these
soils was lowsranging from 1 to 4%sparticularly for the
soil series from which they were collected. Bioaccessibility
of individual congeners did not appear to be correlated
with degree of chlorination. Even though these dioxin/furan
concentrations are much less than studied previously,
these results are consistent with those from animal studies
at other sites, which have generally yielded values of 20-
60% relative bioavailability for TCDD in soil.

Introduction
An understanding of the oral bioavailability of dioxins/furans
in soil is important when one is trying to establish the extent
to which humans may be at risk from exposure to these
compounds in the environment. Like other hydrophobic
organic compounds (HOCs), polychlorinated dibenzo-p-
dioxins and dibenzofurans (PCDDs/Fs) bind to certain soil
constituents, becoming progressively less available over time.
This process of sequestration (often referred to as “weather-

ing”) is believed to result in decreased bioavailability of
PCDDs/Fs in environmentally contaminated soils (1, 2).
During the 1980s, a number of animal studies were conducted
using soils from high-profile hazardous waste sites (3-7).
These studies suggested that the relative bioavailability
(where relative bioavailabitity is the oral absorption of TCDD
from soil relative to its absorption from a readily available
dosing vehicle, such as corn oil) of 2,3,7,8-tetrachlorodi-
benzo-p-dioxin (TCDD) in soil could vary by 2 orders of
magnitude (from 0.5 to 60%), but was generally in the range
of 20-60% (Table 1). Since that time, the interest in
performing animal studies has waned, most likely due to the
costs and technical limitations inherent to such studies.

All of the in vivo studies of TCDD in soil were performed
in rodents or lagomorphs (rats, guinea pigs, and rabbits; Table
1), and the fact that these animals have significant anatomic
and physiologic differences from humans (8) limits their
applicability for evaluating human exposures. One alternative
to in vivo studies in rodents or lagomorphs is to estimate the
oral bioavailability of PCDDs/Fs in humans using a physi-
ologically based extraction test to determine the fraction of
PCDDs/Fs that would be solubilized in the human gas-
trointestinal tract and, therefore, would be available for
absorption (i.e., the fraction that is bioaccessible-
“bioaccessible” is used herein to describe the fraction of a
dioxin/furan congener in soil that is solubilized in the
gastrointestinal tract, and is therefore available for absorp-
tion.). This approach relies on the observation that con-
taminants in soil must be liberated in the gastrointestinal
tract in order to be absorbed (i.e., they must enter the fluid
phase); direct absorption of particulate material does not
appear to be an important mechanism for the bioavailability
of contaminants from soil (9). This is consistent with the
work of Diliberto et al. (10), who observed that the fraction
of TCDD liberated from soil controls the extent of oral
bioavailability in rats. Thus, measuring the fraction of PCDDs/
Fs that can be liberated from soil under gastrointestinal
conditions can provide an estimate of the bioavailable
fraction. This approach is becoming increasingly popular,
and in vitro assays for estimating oral bioavailability have
been developed for polycyclic aromatic hydrocarbons (PAHs,
refs 11 and 12), polychlorinated biphenyls (PCBs, refs 11 and
13) and PCDDs/Fs (14) in soil.

Because an in vitro extraction test can be designed around
the anatomic and physiologic characteristics of humans, it
is potentially the most accurate and practical approach to
estimating bioavailability in humans, short of actual human
studies. However, because an in vitro approach does not
measure absorption into actual tissues, it will be reliable
only if liberation from soil in the gastrointestinal tract is the
limiting step in the oral bioavailability process for PCDDs/
Fs in soil.

An additional benefit of the in vitro approach is that it
can be used to examine dioxin/furan concentrations in soil
that are representative of the low end of environmental
exposures. The in vivo studies cited above used soils
containing 2-2,280 µg/kg TCDD (Table 1), whereas this study
used soils containing 1.7-139 ng/kg TCDD (data not shown),
which is ∼3 orders of magnitude lower than the concentra-
tions used in the animal studies. Given that regulatory soil
screening levels for TCDD range from 4 to 40 ng/kg, the soil
concentrations used in this study are more relevant for human
exposures to TCDD in soil. (The U.S. EPA Region III Risk-
Based Concentrations (RBCs) for residential and industrial
exposure scenarios are 4.3 and 38 ng/kg TCDD, respectively.
The Region IX Preliminary Remediation Goals (PRGs) for
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these exposure scenarios are 3.9 and 27 ng/kg TCDD,
respectively.) Finally, the in vitro system can be used to
evaluate all 17 of the 2,3,7,8-substituted dioxin/furan
congenersswork that has not been attempted in animals.

