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CANCER CARE 2012

from David E. Phelps,
President and CEQ, Berkshire Health Systems

Berkshire Medical Center has a long history of
providing a high level of quality care forthose in
our community affected by cancer; and this has
been validated year in and year out by independent
national organizations.

The nation’s leading accreditation agency for
cancer care, the Commission on Cancer of the
American College of Surgeons, has twice
recognized BMC with its Qutstanding Achievement
Award, an honor given only to select cancer care
programs in the US. BMC’s cancer program is
among the Top 4% of Hospitals in the US for the
treatment of cancer, according to CareChex, a
leading independent healthcare ratings
organization.

This level of recognition reflects the excellent
outcomes we have achieved and is a blueprint for
our continual commitment to providing the most
advanced and skilled care possible.

This outstanding care is the result of a collaborative
approach by highly skilled cancer care physicians, 2
including medical and radiation oncologists,

pathologists, radiclogists, and a surgical oncolog
teamed with oncology nurses and therapists,

aimed at enhancing survivorship.

As we move forward, we maintai
emphasis on measuring and img
of Cancer Care we provide angd
to ongoing investments to ep
the forefront of cancer care
nationally.




CANCER INCIDENCE

Berkshires are in mid-range

of cancer rates statewide

By Harvey Zimbler, M.D.
Medical Oncologist,

and Louis Gainer,
Quality Analyst

Though some hgve wondered ak')udf'oxl/ef the ygarf Incident Rates
whether Berksijnre County and Pittsfield in particular for Massachusetts,
might have a higher rate of cancer than most other

. 2005 - 2009
parts of Massachusetts and the nation, the latest AllC Sit
statistics from the National Cancer Institute of the ancer Sites,
National Institutes of Health actually show that is All Races, Both
not the case, has not been for many years and there Sexes, All Ages

is no indication the rates will rise.

In fact, Berkshire County lands squarely in the
middle range of cancer incidence rates for all
counties in Massachusetts, which itself has the
lowest incidence of cancer in the Northeast U.S.
The county’s annual incidence rate for all forms of
cancer is between 507.6 and 518.9 cases per
100,000 residents.

“Massachusetts
+Rate (95% C.1}
- 500.3 (497.9 - 5026)

FRANKLIN

HARPSHIRE

That rate is well below the highest rates in
the state, on upper Cape Cod and the islands.
Berkshire rates are slightly above the national
average of 465.




The Cancer Incidence Rate for Berkshire County
hasn't changed much in the last decade. In
particular, Pittsfield, which (given its higher
population) represents nearly half the cancer cases
in Berkshire County, has had a steady rate for the
past decade. Other city/towns in Berkshire County
have had similar rates with little change during the
last 10 years. There are no alarming indicators
about cancer rates in Berkshire County.

Still, BMIC continues to improve in early detection,
early and aggressive execution of care plans and
increasing life expectancy of cancer survivors as we
fight the battle locally in the global war on cancer.

Data in this report is derived from:

The National Cancer Institute (NCI} , part of the National
Institutes of Health (NTH), which is one of 11 agencies that
compose the Department of Health and Human -Services
(HHS) - Surveillance, Epidemiology and End Results (SEER)
Program and THE COMMONWEALTH OF
MASSACHUSETTS DEPARTMENT OF PUBLIC HEALTH
and Massachusetts Cancer Registry (MCR) and Massachusetts
Community Health Information Profile - (MassCHIP)

Latest incidence Rates for United States
All Cancer Sites

All Races (includes Hispanic), Both Sexes,
All Ages, 2009

Age-Adjusted S
Annual Jncidence Rate :
(Cases per.100,000)
Quantile Interval

4842105031
470.710'484.1
455.7t0 470.6
/439.5.40455.6
25.0t0 439.4
82.010424.9

DATANOT
AVAILABLE




CANCER SURVIVAL

5-Year Survival Rates at BMC consistently better
than US averages for all leading types of cancer

There’s a distinct ‘survival advantage’ to
being treated for cancer at BMC.

A comparison of survival data of patients treated
at BMC versus the leading national cancer
database for the five most frequently diagnosed
cancers — breast, prostate, bladder, colon and
small-cell lung cancer — reveals that our local
cancer program is performing consistently better
than average in all groups at the critical point of
five years post-diagnosis.

Those outcomes are part of why BMC has twice
received the Outstanding Achievement Award

_ Cancer 5-Year Survi

~ Commission ot

By Wade Gebara, M.D., Radiation Oncologist,
Chairman, Cancer Committee,
and Michael DeLeo, M.D., Medical Oncologist

from the Commission on Cancer of the American
College of Surgeons. BMC has earned that honor
each time it has been eligible since the award’s
inception in 2004. In the most recent round,
BMC’s cancer program was one of only 82 in the
U.S. and five in New England to be honored with
this national recognition.

Along with our accreditation and awards from the
Commission on Cancer, these survival outcomes
reflect the high standards of care and commitment
to excellence by a multi-disciplinary team of
physicians, nurses and allied health professionals
at BMC.

It was the CoC that compiled the five-year survival
statistics:

. BMC E American College of Surgeons
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BMC’s performance in cancer care also has drawn
high marks from CareChex, a division of The Delta
Group, the nation’s premier independent rating
program for hospitals. Their most recent scorecard
placed BMC 140th out of over 4,500 hospitals
nationwide in terms of outcomes in the treatment
of malignancies, based on measures for mortality,
complications and patient safety.

A year-by-year look at the
BMC Survival Advantage

The following five disease-specific graphs compare
the survival advantage of being treated at BMC
versus the national average. The national average
is made up of data from all 1,500 hospitals that
care for more than 70% of patients with cancer in
the U.S.

You will see a survival advantage for each of the
first five years following diagnosis.

100%

95% |-
0%
85%

80%
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CANCER SURVIVAL
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QUALITY OF CARE

There’s an essential link between the guality of cancer care and successful outcomes of treatment.
While even the best of efforts don’t always guarantee eradication or survival, our determination
to adhere to best practices and embrace cutting-edge methods of effective, compassionate cancer
care have made a genuine difference. In this year’s report, we focus on our scorecard for two of
the most common forms of cancer: breast and colorectal.

Radiation therapy is administered within

1 year (365 days) of diagnosis for women under
age 70 receiving breast conserving surgery for
breast cancer.

RESULT: 100%

Chemotherapy is considered or administered
within 4 months (120 days) of diagnosis for women
under 70:with AICC Stage 1 {breast cancers greater
than 1cm in size, but not greater than 2cm, with
no regional lymph node metastasis and no distant
metastasis), or Stage I or lll breast cancer for
which estrogen and progesterone assays are
negative.

RESULT: 83-100%

Tamoxifen or third generation aromatase
inhibitor is considered or administered within

1 year (365 days) of diagnosis for women with
AJCC Stage 1 (breast cancers greater than 1cmin
size, but not greater than 2cm, with no regional
lymph node metastasis and no distant metastasis),
or Stage Il or lll breast cancer for which estrogen
and progesterone assays are positive.

RESULT: 96-100%

NOTE: While the result target is always 100%, there often are circumstances where.a patient simply chooses to forego or
is:not a candidate for a specific treatment at o specific time due to other mitigating health or medicalfactors,

BHS scores high on quality care,

including breast and colorectal

By Jessica Krochmal, M.D.
Pathologist, Cancer Liaison Physician

The accreditation standards of the Commission on Cancer require the BHS Cancer
Committee to review and monitor the reported quality of care provided to breast
and colorectal patients. Our Cancer Programs Practice Profile Report (CP3R)
includes three breast measures and three colorectal measures for 2008-2010.

3 Colorectal Measures

Adjuvant Chemotherapy considered or
administered within 4 months (120 days) of
diagnosis for patients under the age of 80 with
AJCC Stage Ml {lymph node positive) colon cancer.

RESULT: 100%

At Least 12 Regional Lymph Nodes are
remaved and pathologically examined for resected
colon cancer. (Pre-operative therapy may limit the
availability of lymph nodes.)

RESULT: 89-100%

Radiation Therapy is considered or
administered within 6 months (180 days) of
diagnosis for patients under the age of 80 with
clinical or pathologic AJCC Stage 1B (Cancer has
spread beyond the colon wall into nearby organs
and/or through the tissue lining the colon, or Stage
Il receiving surgical resection for rectal cancer.

RESULT: 75-100%

All discordant cases are reviewed and analyzed
by the committee to identify trends which could
lead to process improvements for our patients.
BMC results have always been within the 95%
confidence interval specified by the American
College of Surgeons.

The AJCC notation in these measures refers to the staging or classification system developed by the American Joint
Committee on Cancer for describing the extent of disease progression in cancer patients.




QUALITY OF CARE

By Michael DiSiena, D.O.
Surgical Oncologist

In the eyes of a leading national organization which
has established a series of exacting quality standards
for breast cancer care, Berkshire Medical Center ranks
among the best providers in the Northeast.

The National Quality Measures for Breast Centers
(NQMBC), an initiative of the National Consortium

of Breast Care Centers, puts BMC at or near our goal
of being in the top 10th percentile of performance in
many of the key measures of quality care. We utilized
the 2011 data to drive further improvements in 2012,
and steps are under way to enhance quality of care
in areas where we are not yet performing within our
top 10th percentile goal.

About NQMBC

The National Quality Measures for Breast Centers™
Program {NQMBC™) is an interactive internet model
for breast centers to track and measure quality
performance in 31 separate quality indicators. The
NQMBC™ Program identifies quality care measures
and provides immediate access to information that
allows participating breast centers to compare
performance with other centers across the United
States.

The NOMBC™ Program is a result of the National
Consortium of Breast Centers' (NCBC) commitment
to increase the quality of breast health care
provided by professionals to their patients.
Because the NCBC has morethan 1,000 breast
center members of all types and sizes, we have the
opportunity to compile a secure database from
which all breast centers can be compared.

BMC hits top percentiles in Northeast
for critical measures of breast cancer care

Here’s how BMC performed
in some of the more important
quality-indicator categories

*Compares favorably to the 50% standard set
forth by the National Accreditation Program for
Breast Centers.
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QUALITY OF CARE

BMC Breast Cancer Care: Continuous Improvement
through Independent Accreditation

in our determination to continuously improve the quality of breast cancer care at BMC, we have secured
independent accreditation and seek additional accreditation from the nation’s leading breast cancer care

guality organizations.

We already have organized our services into a fully integrated, carefully coordinated system that
encompasses multiple specialties, including surgery, radiology, pathology, nursing, medical oncology,
radiation oncology, plastic surgery, physical therapy, and behavioral health. Together, those specialists
provide a much higher standard of care than if they were working in isolation.

Accreditation programs raise our level of performance even higher:

In Place

BMC’s Women's Imaging Center already is
accredited by the American College of Radiology
{ACR) as a Breast Imaging Center of Excellence.
That means BMC has earned accreditation in

all of the College’s voluntary, breast-imaging
accreditation programs and modules, in addition
to the mandatory Mammography Accreditation
Program.

BMC's breast imaging services are fully accredited
in mammography, breast MRI, MRi-guided

biopsy, stereotactic biopsy, breast ultrasound and
ultrasound-guided biopsy. Peer-review evaluations,
conducted in each breast imaging area by board-
certified physicians and medical physicists who

are experts in the field, have determined that

this facility has achieved high practice standards

in image quality, personnel gualifications, facility
equipment, guality control procedures, and quality
assurance programs.