Oral Bioavailability of PCDDs/Fs. In Sprague-Dawley
rats, 84% of a single oral dose of TCDD in corn oil (1.0 µg/kg)
was absorbed (15). When dosing was continued for 7 weeks,
absorption of TCDD was 89 and 83% for doses of 0.1 and 1.0
µg/kg per day, respectively. At a greater dose (e.g., 50 µg/kg)
of TCDD in corn oil, oral absorption decreased to 70% in
Sprague-Dawley rats (16). In addition, Diliberto et al. (10)
dosed Fischer 344 rats with 32 µg/kg TCDD in an Emulphor/
ethanol/water mixture and observed 88% oral absorption.
These results indicate that TCDD dosed to rats in a lipophilic
vehicle will be absorbed to the extent of 70-88%. In a human
volunteer, a single dose of TCDD in corn oil (1.1 ng/kg) was
almost completely absorbed (>87%) (17). These results
suggest that oral absorption of TCDD, when dosed in a corn
oil matrix, is similar in rats and humans and generally exceeds
80%.

The oral bioavailability of TCDD decreases when it is
associated with a soil matrix (as opposed to an oil matrix),
and this effect becomes more pronounced over time. Poiger
and Schlatter (18) observed that the oral bioavailability of
TCDD in rats was inversely related to the length of time that
the TCDD had been in contact with soil. Furthermore, when
TCDD was mixed with an aqueous suspension of activated
carbon, absorption in the rats was almost totally eliminated
(200-fold decrease in bioavailability from the TCDD in contact
with soil for 8 days).

The oral bioavailability of TCDD may be reduced further
when it is present in site soils, as opposed to having been
freshly added to soil in the laboratory. Studies using different
animal models (Sprague-Dawley rats, albino rabbits, guinea
pigs) have measured the oral bioavailability of TCDD from
environmentally contaminated soils, based on accumulation
of TCDD in the livers of the test animals (Table 1). These
studies measured the absorption of TCDD from soil relative
to its absorption from a readily available form, such as TCDD
dissolved in corn oil, to derive a relative bioavailability value
for TCDD in soil. The nine soils dosed during these
experiments produced relative bioavailability estimates
ranging from 0.5 to 63%, with an average of ∼35% (3-7).
Within this data set, the 0.5% relative bioavailability observed
by Umbreit et al. (6) for soil from a 2,4,5-T manufacturing
site appears to be an outlier, because all of the other values
range from 16 to 63% (Table 1). (Note that the critical toxicity
study upon which the cancer slope factor for TCDD is based
(19) used TCDD in rat chow, which should result in an
absorption similar to, though possibly slightly less than, that
of TCDD in oil.)

These results indicate that the oral bioavailability of
PCDDs/Fs in soil varies; this is believed to depend on a
number of factors, such as soil type (composition and
chemistry), time of contact between PCDDs/Fs and soil
(i.e., extent of aging), concentration of PCDDs/Fs in soil, size
of the PCDDs/F dose, and the specific congeners present
(20).

Basis for the In Vitro Test System. The testing protocol
used in this study was designed to reflect the conditions and
chemistry of the human gastrointestinal tract. Test param-
eters were selected to maximize the liberation of PCDDs/Fs
from soil, while maintaining conditions that could realistically
occur within the human gastrointestinal tract. The in vitro
test used in this study was based on one developed for metals
in soil (21, 22) that was modified based on the design of in
vitro test methods for HOCs in soil (11-14). Table 2
summarizes the key parameters of these existing in vitro test
systems, along with the test used in this study. Of the previous
studies, that of Wittsiepe et al. (14) is the most relevant,
because the authors studied the bioaccessibility of PCDDs/
Fs from two samples of “red slag” from a copper production
process. Average bioaccessibility (i.e., average value for all
dioxin/furan congeners analyzed in the study), based on the
fraction of total toxicity equivalent (TEQ) extracted from the
100-200-µm size fraction, ranged from 11 to 52%. The greater
bioaccessibility values were associated with tests in which
a lipid source, either whole milk powder or grape seed oil,
was added to the extraction. This is consistent with earlier
research on PCBs, which demonstrated that both bile salts
and a lipid source should be present to effectively liberate
PCBs from soil (11, 13).

The <250-µm size fraction of the test soils was used for
this study, because this is the fraction of soil that is most
likely to adhere to human hands and become ingested during
hand-to-mouth activity (23). As a result, this size fraction
has become the standard for use in oral bioavailability studies
to estimate human exposures from incidental soil ingestion
(24-26).

Although most of the chemistry that would liberate
PCDDs/Fs from soil is believed to occur in the small intestine
(i.e., partitioning of PCDDs/Fs into bile salt micelles, as
discussed below), it is possible that processes occurring in
the gastric environment could contribute to the release of
PCDDs/Fs from soil. Therefore, an acidic stomach phase
(pH 1.5 in HCl, to be representative of fasting conditions
(27), which should most effectively liberate PCDDs/Fs from
soil) was used as the first phase of the in vitro extraction.
This was followed by incubation under conditions repre-
sentative of the small intestine (neutral pH with pancreatic
enzymes and bile salts present). Extraction times in the gastric
(1 h) and small-intestinal (4 h) phases were representative

TABLE 1. Bioavailability Studies of 2,3,7,8-TCDD in Environmentally Contaminated Soilsa

study test species site
particle

size (µm)
TCDD concn

in soil (µg/kg)
rel bioavailb,c

(%)

Lucier et al. 1986 (5) Spague-Dawley rats Minker Stout site, MO <250 880 34 (22, 45)d