The ACR is a national organization serving more
than 32,000 diagnostic/interventional radiologists,
radiation oncologists, nuclear medicine physicians,
and medical physicists with programs for focusing
on the practice of medical imaging and radiation
oncology, as well as the delivery of comprehensive
health care services.

In Process

BMC is preparing for accreditation in 2012 from
the National Quality Measure for Breast Centers.
The NQMBC process allows us to track quality
performance data on 31 indicators and, more
important, compare performance with similar
centers throughout the county. Participationin
this program additionally provides suggestions on
how to improve and modify services to enhance
the quality of care. Our goal is to complete and
submit data on the 31 indicators in 2012.

Additionally, BMC has committed to follow the
national guidelines for treatment and diagnosis
outlined by the National Comprehensive Cancer
Network.

In 2013

We are preparing for the rigorous evaluation

and review of performance with the goal

of obtaining accreditation in 2013 from the
National Accreditation Program for Breast
Centers. The program represents a consortium

of national, professional organizations dedicated
to the improvement of the quality of care and
monitoring of outcomes of patients with diseases
of the breast. This mission is pursued through
standard-setting, scientific validation, and patient
and professional education.




QUALITY OF CARE

Quality Controls keep consistency of care
in check for cancer treatments

Good outcomes require consistency of care — and not willing to take that for granted, Berkshire Medical
Center audits the care of individual subsets of patients to ensure that the best clinical practices and
guidelines are being followed at all times.

This year, for example, a study was done looking at data and procedures on neo-adjuvant or pre-operative
chemotherapy for breast cancer, or specifically the use of chemotherapy to treat a cancerous tumor before
surgery.

BMC studied whether patients who have locally advanced breast cancer, or who have tumors too large
for a good cosmetic result were treated with neo-adjuvant chemotherapy consistent with National
Comprehensive Cancer Network (NCCN) guidelines,

The Overall Finding: 100% Compliance.
Those diagnosed with local invasive breast cancer (non-inflammatory) received treatment that was 100%
consistent with the NCCN guidelines,

BMC Cancer Committee Analysis/Summary:

In-addition to.using our multidisciplinary team and patient conferences to-manage care in real
time, the Tumor Registry allows us to look back and review quuality data to-ensure that each and
every patient gets optimal care.
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STATE of the ART SERVICES

Highly skilled professionals using today’s most advanced technology in a specially designed
environment means the best in cancer care at BMC, including precise diagnoses, optimal care
plans and accuracy of treatment delivery. Advanced operating technology and new surgical and
radiation techniques provide highly efficient procedures and faster recovery for patients. The
success of our cancer care programs at BHS requires a range of services providing technology

and operational support.

Berkshire Health Systems has invested in leading-
edge technologies that bring a whole new level
of precision to the targeting of tumors — a great
advantage to the community of patients we serve
in the Berkshires.

The Tomotherapy HI-ART System™ emits
dynamically rotating "beamlets’ of radiation, each
varying in intensity, to deliver radiation therapy
with unprecedented precision. It is a type of
Intensity Modulation Radiation Therapy,
administered with computer-controlled {robotic)
accelerators enabling the radiation oncologist to
create treatments that can form more precisely
to tumors, while minimizing dose to surrounding
normal critical structures.

Qur two linear accelerators treat a wide variety
of cancers with targeted beams of radiation. They
deliver just enough to attack the tumor, while
avoiding exposure of healthy tissues. In
brachytherapy, concentrated doses of radiation in
small capsules or seeds are implanted inside or
along the treatment site; it is particularly efficient
and convenient for patients with prostate and
gynecological cancer.

All of our radiation therapies are aimed at
reducing focal cancer recurrence.

Technology brings high art, |
precision to BMC cancer care |

By Wade Gebara, M.D., Radiation Oncologist,
Chairman, Cancer Committee,
and Jonah Marshall, M.D., Urologist

On the surgical side, our minimally invasive
da\iinci@SurgicaI System uses surgeon-controlled
robotic technology to create smaller incisions,
less blood loss, shorter hospital stays and faster
recovery. It is being used with great success in
performing gynecologic, colorectal, prostate and
other urologic, as well as thoracic surgeries.

Minimally invasive urologic oncology has
exploded since the arrival of the daVinci robotic
system in 2010. We have performed nearly 200
robotic cases aimed at treating cancer over the
last two years. Nearly all of those cases would
have required referral to an outside institution
prior to 2010.

The breakdown;

62% Prostate cancer {109 cases)
30% Kidney cancer {54 cases)

8 % Bladder cancer (14 cases)

Survival rates for cancer patients undergoing
robotic surgery at BMC are excellent. Cancer
specific survival rates over the last 2 years for
prostate cancer is 98%, kidney cancer is 98%, and
bladder cancer is 86%. (continued)
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The average length of stay in the hospital has
decreased from 3.5 days to 1.2 days for prostate
surgery. For kidney surgery the average length of
stay has dropped from 5 days to 2.2 days.

Patients undergoing major surgery no longer
require an ICU stay on a routine basis and
patients are instructed to walk the evening after
surgery. Patients who previously had six-hour
surgery are now having surgery completed in
three. Patients who previously would have spent
3.5 days in the hospital now go home the
morning after surgery.

Blood transfusion rates during surgery have
dropped to less than 1%.

We have developed patient care pathways to
streamline nursing care and improve
communication across the board. We are
standardizing care, speeding recovery and
eliminating errors.

109
120
100 B 2008-2010
80

B 2008-2012

60

40

Cases

20

Prostatectomy Nephrectomy Cystectomy
{prostate cancer) {kidney cancer) {bladder cancer)
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By Charles Abbott, M.D.,

The BHS Pathology Department forms the core
diagnostic component of Cancer Care in the
Berkshires, and is an active part of the cancer care
team, working closely with the BHS Hematologists,
Oncologists, Radiation Oncologists, Radiologists
and Surgical Oncologists.

The major function of the Department of
Pathology is the diagnosis of tumors and
evaluation of prognostic indicators. Pathologists
are physicians who specialize in diagnosing cancer
through the analysis of a patient’s tissue, blood or
body fluids. The pathologist is responsible for
making the initial cancer diagnosis, and directs all
additional laboratory testing to ensure that
patients receive the most individualized cancer
care possible.

In addition, pathologists direct all aspects of
laboratory testing and the blood bank. Although
most patients rarely meet their pathologist, we are
all acutely aware of the life changing ramifications
of a cancer diagnosis, and we know that behind
every specimen we see there is a patient with their
own unique story.

The BMC laboratory is a world class facility that
provides state of the art testing to patients. The
laboratory is led by a team of six pathologists, all
of whom have received specialty training from
leading academic institutions in the U.S. The
Pathology Department exceeds the American
College of Surgeons Commission on Cancer
standards, by providing timely, accurate, synoptic
reports that allow each patient to receive the most
personalized cancer care.

BHS Pathology is literally the
lifeblood of cancer care in far
Western Massachusetts

Chairman, Pathology and Clinical Laboratories

Historically, pathology reports were a relatively
simple one-page document. Today, with advances
in cancer diagnosis and treatment, pathology
reports extend to many pages, and inform 70% of
the decisions made about your care. This may
include the specific type of chemotherapy that
your cancer will best respond to, the dose of
chemotherapy you receive, the type and extent of
surgery that you may need, and the radiation
dosing necessary. The BMC laboratory has the
latest instrumentation for the morphometric,
genetic and molecular evaluation of your cancer.
This enables us to provide you with the most up to
date diagnostic techniques to ensure you {and
your family — for familial cancers) receive the most
individualized care possible.

At a time of critical blood donation shortages, we
are immensely proud that the BHS laboratory,
through its very active blood donor program and
bloodmobile, is able to collect greater than 90% of
the blood we use in your cancer care from
residents in the Berkshires. This enables us to
ensure that blood products will be available for
you if needed as you go through your cancer care.

In 2011, we collected nearly 2,600 red blood cell
units from BMC donors, plus 817 from the local
American Red Cross (a total of more than 3,400).
Some 3,100 units were transfused.

15



CANCER PREVENTION

One of the surest ways to combat cancer is to take every possible step to prevent it from
happening in the first place. While cancer still has a pervasive way of invading even the
healthiest of bodies, we must remain committed to lessening those odds through good diet,
exercise, healthy lifestyle choices and other preventive measures. Among the prevention
programs Berkshire Health Systems provides its community is BMC Tobacco Treatment Services

and our HPV Vaccination program.

People who quit smoking with the help of
Berkshire Medical Center’s Tobacco Treatment
Program are at least 10 to 15 percent more likely
to be successful than people who have gone
through similar programs elsewhere in the US.

BMC clients have, on average, achieved a
consistent success rate of 35% who continue to
abstain from smoking for one year after treatment
— significantly better than the 20 to 25 percent
success rates seen in typical programs for behavior
modification for the same duration.

What is BMC doing better? The program’s
coordinators say among the major differences
is that BMC offers free, ongoing one-on-one
counseling after completion of the multi-week
course. Also, the BMC program provides clients
nicotine replacement products {(patches, gum
lozenges) at no additional cost.

The goal of the program is to reduce the incidence
of death and disease related to tobacco use by
providing science-based, state of the art tobacco
treatment services in the BMC {reatment area

for anyone wishing to change his/her tobacco

use behavior. 1,099 patients were provided with
tobacco counseling at BMC in 2011,

By Carol McMahon, M.S.,
Master Certified Tobacco Treatment Specialist

Success rate of BMC stop-smoking program
significantly better than national averages

Service providers are Certified Tobacco Treatment
Specialists trained at UMass Medical School

of Preventive & Behavioral Health Center for
Tobacco Training & Research Counseling using US
Department of Health & Human Services Clinical
Practice Guidelines.

Treatment formats include both individual
counseling tailored to a patient’s personal needs
and Group Counseling for the benefits of a mutual
support environment. Scheduling is flexible.
Patients can be self-referred by contacting the
Treatment office at 413.499-2602. Most health
insurance plans pay for counseling services.
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BHS echoes CDC call for HPV Vaccine
as cancer prevention for all young people

By Vicki Smith, M.D.,
Pediatrician,
Cancer Committeee

It’s a strong weapon in the prevention of cancer
caused by the HPV or human papilloma virus,
which each year in the U.S. is responsible for
15,000 cases of cancer in females and 7,000 cases
in males, including children and young adults.

HPV is a common virus that is easily spread by
skin-to-skin contact during sexual activity. It is
possible to have HPV without knowing it, and
therefore easy to spread it to others unknowingly.

Certain HPV viruses cause cancer, including oral,
cervical, vulvar, penile and anal cancer. They also
cause most types of genital warts in men and
women.

The HPV vaccine is safe and effective for both
males and females ages 9 through 26 years.

17



CANCER SCREENING

Berkshire Health Systems provides a full range of comprehensive screening programs designed
to deliver early-detection diagnosis and track progress of treatment... In this year’s report, we
focus on four fronts — underscoring the importance of breast and cervical screening for women,
addressing the current debate over the need {or not) for male prostate screening, and the latest
recommendation for the early detection of the leading cause of cancer death, lung cancer.

BHS urges breast screening
‘ By Lisa Loring, M.D.,

Radiologist, Medical Director,

Women’s Imaging Center

Breast Screening Recommendations

As many as nearly 90 percent of Berkshire County

women over the age of 40 have had mammography
screenings over the past two years, and while that's
encouraging news, BHS continues to sound the bell.

All of the nation’s leading cancer and medical
organizations, including the American College of
Radiology, American Cancer Society, the American
Medical Association and the National Cancer
Institute — recommend annual mammographic
screening from age 40 years,

To dute there are no guidelines discussing if and at what age screening should be stopped,

Cancer Screening in Berkshire County has had an average rate higher than the total for the state. For example,
the percentage of women receiving mammography screenings for breast cancer in the past two years was
84.7 percent for both Berkshire County and statewide. For women ages 40 and over, the mammography
screening rate was a range of 80.3 - 89.1 in Berkshire County and 83.9 to 85.5 percent statewide.

More recent surveys have indicated screening rates as high as 86-87 % in Berkshire County.
{Kaiser Fumily Foundation Statehealthjocts.org shows Women Age 50+ at 87.5% in 2009.}

Screening Mammography Women Age 40+, Berkshire County vs Massachusetts 2000-2010
22 Berkshire County =2 Massachusetts Total
2000 2002 2004 2006 2008 2010

95%

86.9

90% |- ' /\ k
25% 82.5 84.9 T

80%

83.6

75%

70%
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BMC encourages regular gynecology
exams and Pap smears to continue

fight against cervical cancer

By Herb Kantor, M.D.,

Gynecologist, Chairman, is a simple procedure that can detect abnormal

Maternal Child Health cervical cells. The Pap test allows early diagnosis

, E and treatment so that the abnormal cells do not
Although widespread Pap smear screening has become cancer. Routine Pap tests help decrease
helped reduce the incidence of cervical cancer the chance that abnormal cells are missed. If a Pap
by more than 50 percent over the past 30 years, misses abnormal cells they may be found on the
it is estimated that half of the women who are next scheduled Pap test.
diagnosed with cervical cancer today have never
had one. BHS is joining the effort to turn that Berkshire gynecologists and Berkshire Health
trend around. Systems join the American College of Obstetricians

and Gynecologist s (ACOG) in underscoring

The cervical cytology test or Pap smear, named the importance of adhering to following

after its Greek inventor, Dr. Georgios Papanikolaou, recommendations for Pap smear frequency:

 Pap Smear Frequency Recommendations

Regardless of the frequency of the Pap test, physicians still recornmerd an ANNUAL gynecologic examination even if o Pap test is not performed at every visit

Importance of Colonoscopy underscored
By Jeffrey St. John, M.D., Chief, Gastroenterology

It’s a minor inconvenience with a potentially life-saving benefit. Although there are
several ways to screen for colorectal cancer, screening with colonoscopy has been
proven consistently to decrease the risk of death from this, the second leading
cause of cancer death in the U.S. and 10% of cancer deaths overall,

Because colonoscopy aliows the physician performing the procedure to detect
and remove pre-cancerous polyps, the procedure can eliminate that polyp’s risk
of becoming cancerous. Colonoscopy is a safe and relatively painless examination
that most often requires less than 30 minutes to complete.

19



CANCER SCREENING

The Risks of not getting thoroughly screened for colorectal cancer are high:
Approximately 30% of people who develop colorectal cancer die of the disease.
The lifetime “risk” of developing colorectal cancer is an average risk of 5%.
The vast majority (30%) of colorectal cancer patients develop the disease after age 50.

Our recommendations reflect that urgency:

By Daniel Doyle, M.D.,

To closely monitor the presence or progression of

lung nodules — one possible sign of early-stage lung

cancer — BMC offers a weekly clinic where patients
can be evaluated and referred as needed for
further consultation.

Urging residents and their primary care physicians
to take advantage of the service is part of BMC’s
outreach in communicating its overall screening
guidelines for lung cancer. And there’s a good
reason to listen: lung cancer remains the leading
cause of cancer death in the U.S. and worldwide,
responsible for as many deaths as the next four

Chief , Pulmonary Medicine

Use of BMC Lung Nodule Clinic is among
screening guidelines urged locally

cancer killers (breast, prostate, colon and pancreas)
combined.

Seventy percent of patients are diagnosed with
advanced disease, stage Il or IV. This has prompted
efforts to find an effective mechanism to find

early stage disease. Multiple recent studies have
examined the use of Low Dose CT scanning (LDCT)
as a screening tool to identify early lung cancers.

In June of this year, the American Cancer

Society, American College of Chest Physicians
(ACCP), American Society of Clinical Oncology
(ASCO) and the National Comprehensive Cancer
Network collaborated on a review of this topic.

That collaboration resulted in the formulation of a
Clinical Practice Guideline issued jointly by the ACCP
and ASCO and published in Journal of the American
Medical Association 2012; 307(22): 2418-2429).
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Clinical Practice Guideline:
Low-Dose CT Scanning for Lung Cancer

Patients need to be aware that mosf insurance companies are not yet paying for screening CTs for iung cdncer.
That may change. Please check with your insurance company for updates.

Addressing debate over prostate
screening, BMC issues Best Practice

statement to physicians

By Stephen St. Clair, M.D.,
Chief, Urology

Are prostate screenings really necessary for all men? There is not yet universal agreement on the
answer to that question. Current guidelines about screening for prostate cancer remain somewhat
controversial. So this is intended as a best pructice statement for those physicians practicing in the
Berkshires in Western Massachusetts.

Different Views: The American Cancer Society (ACS) recommends

A recent report from the US Preventive Services
Task Force recommended against screening for
prostate cancer (PSA) for all men. An immediate
response from the American Medical Association
{AMA) condemned this report as shortsighted, and
the AMA currently recommends that all men over
the age of 50 should have a discussion with their
physician regarding screening for prostate cancer.

that men make an informed decision with their
doctor about whether to be tested for prostate
cancer. Research has not yet proven that the
potential benefits of testing outweigh the harms
of testing and treatment. The ACS believes that
men should not be tested without learning about
what we know and don’t know about the risks
and possible benefits of testing and treatment.
(continued)



CANCER SCREENING

The American Urologic Association states the
man who wishes to be tested for prostate cancer
should have both a PSA and a digital rectal exam.
A recent article in the New England Journal of
Medicine suggests that the quality of life years
benefit gained from prostate cancer screening
may argue in favor of regular PSA screening. It
seems clear that prostate cancer screening, based
on European studies, saves lives. The question

is whether the side effects from prostate cancer
treatment outweigh the benefit.

BMC Recommendaﬁons ,




ACCESS TO CARE

Faced not only with the difficult news of a cancer diagnosis, patients are easily overwhelmed
with prior family and job commitments. Emotions range from fear, anger and guilt to confusion
and frustration. Individuals struggle with financial worries and lack of certainty on how their
lives will change. The impact of a new diagnosis affects the entire family. Attending various
appointments becomes another full time commitment and learning the medical terminology is
similar to learning a new language. These issues are compounded for those who are not fluent
in English, are underinsured, lack transportation, or are a caregiver for another person.

Navigation program is the heart of cancer

care — and survival

Care Navigation in the

Community Setting

The nurse navigators attend various outreach
events to promote awareness on the availability
of screening tests for early detection of cancer.

Care Navigation at Diagnosis

Care Navigation begins with one-on- one contact
with a Registered Nurse. This nurse begins the
process by assessing the individual needs and
identifying barriers and obstacles to receiving care.
The goal is to ensure that patients receive care that
is timely, efficient, equitable and patient-centered
to improve outcomes.

The RN stays in contact with the patient to
provide proactive solutions to any obstacles
encountered. Time is spent educating patients
and reinforcing information provided by the many
specialists. It is important for the patient and
their family feel confident in understanding why
treatment is necessary so they can make informed
decisions with their providers. Referrals are

made to nutrition, psychosocial support, financial
assistance and rehabilitation. This process
promotes compliance with physician treatment
recommendations improving outcomes.

Support During Treatment

Care Navigation helps to address the complexities
encountered by individuals throughout the
continuum. A key role of the nurse navigator is to
teach the patient to identify and communicate
health issues to providers for optimal symptom
management.

Survivorship

After treatment has ended, care navigation
continues. This is a time when patients are getting
use to their new self. It is also a time to develop
or encourage healthy lifestyles to help reduce

the risk of a recurrence. Patients often find they
are interested in attending support groups at

this point. The RN navigators co-facilitate various
support groups.

Peaple Served

Formalized navigation programs are in place

for those diagnosed with breast, prostate and
beginning in 2012, for head and neck cancers.
Tota! hours spent on providing services in the last
3 months of 2011 was 460 hours.

Number of patients followed in 2011:

Head and Neck 5
Rectal 5
Other 4
TOTAL 338

Breast 139
Prostate 164
14

7

Lung
Colon

The goal for 2012 is to increase the number served
by 20% by adding services to lung cancer patients.
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Patient Care Assistance Fund ensures access to breast care

Determined to help remove financial barriers to proper breast care — including women who won't get
mammograms because they don’t have enough money — BHS has established programs to offset those

costs.

With healthcare reform, women have health insurance. But high deductibles may prompt them to postpone
screening tests. Established in 2008, the Patient Assistance Fund offers financial assistance to those who

meet eligibility requirements.

With this help, women are more likely to get their recommended exams. They also are provided with
necessary breast cancer treatment-related products (wigs, bras/prosthesis and lymphedema supplies,
etc.), as well as transportation to and from the screenings if needed.

Proceeds from the annual Venison and Polenta Dinner, sponsored by long-time BHS employee Drew
Demairisico, have been donated to this fund. In 2011, over 60 individuals were provided with medically

necessary items totaling $3,509.

Denise Kaley Fund helps women with necessities not

covered by insurance

In the maze of grant-making vehicles for cancer
patients care and treatment, this fund, established
by friends in honor of Denise Kaley, stands alone
in helping cancer patients cover the costs of life's
necessities: heating oil, car repairs, groceries,
babysitting, rent, mortgage payments and medical
expenses not coverad by insurance, to name just

a few.

The procedures are simple, direct and transparent.
Three professionals from our local hospitals work
closely with women with cancer in Berkshire
County to help them navigate systems for support.
They refer those patients who have the most
urgent needs that fit the Fund’s guidelines. The
Fund’s Advisory Committee (Barbara Bonner, Fund
Advisor; Ellen Boyd and Beth Rose) reviews each
case, usually on the same day the application is
received and payments are made immediately. The
Denise Kaley Fund is a true emergency fund that
fills a painful void in financial assistance to women
with cancer in Berkshire County.

Two of the professionals who make up the Fund’s
Community Referral Network are leading members
of the BHS community: Kathy Hart, Director of

Care Navigation Services at Berkshire Medical
Center and Cheryl Thomson, Program Manager of
Advocacy for Access at Fairview Hospital. With their
help the Fund has made 27 grants totaling $11,599
since January 2011. Most grants are approximately
$400-600.

While the fund is now endowed, fundraising is
ongoing. As the Fund expands it will be able to
be increasingly responsive to the huge needs of
waomen in our community. BHS has made the
success of the fund and its meaningful reach into
the community a reality.
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Direct Access program opens door to early-detection
colon screenings

Among our top priorities at BMC is the early detection of colorectal cancer — the second leading cause of
cancer-related deaths in the U.S. — which is “treatable and beatable” if found early.