McConnell et al. 1984 (4) guinea pigs Times Beach, MO <250 770 16e

Minker Stout site, MO 880 26e

Bonaccorsi et al. 1984 (3) albino rabbits Seveso, Italy 30-74 81 32f

Shu et al. 1988 (7) Sprague-Dawley rats Times Beach, MO <420 1.9, 28.6, 723e 60 (54-63)g

Umbreit et al. 1986 (6) guinea pigs salvage yard, NJ n/ag 320 24
2,4,5-T manufacturing

site, NJ
n/ag 2,280 0.5

a All bioavailability estimates based on TCDD concentrations in liver of test animals. b Relative to TCDD dissolved in corn oil (4, 5, 7); TCDD
dissolved in alcohol-water (1:1) (3); or clean soil “contaminated” with TCDD in corn oil/acetone (9:1) immediately prior to dosing (6).c Range of
values observed for different soils given in parentheses. d Calculated from the results for the 1 and 5 µg/kg TCDD dose groups in Lucier et al. (5).
The low-dose group (1 µg/kg) produced the 22% relative bioavailability estimate. e Calculated from the 3 µg/kg dose groups (soil and oil dosed)
in McConnell et al. (4). f Calculated from the results for the 80 ng TCDD/day Seveso soil and alcohol-water dose groups. g Three different soils
were studied, resulting in an average relative bioavailability of 61%. n/a, not available.
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of stomach residence and small-intestinal transit times,
respectively (28, 29).

In the human gastrointestinal system, ingested lipids (such
as the triglycerides, which make up 95% of the human lipid
diet (30)) are hydrolyzed into absorbable forms (fatty acids
and monoglycerols) by gastric and pancreatic lipases. In the
small intestine, these fatty acids combine with bile salts to
form mixed micelles, which consist of a core of the
hydrophobic lipids surrounded by a shell of lipoproteins (i.e.,
bile salts). These bile salt micelles can traverse the mucine
layer adjacent to the intestinal wall and be absorbed across
the intestinal epitheleum. This is the process by which
ingested lipids are absorbed by humans. It is believed that
these bile salt micelles in the small intestine provide a lipid
sink into which HOCs, such as PCDDs/Fs, can partition (i.e.,
they are transferred from soil directly into the micelle) and
that the HOCs are then absorbed across the intestinal
mucosa along with the micelle (11-13, 31). For this reason,
bioaccessibility tests for HOCs have generally included some
form of lipid material along with bile salts. Various researchers
have used different lipid sources, including powdered whole
milk (11, 14); a mixture of oleic acid, monoolein, diolein, and
lecithin (12); oleic acid alone ( ref 32; this study); and grape
seed oil (14), in combination with bile salts to provide for the
presence of bile salt micelles.

A representative protein was also added to the in vitro
extraction test, because some HOCs (PCBs and PAHs in
particular) are believed to partition into the protein phase
during simulated human digestion (11, 13). It is prudent to
assume that PCDDs/Fs might behave in a similar manner,
so bovine serum albumin (BSA) was added as a representative
protein in the in vitro extraction fluid. In addition, mucin (a
viscous mixture of glycoproteins and enzymes present in the
mammalian stomach and intestines) was added to the
extraction test, because researchers have observed that the
presence of mucin increases the fraction of PAHs and PCBs
that is liberated from soil (11).

Materials and Methods
The test soils used in this study contained PCDDs/Fs that
originated from historical aerial releases by manufacturing
and waste combustion processes, rather than from spills of
PCDD-contaminated materials directly to soils. The aerial
releases occurred primarily prior to 1980, while the test soils
were collected in 2001. Eleven soil samples were collected
from Midland, MI, for this study, each of which was a

composite of 20 discrete soil cores. Eight of the samples were
collected from a depth of 0-3 in. and three from 0 to 1 in.
(Table 3). The latter three were collected from the same
locations as three of the 0-3-in. samples, and their sample
numbers indicate this by the addition of “-01” to the sample
numbers of the 0-3-in. samples. For example, sample C27-
01 is the 0-1-in. sample collected at the same location as
sample C27 (0-3 in.).

Each soil sample was homogenized in a stainless steel
mixing bowl, air-dried to constant weight, and sieved to <2
mm to obtain the bulk soil fraction. The <2-mm material
was then sieved to obtain <250-µm material (referred to as
the “fine” fraction) and 250-2000-µm material (referred to
as the “coarse” fraction). The <250-µm fraction of each
sample (with the exception of samples N08 and N08-01, for
which there was insufficient material) was analyzed for pH,
total organic carbon (TOC), and particle size distribution
(sand, silt, clay). The <250- and the 250-2000-µm size
fractions of each soil were analyzed for PCDD/F congeners

TABLE 2. Comparison of In Vitro Extraction Tests for HOCs in Soil

test parametera
Hack and Selenka

1996 (11)
Holman
2000 (12)

Oomen et al.
2000 (13)