Experts say 130,000 new colorectal cancer cases will be diagnosed this year, and most will have no known
risk factors. At age 50, men and women should consult with their physicians to schedule this life-saving
test. Depending on family history, some may need to have screenings before 50. And yet, in Berkshire
County, only 60 percent of people over 50 have had their screening colonoscopy. We are determined to
reduce these alarming trends through a comprehensive program of outreach, education and screenings.

To make scheduling easier, BMC has a Direct Access program through its Endoscopy Department. Direct
Access allows patients and physicians to schedule a colonoscopy directly by calling the BMC Endoscopy
Department.

A second feature of the new program is Open
Access, where the patient has a pre-screening

interview with an Endoscopy nurse at BMC. If Lung Nodule Clinic at BMC
the patient meets open access criteria, they speedg diagngsis

can skip the previously required pre-visit to the
endoscopist and go directly to BMC's Endoscopy
Department on the day of procedure. The BMC Lung Nodule Clinic is designed
to speedatimely diagnosis whena'lesion
has been identified on either a chest X-ray
or CT scan. Surgical specialists:work closely
_with pulmonologists and interventional
radiologists to provide tissue samples to
pathology for diagnosis.

Patient Care Assistance Fund

if the biopsy resultsin.a diagnosis of lung
cancer, the surgeon:is already familiar with
the case and can immediately evaluate if
surgery should be recommended. if surgery is
not required, a team of medical and radiation
oncologists is put together for consultations
and:to make treatment recommendations.

The Lung Nodule Clinic:saw 36 patients from
3/30/11-12/14/11. Appointments can be
made by calling Pulmonary Department at
413-447-2695;




BHS engages in Clinical Trials focused on
cancer drugs, preventive treatment

BMC partner Berkshire Hematology Oncology
{BHO) has been conducting clinical research trials
for more than 30 years. BHO has participated

in several major studies with pharmaceutical
companies and national groups, working to get
new drugs approved and available to advance the
treatment of many cancers, Great care is taken

to ensure both scientific integrity and ethical
conduct in all clinical trials.

Clinical research and clinical trials can provide

a meaningful opportunity for patients. Those
eligible and who choose to participate are part of
the worldwide pursuit of cancer treatments, not
only today, but for the future.

Among the drug trials in which BHO
has participated:

ATAC Study (Arimidex, Tamoxifen, alone or in
combination)

The ATAC study is one of the largest clinical trials
of additional breast cancer treatment that has
been conducted in postmenopausal women with
early breast cancer. The study included 9,366
women worldwide who were candidates for addi-
tional hormonal treatment, including 48 patients
enrolled at Berkshire Hematology Oncology. After
10 years of follow-up, Arimidex was approved for
treatment in this patient population.

Denosumab Study

Denosumab is a new class of medication that helps
prevent bone loss in patients undergoing hormonal
treatment for early breast cancer. Berkshire
Hematology Oncology enrolled 16 patients of the
208 women who were included in the study that
resulted in FDA approval of Denosumab.

We have also participated in two
large prevention trials:

STAR Study (Study of Tamoxifen and Raloxifene)
This was one of the largest breast cancer
prevention clinical trials ever conducted, enrolling
19,490 postmenopausal women who were at
increased risk for breast cancer. This long-term
trial was coordinated by the National Surgical
Adjuvant Breast and Bowel Project, a network of
cancer research professionals, and was sponsored
by the National Cancer Institute.

These results helped clarify that both raloxifene
and tamoxifen are good preventive choices for
higher risk postmenopausal women. Randomization
started in July 1999 and stopped in 2004, Results
were published in 2010. BHO enrolled 72 women

in this study.

SELECT Study on Prostate Cancer Prevention
BHO was among the participants in the largest-
ever prostate cancer prevention trial, which used
Selenium and Vitamin E. The study was looking

for good and bad results from the use of two
suppiements, Selenium and Vitamin E. The study
was conducted by SWOG (Southwest Oncology
Group} and ran from 2000 to 2008. The study
ended intervention on October 2008 after definitive
findings of no benefit from either supplement. BHO
had enrolled 68 men to this study.

26



ACCESS TO CARE FOR SOUTH COUNTY RESIDENTS

Fairview Hospital Provides
South Berkshire Cancer Care

As part of Berkshire Health Systems, Fairview Hospital plays a critical role in offering primary care,
primary prevention and cancer screening services. Fairview meets the needs of cancer patients

with comprehensive diagnostic and testing services through the BHS Departments of Radiology

and Pathology and Clinical Laboratories, which provide state-of-the-art imaging and an advanced
laboratory. The physician specialists in these departments provide services at both BMC and Fairview.
Fairview supports access to both medical and surgical oncology care along with support groups for
women with breast cancer.

Fairview is a comprehensive acute care hospital, and as part of the Berkshire Health Systems network,
provides South Berkshire patients and their families with easy access to the full range of treatments and
support services for cancer patients, including on-site urology physician care.
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Agonists between Rat and Human Primary Hepatocytes

Erik A. Carlson,* Colin McCulloch,T Aruna Koganti,f Shirlean B. Goodwin,§ Thomas R. Sutter,§ and Jay B. Silkworth*"!

*General Electric Company, Global Research Center, Environmental Technology Laboratory, One Research Circle, Niskayuna, New York 12309; tGeneral
Electric Company, Global Research Center, Applied Statistics Laboratory, One Research Circle, Niskayuna, New York 12309; tln Vitro Technologies, Inc.,
Baltimore, Maryland 21227; and §W. Harry Feinstone Center for Genomic Research, University of Memphis, Memphis, Tennessee 38512

Received June 19, 2009; accepted August 17, 2009

Toxicogenomics has great potential for enhancing our
understanding of environmental chemical toxicity, hopefully
leading to better informed human health risk assessments. This
study employed toxicogenomic technology to reveal species
differences in response to two prototypical aryl hydrocarbon
receptor (AHR) agonists 2,3,7,8-tetrachlorodibenzo-p-dioxin and
the polychlorinated biphenyl (PCB) congener PCB 126. Dose-
responses of primary cultures of rat and human hepatocytes were
determined using species-specific microarrays sharing over 4000
gene orthologs. Forty-seven human and 79 rat genes satisfied
dose-response criteria for both chemicals and were subjected to
further analysis including the calculation of the 50% effective
concentration and the relative potency (REP) of PCB 126 for each
gene. Only five responsive orthologous genes were shared between
the two species; yet, the geometric mean of the REPs for all rat
and human modeled responsive genes were 0.06 (95% confidence
interval [CI]; 0.03-0.1) and 0.002 (95% CI; 0.001-0.005),
respectively, suggesting broad species differences in the initial
events that follow AHR activation but precede toxicity. This
indicates that there are species differences in both the specific
genes that responded and the agonist potency and REP for those
genes. This observed insensitivity of human cells to PCB 126 is
consistent with more traditional measurements of AHR activation
(i.e., cytochrome P450 1A1 enzyme activity) and suggests that the
species difference in PCB 126 sensitivity is likely due to certain
aspects of AHR function. That a species divergence also exists in
this expanded AHR-regulated gene repertoire is a novel finding
and should help when extrapolating animal data to humans.

Key Words: TCDD; PCB; AHR; microarray; toxicogenomics;
human,; relative potency.

Modern biotechnologies (e.g., toxicogenomics) are rapidly
evolving and show great promise in improving our
understanding of the biological mechanisms underlying toxic
responses to pharmaceuticals and environmental chemicals

' To whom the correspondence should be addressed at General Electric
Company, Global Research Center, Environmental Technology Laboratory,
One Research Circle, Niskayuna, NY 12309. Fax: (518) 387-6972. E-mail:
silkworth@crd.ge.com.

(National Research Council [NRC], 2007a). In addition, recent
reports have endorsed the development of in vitro approaches
for modern toxicity testing (EPA, 2009; NRC, 2007b). In fact,
they highlight the need to develop better dose-response data
and improved models for extrapolation across species. As
described by NRC (2007b), such extrapolation modeling will
have at least three components: (1) a mechanistic understand-
ing of dose-response modeling; (2) pharmacokinetic modeling
that can relate effects seen at certain in vitro concentrations to
effective concentrations in human tissue; and (3) human data
regarding elements of the same toxicity pathway. This
approach certainly has the potential to improve the accuracy
of modern human health risk assessment.

Current human health risk assessment approaches have
a high reliance on responses observed in laboratory animals
from both in vitro and in vivo models. While responses of
animals and animal cells to some toxicants have been shown to
be generally predictive of human health risk (e.g., certain heavy
metals, alkylating agents, and -polycyclic aromatic hydro-
carbons), simple interspecies extrapolations are not always
valid. This is particularly evident for 2,3,7,8-tetrachlorodi-
benzo-p-dioxin (TCDD) and structurally related dioxin-like
compounds (DLCs). Although the cellular responses to TCDD
are initiated through a well-researched receptor-based mecha-
nism, the aryl hydrocarbon receptor (AHR) pathway (reviewed
by Okey, 2007), it is also well established that the potency of
TCDD is not consistent across species (Henck er al., 1981;
Schwetz et al., 1973). To date, some species/strain differences in
TCDD potency have been attributed to variation in AHR gene
sequence leading to differential ligand-receptor affinity. For
example, divergent TCDD toxic potencies seen between re-
sponsive C57 and nonresponsive DBA mice strains are generally
due to an amino acid substitution in the AHR ligand-binding
domain resulting in differential AHR affinity for TCDD between
these strains (Ema ez al., 1994; Okey et al., 1989; Poland er al.,
1994). Interestingly, the human AHR has the very same affinity-
lowering amino acid substitution as the DBA mouse leading to
reduced TCDD potency for cytochrome P450 1A1 (CYP1Al)
enzyme induction in vitro (Ema et al., 1994; Harper et al., 1988;

© The Author 2009, Published by Oxford University Press on behalf of the Society of Toxicology. All rights reserved.

For permissions, please email: journals.permissions@oxfordjournals.org
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Ramadoss and Perdew, 2004) and a much milder/incomplete
TCDD toxicity in transgenic mice “humanized” with the human
AHR (Flaveny et al., 2009; Moriguchi ef al., 2003).

It is also increasingly evident that DLCs may not retain their
relative potencies (REPs), as compared to the potency of
TCDD, across species. Species variation in REPs may be due
to a number of reasons including species differences in
toxicokinetics. However, species differences in explicit AHR
pharmacology (e.g., affinity and/or intrinsic efficacy) may also
lead to deviating REPs. For instance, estimated REPs for
mono-ortho-substituted polychlorinated biphenyls (PCBs)
differ greatly between fish and rodents (Van den Berg et al,,
1998). Using an in vitro system, Hestermann et al. (2000a)
determined that the general inability of mono-ortho PCBs to
elicit embryotoxicity and induce CYP1A in various fish species
is due to the exceptionally low intrinsic efficacy of these
congeners to activate the AHR in fish cells.