Wittsiepe et al.
2001 (14) this study

compounds studied PCBs, PAHs PAHs PCBs, lindane PCDDs/Fs PCDDs/Fs
soil size fraction not indicated ground to <1 mm not indicated <100 µm and 100-200 µm <250 µm

test A test B

soil/solution ratio 1:120 1:50 1:65 1:60 1:120 1:100
gastric pH 2.0 no gastric phase 1.0 2.0 2.0 1.5
gastric enzymes/

other substances
pepsin/ NaCl,

mucin, whole
milk powder

no gastric phase pepsin/ BSA,
mucin, urea

pepsin/ NaCl,
BSA, mucin,
glucose, urea,
whole milk
powder

pepsin/ mucin,
whole milk
powder, or
grape seed
oil

pepsin/
glycine,
NaCl, BSA,
mucin, oleic
acid

gastric time (h) 2 not applicable 2 3 2 1
small-intestinal pH 7.0 6.5 5.5 7.5 7.0 7.2
small-intestinal

enzymes/other
substances

trypsin,
pancreatin/
bile

bile salt mixture,
lipid mixture

pancreatin/
bile

pancreatin/ bile pancreatin,
trypsin/
bile

pancreatin/
bile

small-intestinal
time (h)

6 4 2 3 6 4

a All tests performed at 37 °C with gentle mixing.

TABLE 3. Soil Parameters and Testing Matrix for PCDD/F
Bioaccessibility Study

analysis of
PCDDs/Fs in

post-
extraction

sample

soil
depth
(in.)

pH
(su)

TOC
(%)

pre-
extraction

soil soila fluid

C01 0-3 7.9 0.91 yes no yes
C02 0-3 8.0 0.81 yes no no
C24 0-3 8.1 0.87 yes no yes
C27 0-3 5.8 1.53 yes yes yes
C29 0-3 7.9 1.63 yes no no
C32 0-3 7.9 1.62 yes yes yes
C34 0-3 8.0 1.97 yes no no
N08 0-3 e e yes yes yes
C27-01 0-1 5.9 3.94 yes yes yes
C34-01b 0-1 7.6 2.74 yes yes yes
N08-01 0-1 e e yes no yes
extraction blankc n/a n/a n/a n/a n/a yes
82 ppt spiked n/a n/a n/a n/a n/a yes

a Analysis of soil for PCDDs/Fs performed after extraction procedure.
b This soil sample was evaluated in triplicate in vitro extraction tests.
c No soil added to the in vitro test system. d Duplicate tests performed
on an 82 ppt spike of 2,3,7,8-TCDD in the in vitro test system. e Insufficient
material was available to perform soil characterization analyses. n/a,
not applicable.
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by Alta Analytical Laboratories, Inc. (Alta) in Sacramento,
CA.

The <250-µm fraction of the test soils was also subjected
to the in vitro extraction procedure described below (all
chemicals from Sigma Chemical Co., unless indicated
otherwise).

The extractions were conducted in 1-L amber glass bottles,
which were immersed in a water bath to maintain the
extraction fluid at 37 °C. Mixing was provided by stainless
steel paddle stirrers at a rate of ∼30 rpm.

Four liters of buffered stomach fluid was prepared by
adding 60.06 g of glycine (Sigma UltraPure; concentration of
0.2 M) to 4 L of type II deionized (DI) water, and adjusting
the pH to 1.5 with concentrated HCl (∼240 mL). To this was
added 35.2 g of sodium chloride (concentration of 150 mM),
4.0 g of pepsin (activity of 800-2500 units/mg), 20 g of BSA,
and 10 g of mucine (type III, from porcine stomach). The
stomach solution (950 mL) was placed in each reaction vessel,
and 6 mL of oleic acid (90%; Aldrich Chemical) was added.
Ten grams of test soil (<250-µm size fraction) was added,
and the resulting mixture was stirred for 1 h (30 rpm) to
simulate stomach-phase extraction.

After 1 h, the solution was adjusted to pH 7.2 ( 0.2 using
sodium hydroxide (50% w/w, ∼10 mL), after which, 600 mg

of porcine pancreatin (activity equivalent to 8× USP speci-
fications) and 4 g of bovine bile (50% bile acids, mixture of
free and conjugated acids) were added to each reaction vessel.
This solution was stirred (30 rpm) for 4 h to simulate small-
intestinal-phase extraction.

After the 4-h extraction, the solids were allowed to settle,
and the extraction fluid was decanted into four 250-mL bottles
and centrifuged at 3000g for 10 min. The supernatant from
each test was then combined in a 1-L amber glass bottle,
preserved with 0.008% Na2S2O3, and shipped to Alta for
analysis of PCDDs/Fs.

For the five mass balance tests, the postextraction soil
was collected by washing the soil pellets from each of the
four 250-mL centrifuge tubes into a single centrifuge tube
and repeating the centrifugation step. The supernatant was
removed with a pipet, ∼2 g of the postextraction soil was
removed for determination of moisture content, and the
remaining soil pellet was shipped in the centrifuge tube to
Alta for analysis of PCDDs/Fs in the postextraction soil.

Five samples (C27, C32, N08, C27-01, C34-01) were
subjected to mass balance testing to establish whether the
mass of PCDDs/Fs in the pre-extraction soil could be
quantitatively recovered in the extraction fluid and post-
extraction soil. Three other soils (C01, C24, N08-01) were
subjected to the in vitro test without the mass balance
component. Samples C02, C29, and C34 were not used for
the extraction-testing portion of this study, because other
samples with similar PCDD/F concentrations were selected
for in vitro testing (Table 3).

Quality assurance samples included the following: (1) an
extraction blank, (2) duplicate extraction spikes (spiked at
81.4 pg/L TCDD), and (3) one soil (C34-01) tested in triplicate
in vitro extractions.

Results
Concentrations of PCDDs/Fs found in the 11 soil samples
ranged from 5.8 pg/g (ppt) (C01) to 338 ppt TEQ (C27-01) in
the <250-µm size fraction, with similar values for the 250-
2000-µm size fraction (range of 10.5-514 ppt TEQ; Table 4).
All TEQ values were calculated using the toxic equivalency
factors (TEFs) of the World Health Organization (33).
Comparison of the TEQ values for the two size fractions of
each sample indicates that they are often nearly the same
and always within a factor of 2 of each other. However,

TABLE 4. Relative Mass of Dioxins/Furans in Coarse and Fine
Fractions

fine fractiona coarse fractionb

sample
concnc

(pg/g)
weight

(g)
concnc

(pg/g)
weight

(g)

PCDD/F
mass in fine
fraction (%)

C01 5.75 732.2 10.5 74.6 84.3
C02 20.3 897.7 30.2 28.9 95.4
C24 24.3 480.5 27.3 377.5 53.1
N08 48.5 60.0 48.0 567.4 9.6
C29 56.7 433.9 34.2 406.1 63.9
C32 64.3 524.4 57.7 427.0 57.8
N08-01 66.4 60.2 60.3 404.7 14.1
C34 91.7 508.5 48.8 358.3 72.7
C27 101 772.8 89.1 74.5 92.2
C34-01 127 388.9 134 214.8 63.2
C27-01 338 345.0 514 156.0 59.2

a Fine fraction is <250 µm. b Coarse fraction is 250-2000 µm. c All
concentrations are reported in ppt (pg/g) TEQ.

TABLE 5. Bioaccessibility of PCDD/F Congeners in Test Soils

analyte
N08
(%)

C32
(%)

N08-01
(%)

C27
(%)

C34-01a

(%)
C27-01

(%)
congener
mean (%)

std dev
(%)

2,3,7,8-TCDD 48 39 20 15 24 17 27 13.3
1,2,3,7,8,-PeCDD 14 35 19 16 25 16 21 7.6
1,2,3,4,7,8-HxCDD 27 35 16 16 27 18 23 7.6
1,2,3,6,7,8-HxCDD 29 34 16 21 27 18 24 7.0
1,2,3,7,8,9-HxCDD 19 31 16 20 28 18 22 6.2
1,2,3,4,6,7,8-HpCDD 47 33 22 23 37 26 32 9.8
OCDD 51 28 17 20 28 20 27 12.7
2,3,7,8-TCDF 20 33 14 17 22 16 20 6.9
1,2,3,7,8-PeCDF 25 32 19 19 23 17 22 5.7
2,3,4,7,8-PeCDF 24 37 14 19 21 18 22 8.2
1,2,3,4,7,8-HxCDF 37 38 19 20 21 19 26 9.2
1,2,3,6,7,8-HxCDF 35 36 17 31 15 16 25 10.0
2,3,4,6,7,8-HxCDF 24 37 18 18 24 17 23 7.3
1,2,3,7,8,9-HxCDF 29 34 22 19 22 16 24 6.6
1,2,3,4,6,7,8-HpCDF 33 40 26 24 33 23 30 6.5
1,2,3,4,7,8,9-HpCDF 44 29 33 17 23 19 27 9.8
OCDF 56 29 43 12 30 32 34 14.6

av bioaccessibility (%) 33 34 21 19 25 19
total TEQ concn (ppt) 48.5 64.3 66.4 101.0 126.8 337.6
mass recovery (%) 157 102 nab 76 92 68
a Sample analyzed in triplicate. Results averaged prior to presentation in this table. b na, not analyzed.
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comparison of the mass of PCDDs/Fs in the fine versus the
coarse fractions (Table 4) indicates that the mass of PCDDs/
Fs is predominantly in the fine soil fraction (with the exception
of samples N08 and N08-01, which were composed primarily
of coarse material).

It is noteworthy that the three collocated sample pairs all
demonstrated greater concentrations of PCDDs/Fs in the
0-1-in. samples than in the 0-3-in. samples, for both size
fractions (Table 4). The higher concentrations of PCDDs/Fs
in the surficial soil samples are consistent with an aerial
deposition mechanism and a lack of transport down the soil
column; the hydrophobic nature of PCDDs/Fs and their
sorption to soil limit their mobility. This general lack of vertical
transport in soil was also observed for TCDD in soil at Seveso,
Italy (34), and at Times Beach (35).