In vitro studies using primary cells and cell lines suggest that
species differences exist between humans and rodents in the
REP of PCB 126 for CYP1A1 enzyme induction (Drenth et al.,
1998; Pang et al., 1999; Silkworth et al., 2005; Vamvakas
et al., 1996; van Duursen et al., 2003; van Duursen et al., 2005;
Westerink et al., 2008; Zeiger et al., 2001). In addition to the
lesser potency of TCDD, the REP of PCB 126 in human cell
systems appears to be almost two orders of magnitude lower
than numerous findings in rodents and rodent cell cultures
(Haws et al., 2006). This species discrepancy is toxicologically
significant because PCB 126 is a persistent coplanar PCB, the
most potent PCB AHR agonist in rodents (i.e., REPpcp126 18
one-tenth that of TCDD), and displays a relatively high affinity
for AHRs of “responsive” rodents (e.g., C57 mice and Sprague-
Dawley rats) (Bandiera et al., 1982; Safe et al., 1985). In
addition, the apparent difference in in vitro PCB 126 REP
estimates between human and rodent is not likely due to species
differences in the affinity of the AHR for PCB 126. Specifically,
PCB 126 maintains a “relative affinity” (compared to TCDD) of
approximately 0.02 for both human and responsive rat AHR
proteins (Fan et al., 2009). Furthermore, the human AHR, when
expressed in the liver of transgenic humanized C57 mice, also
exhibits, as seen with TCDD, the expected 10-fold lesser binding
affinity for PCB 126 compared to responsive wild-type C57 mice
(Flaveny et al., 2009). This 10-fold lesser affinity of PCB 126 can
also be easily explained by the human AHR having the same
ligand-binding domain amino acid substitution as “nonrespon-
sive” DBA mice. However, this does not explain the apparent
and even exaggerated response insensitivity of human cells to
PCB 126. Thus, the remarkable species difference in PCB 126
REP might be due to species differences in relative intrinsic
efficacy (compared to TCDD) rather than species differences in
relative AHR affinity.

It is evident that the AHR is responsible for the suite of
toxicities observed in rodents exposed to TCDD and DLCs
(Okey, 2007; Perdew, 2008). However, the prototypical AHR-
regulated gene, CYPIAI, appears not to play a prominent role

in some TCDD toxicities (Nukaya et al., 2009; Pohjanvirta,
2009; Uno et al., 2004), questioning its use as a universal
“biomarker of effect.” Since potencies and REPs of ligands
may vary across responses mediated by the same receptor in
the same cell type, termed “functional selectivity” (Kenakin,
2007; Michel and Alewijnse, 2007; Urban et al., 2007), it is
important to investigate and estimate the REPs of DLCs for
altering AHR-regulated genes other than CYPIAI. Studies
demonstrating human-rodent differences in the REP of PCB
126 in vitro have been limited to analysis of the dose-response
for CYPIA1 enzyme induction and activity. Therefore, the
current investigation sought to determine if the discrepancy in
REP for PCB 126 observed between rat and human cell
cultures for CYPIAI induction was also true for additional
AHR-regulated genes that may play more important roles in
subsequent toxicity. Genome-wide dose-responses were
determined for TCDD and PCB 126 in cultures of primary
hepatocytes from human and rat donors using species-specific
microarrays. Species-specific TCDD 50% effective concen-
trations (EC50s) and PCB 126 REPs were simultaneously
calculated for all genes satisfying a nonlinear mixed-effects
dose-response model. By characterizing how REPs between
TCDD and PCB 126 vary among the responsive genes and
across species, one should gain greater insight into the human
toxicological response to AHR activation. Overall, this study is
consistent with the vision outlined in the recent NRC report
(NRC, 2007b) to develop a greater understanding of how to use
in vitro—derived data to predict toxicity across species.

MATERIALS AND METHODS

Chemicals. TCDD (molecular weight = 322) was obtained from
Accustandard (New Haven, CT; catalog no. D404N; chemical abstract service
(CAS) no. 1746-01-6; Lot no. 970401R-AC; 99.1% pure). The single
contaminant was a pentachlorohydroxydiphenyl ether by gas chromatogra-
phy/mass spectrometry (GC/MS). PCB 126 (molecular weight = 326.4) was
obtained from Accustandard (catalog no. C-126N; CAS no. 57465-28-8; Lot
no. 081699MT-AC; 99.2% pure}. The single contaminant was identified as
a tetrachlorobiphenyl by GC/MS.

Hepatocyte Sources. Cultures of human hepatocytes were prepared from
nontransplantable human tissue acquired after informed consent for use in
research by In Vitro Technologies, Inc. (IVT; Baltimore, MD). An external Food
and Drug Administration-certified Institutional Review Board approved the use
of human tissue for ADME-Tox research at IVT. Human donor 1 (WRG), IVT
Lot MHU-L-052004, was a 41-year-old Caucasian male who died from an
astrocytoma. Human donor 2 (RFA), IVT Lot FHU-L-072004, was a 56-year-old
Caucasian female who died from a cerebrovascular accident. Human donor
3(ZYZ), IVT Lot MHU-L-0730044, was a 46-year-old African-American male
who died from anoxia. Donors 1, 2, and 3 of the current study correspond to
human donors 3, 4, and 5 from the study of Silkworth et al. (2005), respectively.
Serology for all human donors tested negative from human immunodeficiency
virus, hepatitis B virus, and hepatitis C virus but positive for cytomegalovirus.
Urinalyses and blood chemistries for all donors were within nomal limits.
Rat hepatocytes were isolated by IVT from six female Sprague-Dawley rats
(Crl:CD(SD)IGS BR, Charles River Laboratories, Wilmington, MA) and divided
into two pools of three rats each (i.e., termed Rat pool 1 and Rat pool 2). Rats
were treated in accordance with the Animal Welfare Act.
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Hepatocyte Cultures and Chemical Treatments. Hepatocytes were
isolated according to the two-step collagenase perfusion procedure of Li
et al. (1992). Isolated hepatocytes were counted using trypan blue exclusion to
determine yield and to confirm >70% viability. Freshly isolated hepatocytes
from rat or human donors were transferred into collagen-coated 75 cm? T-flasks
at a cell density of 14 X 10% cells per flask in Plating Medium (Dulbecco’s
modified Eagle’s medium [MEM]) supplemented with bovine serum albumin,
fructose, N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid, sodium bi-
carbonate, L-glutamine [2.4mM]}, hydrocortisone (2.38uM), insulin [135nM],
MEM nonessential amino acids [1.2%], amikacin, penicillin [200,000 U/],
streptomycin [200 mg/l], gentamycin, and Fungizone). A single flask was used
for each cell type at each chemical treatment level. Cultures were placed in
a 37°C/5% CO, incubator for 2 days before use to establish hepatocyte
monolayers. Confluency was visually checked each day of the culture period
and was generally 90-100%.

TCDD and PCB 126 stock solutions were prepared in dimethyl sulfoxide
(DMSO) as previously described (Silkworth et al., 2005). Established 48-h cell
cultures were exposed to seven concentrations each of TCDD (ranging from
107" to 107%°M) or PCB 126 (102 to 107°M) or vehicle control (DMSO) in
serum-free media for an additional 48 h at 37°C/5% COQ,. Serum-free medium
was used, since serum can significantly reduce the cellular uptake of these
chemicals (Hestermann et al., 2000b). Exposure media was changed once at
24 h post-exposure initiation. The final DMSO concentration in the incubations
(including the vehicle control) was 0.5%. There were no visible indications that
any chemicals had precipitated at any of the incubation concentrations, but this
was not analytically confirmed. Culture viability was assessed for each
exposure group as previously described (Silkworth et al., 2005). TCDD and
PCB 126 did not affect culture viability at any concentration tested.

RNA Extraction and Microarray Processing. After 48 h treatment, total
RNA was isolated from cells of each culture using TRIzol Reagent (Invitrogen
Life Science, Carlsbad, CA). Cells were washed with ice-cold PBS and then
disrupted by the addition of TRIzol Reagent followed by scraping. The 30 ml of
cell solution was sent frozen at —70°C to the University of Memphis, where
RNA isolation was completed. The solution was thawed at room temperature
and let sit for 5 min. Total RNA was then isolated according the manufacturer’s
instructions. The RNA was dissolved in RNAse-free water and quantified by
spectrophotometry. Quality of RNA isolations was determined using the
Agilent BioAnalyzer 2100 (Agilent, Palo Alto, CA). Yields of rat RNA ranged
from 59 to 200 pg. The RNA integrity numbers of all rat samples were 10.
Yields of human RNA ranged from 56 to 153 pg. Again, RNA integrity
numbers of all human samples were 10. One RNA sample from each exposure
group was analyzed using Affymetrix Genechip technology according to the
standard protocol. A single technical replicate (i.e., all procedures following
RNA isolation were repeated on different days) was also generated for one PCB
126—exposed human cell culture. However, this technical replicate was only
used for preliminary analyses and not included in the final modeling procedure.
Human samples were analyzed using HG-U133A arrays (22,283 probe sets)
and rat samples with RG-U34A arrays (8799 probe sets). The final data set
utilized 40 human and 26 rat arrays following quality control (QC) analysis (see
Probe Set Orthology Analysis subsection of Supplementary File 1 and QC
results presented in Supplementary File 2). All raw microarray data (i.e., .CEL
files) are available in the Gene Expression Omnibus (GEO; www.ncbi.nlm.nih.
gov/geo) as series GSE14555.

Microarray Data Preprocessing. For dose-response modeling, all .CEL
files (within each species) were preprocessed using the default settings of the
justGCRMA function of gcrma package version 2.8.0 (Wu et al., 2004) as
implemented in R version 2.4.1 (R Development Core Team, 2006). This
function background corrects perfect-match probe intensities using probe
sequence information, log, transforms the data, quantile normalizes across the
arrays, and summarizes probe intensities via the robust multiarray average
method (Irizarry et al., 2003) to give an intensity value (log, scale) for each probe
set. All gcrma-processed intensity data for each probe set are available online at
(www.ncbi.nlm.nih.gov/geo) as GEO series GSEI14555. Probe sets were

annotated with NetAffx annotation release #25 for rat chips (RG-U34A) and
release #24 for human chips (HG-U133A).

Following preprocessing, fold change estimates were produced for each
probe set by first back transforming the data from log; and then dividing the
probe set intensity for exposed cells by the vehicle control within each human
donor/rat pool. Thus, if expression levels of both exposed and control were
identical, then fold change equals one for that species-, chemical-, and subject-
specific dose group. Fold change estimates for all rat and human probe sets are
given in Supplementary Files 3 and 4, respectively.

REP Dose-Response Modeling. Figure 1 depicts the dose-response model
selection procedure. Gene expression data were run separately through this
four-step selection scheme for induced and repressed probe sets (within each
species) due to different constraints required for some model parameters
(described below). In step 1, probe sets that did not respond in cell cultures
from at least two subjects/pools were removed using a fold change filter. For
human data, in order to pass the filter, a >2 absolute fold change (i.e., either
twofold induced or 0.5-fold repressed) in response to TCDD was necessary for
at least two out of the three human donor cultures. The same filter was applied
to the rat data except that >twofold change (induced or repressed) was needed
for both rat pools in order to pass the initial filter.

Preliminary analyses revealed that for many probe sets passing the initial
filter in step 1 data derived from one of the human donors failed to exhibit
a fold change >1.5 for any TCDD dose (i.c., a nonresponsive human donor cell
culture for that particular probe set). Inclusion of such data in downstream
analyses either resulted in a failure to achieve model convergence or, if a model
did converge (i.e., a model fit was achieved), relatively large within-group error
standard deviations and parameter estimates with extremely wide confidence
intervals (CIs) (see example in Supplementary File 5). Therefore, in step 2, any
nonresponsive human donor data, within a probe set, were independently
eliminated from downstream analyses. This was accomplished in a nonstringent
manner for each human probe set by removing all donor-specific data if that
donor cell culture did not exhibit a fold change >1.5 (induced or repressed) for
any dose of TCDD. Thus, for many human probe sets, data from only two
human donors were used for dose-response modeling. Nonresponding probe
sets from rat pools were not present in the rat data set because the initial fold
change filter in step 1 ensured that both pools responded at least twofold.

A modified version of the Hill equation (Hill, 1913) was employed for dose-
response modeling in step 3 defined as

(a—1)

WE) = 1+

(D
where (D) is the estimated mean fold change response for a population at dose
8 (log;oM), o the maximal agonist effect (i.¢., the change in height of the right
asymptote), n the potency (log,oM) at o/2 (i.e., EC50), and n the Hill
coefficient (also known as the Hillslope). The baseline expression level at § =
—o is equal to 1 for fold change data, allowing for this Hill model parameter to
remain constant at 1.

One goal of the current study was to accurately estimate the REPpcg 26 for
all dose-response probe sets. In order to achieve this goal, dose-response curves
were fit simultaneously for both TCDD and PCB 126 (the REP dose-response
model) using the following indicator Equation 2:

n = nrepplrepp + (AT + Trepp)iecsize, 2

where Tpcpp is the estimated EC50 for TCDD (i.e., the base chemical) and An
is the relative change in EC50 (from TCDD) for PCB 126 data. The indicator
functions Itcpp and /pcpia6 are equal to 1 when calculating the response of the
subscripted chemical; otherwise, they are equal to 0. Therefore, if the EC50s for
both TCDD and PCB 126 were identical, then the estimated An would be equal
to 0. Thus, the REPpcgi26 can be easily derived from Arn using Equation 3.

REPpcg)z6 = 10747 (3)

In addition, the EC50 for PCB 126 could also be generated by adding the
estimates for An and mrepp together.
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Microarray dose response data

A
Step 1 Fold change filter
ep {i.e.. 22FC induced or repressed for TCDD in at least 2 humans frat pools)
\ A
Step 2 Removal of hon-responsive human data
(human only) {i.e., max response to TCDD <1.5 FC induced or repressed)

A
[ Fit dose response models
(i.e., separate for induced and repressed genes)

A4 I Nonlinear Models
Model 1 l
Step 3 Intercept-only
Model 2 Model 3 Model 4
No random effects o Random only a and wyepp Random

¥ v v
LRT against Model 1 (nonlinear model removed if p>0.07) |

]

v A
\ | Nonlinear model selection by nested LRT (p<0.05} and lowest AIC |

-

| Heteroscedastic variance? |

Yes

| No | | Update with variance model |
Step 4 <
A 4 R ]

Model selection by LRT (p<0.05},
lowest AIC, and BP test (p<0.05)

N

\ Final Model Selected l

FIG. 1. Model selection scheme used to determine those genes (represented by probe sets) that satisfied dose-response criteria. Each probe set that passed an
initial fold change filter in step 1 proceeded to step 2 where data for any nonresponsive human donor were removed. Step 3 tested for convergence using models
1—4 (described in the Materials and Methods section). Nonlinear models 2—4 that converged were only accepted if deemed significantly (p < 0.01) better fits than
model 1 (i.e., intercept-only model) using LRTs. If multiple nonlinear models were deemed significantly better fits than model 1, the best-fit model was selected by
nested LRTs (p < 0.05) and, if necessary, lowest AIC. Step 4 tested any nonlinear model selected during step 3 for homogeneity of residual variance using the
BP test against heteroscedasticity (Breusch and Pagan, 1979) in step 4. The effects of incorporating a weighted power variance model (via LRT, lowest AIC, and
BP tests) were then determined for any models demonstrating significant (p < 0.05) heteroscedasticity prior to selection of the final nonlinear dose-response model.

In order to maintain equal maximal agonist effects and parallel dose-
response curves, which would be expected since PCB 126 is a full AHR agonist
in primary hepatocytes from humans and rats (Silkworth et al., 2005), both the
maximal change in response a and Hill coefficient | were set not to vary
between chemical congeners. However, preliminary analyses indicated that o
and, in some instances, both o and Trcpp could vary significantly among cell

cultures derived from different human donors. Thus, it was apparent that many
probe sets would require a nonlinear mixed-effects model with random effects
allowing either o only or both o and mpcpp to vary among cell cultures derived
from different human subjects/rat pools.

Finally, four separate models (see below) were attempted during step 3 of the
model selection procedure for each probe set passing the initial fold change filter.
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n(8) =1, (model 1)
n(8) = f(at, wrcpp, Am, 8, M) + &, (model 2)
u(8), = f (o + briy TrcopAm, 8,1) + €4, (model 3)
(8); = f (o + buis repp + baiy A, 8, M) + & (model 4)

Model 1 represents a flat response that does not change with dose 8 and has
a y intercept of 1 (intercept-only model). Model 2 is a generalized nonlinear
least squares model (i.., no random effects), where each parameter in Equation 1
is explained by f(), and € represents the residual error of p(3). Model 3 is
a nonlinear mixed-effects model with each parameter in Equation 1 explained
by f() whose arguments include a single random effect b;, which represents the
variability of fixed term o among the subjects/pools i. Model 4 is identical to
model 3 with the exception of an additional random effect in the arguments of f
(), where by; and b,; represent the variability of fixed terms o and mrcpp,
respectively, among the subjects/pools i. The value of index i depended upon
the number of donors/pools used in the dose-response modeling (i.e.,i=1,...,
[2-3D).

All random effects in models 3 and 4 are assumed to be normally distributed
with mean 0 and variance-covariance matrix ¥ (i.., a general positive-definite
matrix). The residual errors € and g; are assumed to be independently
distributed as N (0,6°) and &; independent of any random effects.

The EC50ycpp estimate (i.e., Trcpp) Was constrained to be between —14
logi1oM and —6.5 log,oM to ensure a maximal TCDD response was achieved
within the observed dose range. The Hill coefficient (1)) was constrained to be
>0. Since induced and repressed probe sets were modeled separately, o was
constrained to be >1 for induced probe sets and constrained between | and
0 for repressed probe sets. The method for estimation of model parameter
starting values is given in the Model Starting Value Estimation subsection of
Supplementary File 1.

Initial model selection in step 3 was conducted by testing any nonlinear
models that converged (i.e., models 2, 3, and/or 4) against the intercept-only
model (model 1) by likelihood ratio tests (LRTs) at a stringent significance
level of p < 0.01, and the Akaike information criteria (AIC) of each model
were compared (Akaike, 1974). If any nonlinear model failed to be significantly
better than model 1 (i.e., either p > 0.01 or p < 0.01 and AIC 041 1 < AIC of
nonlinear model), it was removed from further analyses. For the second
selection round, the best fitting model was determined by nested LRTs and, if
LRT was significant at the p < 0.05 level, the lowest AIC. The most
parsimonious model (i.e., order of complexity was models 2 < 3 < 4) was
chosen if any LRT failed to reach the stated significance level of p < 0.05.
Preliminary analyses of selected best-fit dose-response models indicated that
the residual variance might not be constant with increasing/decreasing
predicted response for some probe sets (e.g., the human probe set for
CYPIAI). Methods for the variance modeling procedure used in step 4 are
described in the Residual Variance Modeling subsection of Supplementary
File 1.

Finally, for later derivation of EC50 and REP values, maximum likelihood
estimates (MLEs; i.e., approximations of the population mean) and 95% upper
and lower confidence bounds for parameters o, Trcpp, Am, and 1 were
recorded for each modeled probe set following completion of the model
selection scheme depicted in Figure 1. For graphing purposes and tabular data,
Am was converted to the REPpcpi26 values using Equation 3. In addition, for
sumnmary statistics, it was necessary to remove data from redundant probe sets
representing the same species-specific gene. This was always accomplished in
the most conservative manner. For example, when determining the geometric
mean REP, redundant probe sets were removed by only using data from the
probe set with the lowest An MLE (i.e., the highest REPpcy )26 estimate).

Various functions in the R package nlme version 3.1-88 (Pinheiro and Bates,
2004) were used for the dose modeling procedure: model 1 was fit with gls,
model 2 with gnls, and models 3—4 employed the nlme function. The “method”
argument for all models was set to “ML” or maximized log likelihood. The
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nonparametric Kruskal-Wallis rank sum and Mann-Whitney tests were
performed using the kruskal.test and wilcox.test functions of the R package
stats. Post hoc testing following significant (p < 0.05) Kruskal-Wallis tests
utilized the kruskalmc function of the pgirmess package of R.

RESULTS

Microarray Rat/Human Ortholog Analysis

The main objective of the present study was to determine if
the previously observed species difference in PCB 126 REP for
CYPI1A1 induction/activity also applied to genes other than
CYP1Al. To accomplish this, it was necessary to identify
genes that demonstrated a dose-response to both TCDD and
PCB 126 in either species. It was also important to identify
orthologous rat/human genes that were present on the two
species-specific microarrays used in this investigation. The
complete methodology for this comparative examination is
given in the Probe Set Orthology Analysis subsection of
Supplementary File 1. Overall, somewhere between 4158 and
4190 orthologs were shared between the two microarrays. The
exact number of shared orthologs could not be determined
because some human Entrez gene IDs were actually ortholo-
gous to multiple rat Entrez genes. Approximately 96% of the
human orthologs identified on the rat RG-U34A array were
also represented on the human HG-U133A array. Conversely,
approximately 39% of the rat orthologs identified on the human
HG-U133A array were also present on the rat RG-U34A array.
However, this microarray gene overlap, determined by an
entirely automated process, was limited by the quality/
completeness of several databases and the accuracy of the
microarray probe set annotation.

Preliminary Analysis of CYPIAI Dose-Response Data

A preliminary analysis of REP dose-response curves fit by
models 2—4, as well as additional models not used in the full
analysis, was conducted with the HG-U133A probe set
205749_at representing the known AHR-regulated human
gene CYPIAI. Visual inspection of dose-response data for
CYPIAI revealed that at least a random effect allowing the o
parameter to vary among individual human donor cell cultures
was needed. This was statistically validated by comparing fits
for model 2 (i.e., no random effects) and model 3 (a random
only) by a LRT (Table 1). Although model 4 did converge, this
more complex model was not proven a significantly (p = 0.09)
better fit than the more parsimonious model 3. Other models,
differing in random effects from models 3 and 4 (e.g., a model
with Trepp as a random effect only), were also attempted, but
these models either did not converge or were not deemed
significantly better fits than model 3 as determined by nested
LRTs and/or lowest AIC (data not shown).

Plotting the standardized residuals versus predicted
values for the model 3 fit of CYPIAI clearly demonstrated
a heteroscedastic trend (i.e., increasing residual variance with
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TABLE 1
Model Selection Results for Human CYPIAI (205749_at)

Model® Description AIC? AAIC® p value®
1 y Intercept only 578 — —

2 No random effects 559 -19 <0.0001
3 o Random (selected) 490 —69 <0.0001
4 o and Trepp Random 489 -1 0.0868

“Models listed in increasing order of complexity.

“AIC (Akaike, 1974). Lower score signifies better fit.
“Change in AIC from less complex model.