The test soils had pH values in the range of 7.6-8.1, with
the exception of two soils with lower pH values: 5.8 and 5.9
for samples C27 and C27-01, respectively (Table 3). The more
acidic pH values of these two samples are most likely due to
their location within the perimeter of some woods. TOC
values ranged from 0.81 to 3.94%. The distribution of soil
particle sizes was relatively consistent across the nine samples
analyzed (data not shown) and indicates that, on average,
these soils would classify as a loamy sand (77% sand, 22%
silt, 1% clay).

The in vitro quality assurance samples demonstrated that
the extraction blank was below detection limits for all
compounds except 1,2,3,4,6,7,8-HpCDD (present at 113 pg/
L) and that the two extraction spikes (spiked at 81.4 pg/L
TCDD) were recovered at 72 and 127%, respectively. The
detection limit for TCDD in the in vitro extraction fluid was
2.88 pg/L.

Although samples C01 and C24 were subjected to the in
vitro extraction, it was concluded that the concentrations of
PCDDs/Fs in these two samples (both below 30 ppt TEQ)
were too low to produce reliable results. In the resulting
data, the recovery of various individual dioxin/furan con-
geners ranged from 30 to 300% of that in the test soils (this
was not observed with any of the other samples). It was
therefore concluded that 30 ppt TEQ was a practical lower
limit on the concentration of PCDDs/Fs in soil for this type
of testing.

The five samples that were evaluated for mass balance of
PCDDs/Fs resulted in mass recoveries ranging from 68 to
157% (average of 99%; Table 5), indicating that PCDDs/Fs in
soil can be quantitatively recovered from the in vitro test
system. The triplicate analysis of sample C34-01 produced
average bioaccessibility values of 23, 25, and 28%, indicating
good reproducibility of the in vitro test system, for both the
overall sample and individual congeners (Figure 1).

FIGURE 1. Bioaccessibility of PCDDs/Fs from triplicate analysis of sample C34-01.

FIGURE 2. Relation between TEQ concentration (ppt) and TOC (%) and average bioaccessibility (%).
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Bioaccessibility results (averaged across all 17 congeners)
for the 6 samples tested (excluding the two samples below
the lower limit of the assay) ranged from 19 to 34% (Table
5), with an overall average of 25%. The bioaccessibility values
for TCDD ranged from 15 to 48%, with an average of 27%.
The data generally indicate minimal variability in the
congener-specific bioaccessibility values for a given sample.
A possible trend of increasing bioaccessibility values as a
function of increasing degree of chlorination is apparent for
dioxins in samples C27, C34-01, and C27-01 (Table 5). This
latter observation is consistent with the results of Wittsiepe
et al. (14), who observed a trend of increasing bioaccessibility
with increasing degree of chlorination (i.e., the more
hydrophobic PCDDs/Fs had a greater tendency to enter the
fluid phase).

Discussion

The Soil Survey of Midland County, Michigan (36) indicates
that the soils within the City of Midland are primarily of the
Wixon-Belleville and the Pipestone-Oakville series. These soils
are loamy sand and sandy, respectively, and have pH values
ranging from 4.5 to 6.5 and TOC values ranging from 3.4 to
6.9%. Comparison of these soil parameters to those of the
soils used in this study indicates that the typical Midland soil
is somewhat more acidic than those used in this study, and
also contains a greater amount of organic carbon.

Comparison of the soil chemistry data with the PCDD/F
concentrations indicates a correlation between TOC and the
dioxin/furan concentration (ppt TEQ) in the fine soil fraction
(r2 ) 0.91, Figure 2) (r2 decreases to 0.84 if the data point at
338 ppt TEQ is disregarded). This is consistent with the
understanding that soil organic matter provides the primary
sink for hydrophobic organic contaminants in soil (1, 2). In
addition, an inverse relation between dioxin/furan concen-
tration and bioaccessibility may also be present (Figure 2),
suggesting that bioaccessibility may decrease as TEQ con-
centration increases. This could be due to some unknown
mechanism by which greater concentrations of dioxins/
furans are sequestered more effectively, or it could be due
to the greater TOC concentrations that are present in the
soils with the higher dioxin/furan concentrations. This latter
hypothesis is the more plausible, given that the soil organic
matter is known to play an important role in sequestering
organic compounds (2) and reducing their bioavailability to
soil invertebrates (1).

This study yielded a mean bioaccessibility of 25% for the
17 2,3,7,8-substituted dioxin/furan congeners in the soils
tested, which contained total PCDD/F concentrations span-
ning almost 1 order of magnitude (48.5-337.6 ppt TEQ).
Because TCDD dosed to a human in corn oil was almost
completely absorbed (17), it is reasonable to assume that
TCDD liberated in the lipophilic environment of the in vitro
extraction would also be nearly completely absorbed in
humans. Thus, bioaccessibility, as determined by the in vitro
assay, would be equivalent to absolute bioavailability in
humans. This implies that, on average, 25% of dioxins/furans
in Midland soils that were ingested would be absorbed.

Although the in vitro assay was designed for similarity to
humans, rather than rodents or lagomorphs, it is informative
to compare the bioaccessibility values for TCDD in Midland
soils to the relative bioavailability estimates derived in various
animal models. The bioaccessibility of TCDD in Midland
soils ranged from 15 to 48%, with an average of 27% (Table
5), while the in vivo estimates of TCDD bioavailability from
soil ranged from 16 to 63% (excluding the outlying value of
0.5%), with an average of 35% (Table 1). This similarity
suggests that the in vitro test used in this study produces
values in the same range as historical animal studies. This

is particularly surprising given that the Midland soils were
∼3 orders of magnitude lower in TCDD concentration than
those used in the animal studies.
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RAPID COMMUNICATION: BACKGROUND 
CONCENTRATIONS OF DIOXINS, FURANS, AND PCBs
IN SPRAGUE-DAWLEY RATS AND JUVENILE SWINE 

Michael V. Ruby,1 Stan W. Casteel,2 Timothy J. Evans,2 
Kurt A. Fehling,3 Dennis J. Paustenbach,3 Robert A. Budinsky,4 
John P. Giesy,5 Lesa L. Aylward,6 Bryce D. Landenberger4

1Exponent, Inc., Boulder, Colorado, USA 
2College of Veterinary Medicine, University of Missouri-Columbia, 
Columbia, Missouri, USA 
3ChemRisk, Inc., San Francisco, California, USA 
4Dow Chemical Company, Midland, Michigan, USA 
5Department of Zoology, Michigan State University, East Lansing, 
Michigan, USA 
6Exponent, Inc., Alexandria, Virginia, USA 

In preparation for a study of the relative oral bioavailability of polychlorinated dibenzo-p-dioxins
and dibenzofurans (PCDD/Fs) in soils (typically containing less than 1 ppb 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin [TCDD] toxic equivalents [TEQ]), the background concentrations of PCDD/
Fs and selected polychlorinated biphenyls (PCBs) were measured in liver and adipose tissue
from female Sprague-Dawley rats and juvenile swine after 30 d of ingesting laboratory chow.
The measured concentrations of TCDD and other PCDD/Fs in rat livers were severalfold less
than previously reported in the literature for control (unexposed) laboratory rodents. The con-
centrations of PCDD/Fs and selected PCBs in livers of swine were three- to fourfold lower than
those reported for rats. The lower concentrations found in this study compared to previous
findings may be due to inadvertent laboratory contamination in previous studies or to declining
levels of PCDD/Fs in laboratory feed, which parallel the declines in emissions, general environ-
mental levels, and human food and tissue levels of PCDD/Fs. 

Soils in the Midland, MI, area were reported to contain levels of polychlo-
rinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs), including 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD), above typical background levels in soils
but typically less than 1 ppb TCDD toxic equivalents (TEQ) (Dow Chemical
Company, 2000). A study of the relative oral bioavailability of PCDD/Fs from
these soils compared to administration of PCDD/F in the diet is planned. How-
ever, because of the relatively low PCDD/F levels in the soils and the difficul-
ties of studying tissue burdens at these levels, such an investigation will be

We appreciate the assistance of Dr. Hon-Wing Leung and Terri Horvath. Funding was provided by the
Dow Chemical Company. 

Address correspondence to Lesa L. Aylward, Exponent, Inc., 1800 Diagonal Road, Suite 355, Alexandria,
VA 22314, USA. E-mail: laylward@exponent.com 
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feasible only if tissue concentrations resulting from absorbed doses from soil are
detectable above background tissue concentrations of these compounds. 

Studies of standard laboratory rat feed and tissues of “unexposed” labora-
tory rats have demonstrated certain PCDD/Fs to be present (Vanden Heuvel et al.,
1994; Walker et al., 1999; Schrenk et al., 1994). Vanden Heuvel et al. (1994)
found average liver concentrations of TCDD in female Sprague-Dawley rats of
approximately 6pg TCDD/g lipid; total PCDD/F TEQ was 21 and 78 pg TEQ/g
lipid in 60- and 200-d-old rats, respectively (detected compounds only). These
average concentrations correspond to approximately 0.2 pg TCDD/g of liver
tissue and up to 2.9 pg TEQ/g liver tissue (assuming liver lipid content of 3.67%
for a generic rat; Nelson et al., 1986). Other investigators reported greater
concentrations in control rats. Walker et al. (1999; samples taken from female
Sprague-Dawley rats during a 1993 experiment) and Schrenk et al. (1994;
female Wistar rats) found mean concentrations of 20 and 110pg TCDD/g liver
(wet weight), respectively, in control rats. 

Background tissue concentrations of this magnitude could present a serious
challenge for conducting a dioxin bioavailability study with Midland-area soils,
because anticipated absorbed doses from these soils would be low compared
to these background tissue concentrations. The objective of this study was to
establish the concentrations of PCDD/Fs and coplanar polychlorinated biphe-
nyls (PCBs) in feed and tissue samples from “control” Sprague-Dawley rats and
juvenile swine under the laboratory conditions to be used in the oral bioavaila-
bility study of Midland-area soils. 