9p value for nested LRT against next less complex model.

increasing predicted response; data not shown), and a Breusch-
Pagan (BP) test (p = 1.7 X 107°) (Breusch and Pagan, 1979)
confirmed this heteroscedasticity. Thus, an extended version of
model 3 was attempted with a power variance function to
model the variance with increasing predicted response as
described by Equation 4 (see Residual Variance Modeling
subsection of Supplementary File 1). This extended model
provided significantly better fit than that of the equal variance
model (p < 0.001 by LRT) with homogenous (p = 0.7675 by
BP test) and normally distributed (p = 0.4733 by Pearson test)
residual variance. Figure 2a depicts the donor-level dose-
response for the human CYPIAI probe set (i.e., 205749 _at)
predicted by the final model chosen (i.e., model 3 extended
with a power variance function) via the model selection scheme
in Figure 1. For comparative purposes, the dose-response for
rat Cyplal probe set EO0778cds_s_at predicted by model 3 is
given in Figure 2b.

The PCB 126 REP for the human CYPIAI probe set
205749 _at was 0.001 (95% CI = 0.00047, 0.0022) and REPs
for the rat Cyplal probe sets E00778cds_s_at and
E00717UTR#1_s_at were 0.068 (95% CI = 0.02, 0.24) and
0.027 (95% C1 = 0.0049, 0.15), respectively (Supplementary
File 6). Thus, as previously determined by Silkworth et al.
(2005), the present investigation has reproduced the robust
species divergence in the REP of PCB 126 for induction
of CYPIAI gene expression using a different technology,
microarrays.

REP Dose-Response Modeling

Table 2 summarizes the results from the REP dose-response
model selection scheme (Fig. 1). Altogether, 831 human probe
sets and 365 rat probe sets passed the initial fold change filter
in step 1. However, many probe sets were subsequently
eliminated due to failure to generate any convergent dose-
response nonlinear models (i.e, model 2, model 3, or model 4)
in step 3 (Fig. 1). Nonlinear models were selected for a total of
57 human probe sets (45 induced and 12 repressed) and 97 rat
probe sets (48 induced and 49 repressed). In this report, EC50
and REP values are estimates derived from model output
parameters. Such parameter MLEs used to estimate EC50 and

REPs and their 95% upper and lower confidence bounds for all
rat and human probe sets successfully modeled are given in
Supplementary File 6. In addition, boxplots of residuals and
plots of residuals versus fitted values are presented in
Supplementary Files 7 and 8 for all modeled human and rat
genes, respectively. Table 3 summarizes the EC50rcpp (i-e.,
Torepp) and REPpeg 26 estimates for the 10 most induced (i.e.,
largest oo MLE) and 10 most repressed (i.e., smallest & MLE)
human probe sets. For convenience, REP estimates are reported
in Table 3, rather than Am, as calculated using Equation 3.
Model estimates for the 10 most induced and 10 most repressed
rat probe sets are given in Table 4.

One important observation was that significant variation in
predicted maximal agonist effect (i.e., o parameter) existed not
only among human donor cell cultures but also between cell
cultures derived from the two separate rat pools. This is clearly
demonstrated by the selection of models possessing at least an
o random effect (i.e., models 3 and 4) for a significant number
of probe sets during step 3 (Table 2). Such variation could be
due to interindividual differences in response or to technical
variation. Since fresh primary human hepatocyte cultures were
used, cells from the different human donors could not be
cultured, exposed, and processed for RNA isolation on the
same day. For consistency, experimentation on the two rat
pools was similarly conducted at different times. In addition,
all procedures downstream of RNA isolation (including array
hybridization) were done in batches that did not overlap among
human donors or between rat pools. Therefore, potential “batch
effects” were primarily confounded within donors/pools.

A single technical replicate was performed on a human
donor 2 sample (i.e., —12 log;oM PCB 126 dose), where all
technical processes following RNA isolation were conducted at
different times on the same RNA sample. This limited analysis
revealed a relatively higher correlation at both the probe level
and probe set level (i.e., gcrma preprocessed) between the
technical replicates compared to a biological replicate or
another low-dose, donor-matched array processed in the same
“batch” (data not shown). Thus, this replicate does provide
some evidence that technical differences following RNA
isolation may account for a limited amount of the total
variation observed in this study, but it does not rule out the
potential influence of technical variation introduced prior to
and including RNA isolation.

Variation in cell culture response level was clearly evident
among the human donors. Nonresponsive human donor data
were removed for nearly 53% of the human probe sets (i.e.,
either induced or repressed) during step 2. Although there did
not appear to be a trend as far as which human donor cell
culture was identified as nonresponsive in step 2, the cell
culture for human donor 2 was identified as nonresponsive for
42% of all human probe sets subsequently modeled in step 3.
In addition, for many probe sets where donor 2 data were not
removed in step 2, the general lower responsiveness of the
cultures derived from human donor 2, similar to that seen for
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FIG. 2. Dose-response models for probe sets representing cytochrome P450 1A1 (CYP1 A1) gene expression. Fold change estimates for each of three treated
human donors (A) and each of two treated rat pools of two rats each (B) are shown (PCB 126 = open circles, TCDD = closed circles). The responses from human
HG-UI133A CYPIAI probe set 205749_at and the rat RG-U34A Cyplal probe set E00778cds_s_at are plotted against the nominal culture concentration (log,oM).
Nonlinear individual responses predicted by each species-specific dose-response model are represented by solid and dashed lines for TCDD and PCB 126,

respectively.

human CYPIAI (Fig. 2a), appeared to be driving the selection
of models possessing at least an o random effect in step 3. All
modeled human probe sets where a nonresponsive donor was
removed in step 2 are clearly marked in Supplementary File 6.
Removal of donor-specific data added potential bias to this
study toward finding more genes displaying a dose-response to
both TCDD and PCB 126. Implementation of the step 2
procedure (Fig. 1) resulted in the successful modeling of 20
additional human probe sets that failed to generate convergent
models if step 2 was not conducted (data not shown).
Furthermore, for many probe sets with a nonresponsive donor

that were modeled without step 2 implementation, subsequent
removal of the nonresponsive donor data resulted in lower
within-group error standard deviations and parameter estimates
with relatively narrower Cls (e.g., see Supplementary File 5).

Since databases are constantly being updated, probe sets
were curated using Entrez gene IDs to account for redundant
probe sets, update gene names, and correct the initial
annotations for the chips used. Overall, 47 distinct human
and 79 distinct rat genes were identified. But, in highlighting
the importance of this curation, three rat probe sets
(J03524_s_at, J02669_s_at, and U10697_s_at) had each been

TABLE 2
Summary of the Model Selection Scheme Results Depicted in Figure 1

Human Rat
Step® Description” Induced Repressed Induced Repressed
1 Number of probe sets passing fold change 461 370 155 210
filter
2 Percentage of probe sets for which only two 60.5 43.5 NA* NA
human donors were modeled
3 Model 2 selected probe sets 20 9 23 48
Model 3 selected probe sets 17 2 25 1
Model 4 selected probe sets 8 1 0 0
Total number of probe sets modeled in step 3 45 12 48 49
4 Percentage for which the variance model was 489 0.0 39.6 429

selected

“Steps 1-4 as depicted in Figure 1.
bThe effect of various steps in the model selection scheme.
“Step 2 was only conducted for human gene expression data.

li

10T ‘€ 19quaydag uo 477 unsny A3piS Je /F10°s[ewinofpioyxo-19sxol//:dny wolj papeojumo(



264 CARLSON ET AL.

TABLE 3

Model Summaries for Top 10 Induced and Top 10 Repressed Human Probe Sets”

Direction Probe set Gene symbol TCDD EC50° PCB 126 REP°

Induced 205749_at CYPIAI —10.7 (-11.0, —10.4) 0.001000 (0.00047, 0.0022)
202436_s_at CYPIBI —9.3 (-9.8, -8.9) 0.000920 (0.00038, 0.0022)
202437 _s_at CYPIBI -9.4 (9.9, -8.9) 0.000600 (0.00022, 0.0016)
202435_s_at CYPIBI -94 (9.9, -8.9) 0.005900 (1.3E-05, 2.7)
207609 _s_at CYPIA2 ~103 (-11.2, -9.3) 0.000700 (0.00024, 0.0020)
205623 _at ALDH3Al -9.5(-103, -8.7) 0.004100 (0.00063, 0.027)
207608 _x_at CYPIA2 -105 (-11.2, -9.8) 0.001400 (0.00061, 0.0032)
219255_x_at ILI7RB —9.1 (-94, -8.8) 0.001500 (0.00042, 0.0051)
201798_s_at FERIL3 —8.7 (-8.9, —-8.5) 0.000480 (0.00029, 0.00079)
201195_s_at SLC7AS —9.6 (—10.5, —-8.8) 0.000730 (9.1E-05, 0.0059)

Repressed 205649 _s_at FGA —8.9 (-13.1, —4.8) 0.001300 (1.8E-05, 0.092)
213920_at CUTL2 —9.6 (—10.6, —8.6) 0.000066 (3.1E-06, 0.0014)
206643 _at HAL -9.4 (-10.1, -8.6) 0.000910 (8.5E-05, 0.0096)
206002_at GPRo64 —-10.6 (-13.2, -8.1) 0.000001 (2.8E-11, 0.0096)
203661 _s_at TMODI -11.1 (-12.1, —10.0) 0.002800 (0.00012, 0.062)
201010_s_at TXNIP —12.9 (-15.8, -10.2) 0.000002 (7.9E-10, 0.0049)
201669_s_at MARCKS —12.4 (153, -9.4) 0.000054 (6.2E-08, 0.047)
206340_at NRIH4 -8.5 (9.7, -7.3) 0.001200 (5.8E-05, 0.026)
222217_s_at SLC27A3 —-10.5 (-11.7, -9.3) 0.001800 (0.000035, 0.095)
219718 _at FLJ10986 -9.5(-11.3, -7.8) 0.000044 (4.2E-07, 0.0047)

“Probe sets with the 10 highest and 10 lowest MLEs for the o model parameter (fold change).
“ECS50 log;oM (95% confidence bounds) derived from the MLE for the wrepp model parameter (EC50).
‘REP (REP) with 95% confidence bounds derived from the MLE An parameter (REP) using Equation 3 of the Materials and Methods section.

mapped to multiple genes due to a lack of probe specificity
and/or poor rat gene annotation. After such correction, a total
of 75 distinct rat expression measures were successfully
modeled for REP and used for downstream. analyses of model
parameters.

Having identified a set of responsive gene probe sets for both
species, we could then test the initial hypothesis that there are
genes, in addition to CYP1A, for which the PCB 126 REP for
human cells is also far less than 0.1 (i.e., the approximate mean
value observed in mainly rodent studies as summarized by
Haws et al. 2006). For each model, a one-tailed hypothesis test
was conducted to test whether the Am parameter was
significantly greater than 1 (i.e., REPpegj2¢ < 0.1), and results
were recorded in Supplementary File 6. For human models,
77.5% (i.e., 44 out of 57 probe sets) possessed REP estimates
significantly (p < 0.05) lower than 0.1. Only 17.5% of rat
modeled probe sets (i.e., 17 out of 97) had REP estimates
significantly (p < 0.05) lower than 0.1.

The distributions of species-specific PCB 126 REP estimates
are given as Tukey boxplots in Figure 3. In order to remove the
influence of redundant probe sets, the geometric mean REP was
conservatively represented for each species using only the
lowest Anr MLE (i.e., highest REP estimate) for each distinct
gene expression measurement. The resulting geometric mean
REPs were 0.0022 (95% CI = 0.001, 0.005) and 0.057 (95%
CI = 0.03, 0.1) for human and rat genes, respectively. Wilcoxon-
Mann-Whitney tests on the An parameters found that the median
human REP was significantly different from the median rat REP

p=16X 107'% and the median REP estimates from either
species were significantly (p < 0.05) less than 0.1.