METHODS 

All in vivo work was conducted at the College of Veterinary Medicine,
University of Missouri–Columbia (authors SWC and TJE). Ten female Sprague-
Dawley rats (4m of age) were obtained from Harlan (Indianapolis, Indiana)
and placed in individual cages. The rats were maintained on Purina laboratory
rodent diet 5001 and deionized water ad libitum for 30d, after which they
were euthanized by CO2 inhalation in a sealed cage. Body weights were
recorded weekly. Immediately after being euthanized, livers were removed
and as much fatty tissue as possible was collected from each rat (primarily from
the abdominal cavity). Liver and adipose tissue samples from pairs of rats were
combined (to provide sufficient sample mass for analysis), resulting in five
composite samples each of liver and adipose tissue. 

Five intact male juvenile swine (Sus scrofa) at 6wk of age were obtained
from Chinn Farms, a commercial swine operation in Clarence, MO. The swine
were held in quarantine for 7d while gradually being acclimatized to the study
diet (Ziegler Bros., Inc., Gardners, PA), a specially formulated swine diet previ-
ously determined to contain low dioxin/furan concentrations. Feeding
occurred twice daily in equal portions (total daily feed equivalent to 4% of
body weight, adjusted every 3d to account for increased body weights), and
deionized water was provided ad libitum. At the end of 30 d, the swine were
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electrically stunned and then electrocuted according to methods approved by
the American Veterinary Medical Association (AVMA). Immediately after the
swine were euthanized, the entire liver was removed and weighed, and
approximately 75g of subcutaneous fat was collected from the abdominal wall
of each animal. 

Tissue samples were placed immediately into Ziploc bags, frozen (−80° C),
and shipped to Alta Analytical Laboratory, Inc. (Alta), in Eldorado Hills, CA, for
homogenization and analysis. Samples (50g) of rodent and swine diets were
shipped to Alta for analysis of PCDDs/Fs and selected PCBs. At Alta, the liver
and fat samples were extracted in methylene chloride/hexane and analyzed
for lipid content (U.S. EPA method 1613), and PCDD/F and PCB concentra-
tions were determined by high-resolution gas chromatography/mass spectrom-
etry (HR-GC/MS) by U.S. EPA methods 1613 and 1668, respectively. 

RESULTS 

Rat weights averaged 250g at study initiation and 274 g at termination. Rat
liver weights ranged from 7.5 to 10.6 g (average of 9.5 g). Swine weights aver-
aged 15.8 kg at study initiation, and 36.6kg at termination, a gain of 132%
over the 30-d maintenance on the Ziegler Bros. swine diet (typical for juvenile
swine at 6 wk of age). Swine liver weights ranged from 789 to 1097g (average
953g). 

Concentrations of PCDD/F and PCB in rat liver and adipose tissues and
swine adipose tissues are presented (Table 1). Only OCDD (2/5 samples, trace
levels) and PCB-106/118 (5/5 samples, mean concentration of 2.6 pg/g) were
detected in swine liver (data not shown). Few PCDD/F or PCB congeners were
detected in any tissues, and the calculated mean TEQ concentrations for the
tissue samples were influenced by the detection limits. The low concentrations
of PCDD/Fs and PCBs observed in the tissue samples are consistent with the
minimal concentrations observed in feed (Table 1). 

DISCUSSION 

Background concentrations of PCDD/Fs observed in tissues of both rats
and swine were consistently low and support the feasibility of using these two
animal models to assess the relative oral bioavailability of PCDD/Fs from
Midland-area soils. The concentrations of TCDD in rat livers (<0.059 pg/g)
were considerably less than the range of 0.2–110 pg/g TCDD previously
reported in the literature for control (unexposed) rats (Vanden Heuvel et al.,
1994; Walker et al., 1999; Schrenk et al., 1994). Similarly, detected concen-
trations of PCDD/Fs in swine adipose tissue (mean 0.142 pg/g TEQ; 0.31 pg/g
lipid) were approximately four-fold lower than values reported in the fat of U.S.
pork animals in 1997 (overall mean 1.3 pg TEQ/g lipid; Lorber et al., 1997). 

The discrepancy between the concentrations of PCDD/F in control rat
livers in this study compared to previous studies (Vanden Heuvel et al., 1994;
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Walker et al., 1999; Schrenk et al., 1994) could be due to one or a combi-
nation of several factors. Previous reports of greater concentrations in control
animals could have been the result of inadvertent laboratory contamination.
However, it is more likely that the substantial general decline in emissions and
environmental levels of PCDD/Fs (Hays & Aylward, 2003) resulted in a decline
in levels of PCDD/Fs in laboratory rat feed and therefore in control rat tissues
(paralleling the observed approximately 10-fold declines in human food and
tissue levels since the 1970s; Hays & Aylward, 2003; Lorber, 2002). A com-
parison of the levels of detected, quantitated PCDD/Fs in rat feed (Agway,
NIH31), as reported by Vanden Heuvel et al. (1994) (HpCDD, OCDD, and
OCDF), with those found in the current study shows approximately 10-fold
lower levels in feed in the current study. 
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