Figure 4 depicts the relationship between the estimated EC50s
for TCDD and PCB 126 of all successfully modeled probe sets
within each species. Redundant probe sets representing the same
gene were included in Figure 4 in order to more accurately
portray the full range of estimates obtained. The PCB 126 EC50
values were calculated by adding MLEs of model parameters
Trepp and Am for each probe set. Clearly, the majority of
EC50pcR12¢ estimates for human probe sets are found at
concentrations greater than —8 log;oM, while most of rat probe
sets had EC50pcg o6 estimates at concentrations less than —8
log,oM. This aspect of the species differences in sensitivity to
PCB 126 is not fully appreciated when just examining REPs
since, as a ratio, it disguises the underlying EC50s.

Cross-Species Comparison of Modeled Genes

Successfully modeled genes were screened to identify rat/
human orthologs using the getHOMOLOG function of the R
package annotationTools version 1.8.0 as described in detail in
Supplementary File 1. Briefly, Entrez gene IDs prescribed to
each probe set of interest were used to query the Homologene
database for any associated orthologous genes for the opposing
species. Forty-five distinct rat genes were identified as potential
orthologs to the 47 modeled human genes. Human orthologs
were identified for 62 out of 79 rat genes modeled. In this specific
case, the failure to identify rat orthologs to two of the modeled
human genes was due to microarray annotation error and
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TABLE 4
Model Summaries for Top 10 Induced and Top 10 Repressed Rat Probe Sets®

TCDD EC50°

PCB 126 REP”

Direction Probe set Gene symbol

Induced EO00778cds_s_at Cyplal
E00717UTR#1_s_at Cyplal
E01184cds_s_at Cypla2
M33312cds_s_at Cyp2al
rc_AI176856_at Cyplbl
M26127_s_at Cypla2
X83867cds_s_at Cyplbl
KO00136mRNA_at LOC494499
J02669_s_at Cyp2al/Cyp2a2
U90448_at CxclS

Repressed J00692_at Actal
D89375_s_at Sultlbl
M33550cds_s_at Cyp2c40
S77900_g_at Myl9 predicted
Mg83107_at Tagln
M18335_f_at Cyp2c7
M14775_s_at Cyp2c7
MB83107_g_at Tagin
J03786_s_at Cyp2c40
M31031mRNA_f_at Cyp2c7

—10.9 (—11.3, —10.5)
—11.6 (-12.3, -10.9)
—-10.9 (-11.7, —10.0)
—10.4 (~11.2, =9.5)
—10.1 (—10.6, —9.6)
-112 (~11.6, —10.7)
—10.0 (—10.6, —-9.3)
-110 (~11.7, -10.2)
~10.8 (-11.8, —9.8)
-9.9 (-10.8, =9.0)
—11.8 (=123, —-11.3)
—10.8 (—11.6, —9.9)
—10.3 (—11.3, -9.4)
—12.4 (—134, —11.5)
-11.9 (=125, -11.3)
—10.7 (-11.5, -9.9)
—11.3 (-12.0, —10.5)
—11.8 (—123, -11.3)
—10.3 (-11.0, —9.6)
-10.9 (—11.5, ~10.2)

0.068 (0.02, 0.24)
0.027 (0.0049, 0.15)
0.047 (0.0039, 0.56)
0.035 (0.0038, 0.33)
0.038 (0.0068, 0.22)
0.010 (0.0025, 0.042)
0.050 (1.2E-05, 258)
0.016 (0.0019, 0.14)
0.014 (0.00089, 0.23)
0.140 (0.013, 1.5)
0.010 (0.0022, 0.044)
0.680 (0.074, 6.3)
0.390 (0.025, 6.2)
0.006 (0.00047, 0.08)
0.010 (0.0048, 0.025)
0.370 (0.041, 3.2)
0.049 (0.0048, 0.5)
0.010 (0.0024, 0.042)
0.210 (0.023, 1.9)
0.140 (0.024, 0.79)

“Probe sets with the 10 highest and 10 lowest MLEs for the o model parameter (fold change).
PEC50 log1oM (95% confidence bounds) derived from the MLE for the mrcpp model parameter (EC50).
‘REP with 95% confidence bounds derived from the MLE An parameter (REP) using Equation 3 of the Materials and Methods section.

incomplete rat genome annotation. Although similar annotation
problems resulted in a failure to identify human orthologs for
some_rat genes (e.g., UDP-glucuronosyltransferase isoforms),
a number of modeled rat genes lack clear human orthologs (e.g.,
rat Mugl/2 and some cytochrome P450 isoforms).

Only 24 of 45 identified human/rat orthologs modeled for
human REP (i.e., ~53%) were represented by probe sets on the

Rat

Human
<
o
o
Q
o

T T Y ¥ T ! Y Y Y
te-06 1e-05 te-04 0.001 0.01 0.1 1 10 100

REPpcBi2s

FIG. 3. Standard Tukey boxplots summarizing the geometric mean PCB
126 REP (REPpcg 26) MLEs predicted for 47 human and 75 rat genes. Only
“‘distinct’’ genes were used in the summarization by conservatively represent-
ing each gene with the redundant probe set possessing the highest REPpcg126
estimate. Note that the x-axis is in log;o scale. Center black line of each box
represents the median value, open diamonds are the geometric means, and
hinges are the first and third quartiles. Whiskers extend to the most exireme
data point no more than 1.5 times the interquartile range away from the box.
Open circles represent statistically determined outliers.

rat RG-U34A array. Yet, 57 of the 62 human/rat orthologs
modeled for rat REP (i.e., ~92%) were represented by probe
sets on the human HG-U133A array. Thus, orthologous probe
sets for the vast majority of rat genes demonstrating dose-
response to TCDD and PCB 126 were also present on the
human HG-U133A array yet failed to yield dose-response
models. Conversely, many human modeled genes did not have
a rat ortholog on the RG-U34A array. Wilcoxon-Mann-
Whitney tests were performed, within each species, to detect
significant differences between median REP estimates for
orthologs shared across arrays versus those responsive genes
that were not shared between the arrays. Differences (i.e., p <
0.05) were not detected for either species using these tests,
indicating that the clear species difference in REP estimates
seen in Figure 3 is consistent regardless of whether the
responsive orthologs were present on both species-specific
arrays or not.

Only five orthologous genes (represented by 16 probe sets)
were commonly modeled in both rat and human: rat Cyplal
(i.e., EOO717UTR#1_s_at and E00778cds_s_at) and human
CYPIAI (i.e., 205749_at), rat Cyplbl (i.e., rc_AlI176856_at
and X83867cds_s_at) and human CYPIBI (i.e., 202435_s_at,
202436_s_at, and 202437_s_at), rat Cypla2 (e,
E01184cds_s_at and M26127_s_at) and human CYPIA2 (i.e.,
207608_x_at and 207609_s_at), rat Ngo! (i.e., J02679_s_at)
and human NQOI! (i.e., 201468_s_at), and rat Hal (i.e.,
M58308_at) and human HAL (i.e., 206643_at). Interestingly,
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FIG. 4. Relationship between the estimated EC50s for TCDD and PCB
126 for all successfully modeled probe sets. Note that more than one probe set
in this figure may represent the same species-specific gene since redundant
probe sets were included. The units for both axes are log;o Molar. Symbols
differentiate data for induced (triangles) and repressed (circles) human (solid
symbols) and rat (open symbols) probe sets. The EC50s for PCB 126 were
derived by adding the MLEs for the Trepp and An model parameters. Diagonal
dashed lines represent locations of REPpcgia6 values of interest (identified at
the upper right on outside of plot).

the HAL ortholog was induced in rat cells and repressed in
human cells by both TCDD and PCB 126,

The TCDD and PCB 126 dose-responses of each of the four
orthologous genes induced in both species were modeled
simultaneously to generate cross-species REP estimates (com-
pared to rat TCDD) for human TCDD (i.e., rat TCDD EC50
divided by human TCDD EC50) and human PCB 126 (i.e., rat
TCDD EC50 divided by human PCB 126 ECS50). This cross-
species model also generated a rat TCDD ECS50 and an
“intraspecies” REP estimate for rat PCB 126 (i.e., rat TCDD
EC50 divided by rat PCB 126 EC50). Complete methodology
for cross-species REP modeling is given in the Cross-Species
Dose-Response Modeling subsection of Supplementary File 1.
Probe sets representing the HAL/Hal orthologs were not
modeled for cross-species REP since the divergent direction of
gene expression change between species would require
a significantly more complex model. Table 5 displays the
cross-species REP model parameter estimates for each of the
modeled orthologous genes identified as induced in both species.

Gene Ontology and Kyoto Encyclopedia of Genes and
Genomes Enrichment

Since few orthologs were found in common between species
among the modeled genes, all modeled probe sets were
screened for any enriched process or functional associations
(i.e., gene ontology [GO] categories or Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways) that may be shared

between the two species. This could provide insight into the
common genetic pathways of toxicity. The full methodology
for GO and KEGG enrichment analysis is given in Gene
Ontology and Pathway Analysis subsection of Supplementary
File 1. Both induced and repressed probe set lists were
analyzed together within each species, and either the RG-U34A
or HG-U133A array served as the background for rat or human
probe sets, respectively. Tables 6 and 7 summarize the terms
significantly (p < 0.05) enriched in human and rat probe set
lists, respectively. Only three enriched terms were shared by
both species: the GO molecular function term “unspecified
monooxygenase activity” (G0O:0050381) and KEGG pathways
“tryptophan metabolism™ (00380) and “metabolism of xeno-
biotics by cytochrome P450” (00980).

Figure 4 demonstrates that in vitro—derived potencies and
PCB 126 REPs vary somewhat across individual genes both
within and between species. Variation in the mean TCDD
ECS50s among enriched categories was also seen for both
species (Tables 6 and 7). The difference in the mean TCDD
EC50 of the most and least sensitive category in either species
was slightly greater than 10-fold. There was also variation in
mean rat REP estimates across significantly enriched functional
categories (Table 7). For instance, the difference between mean
REPs for the KEGG pathways “arachidonic acid metabolism™
and “caffeine metabolism” is approximately 10-fold; yet, these
two categories possess approximately the same TCDD EC50
(i.e., —10.9 log;oM). Conversely, little variation was observed
in mean PCB 126 REP estimates for enriched human pathways
(Table 6), with the possible exception of the slightly higher
mean REP for the KEGG pathway “bile acid biosynthesis”
which also possessed a comparatively higher mean TCDD
EC50 (i.e., —8.9 log,oM). Overall, data from the current
in virro study demonstrated that human REP estimates did
not vary widely across significantly enriched gene functional
categories. However, considerably more variation in REP for
enriched categories was observed for rat data.

Incorporation of Chemical-Specific Dose-Response Models

In order to elucidate genes that were potentially responsive
to either TCDD or PCB 126 in a chemical-specific manner and
to capture important genes potentially missed when both
chemicals were modeled simultaneously, models representing
a single dose-response curve were attempted separately for
each chemical (i.e., chemical-specific dose-responses).
A similar model selection scheme to that depicted in Figure
1 was employed except that the initial fold change filter
required a twofold change in at least two human subjects/rat
pools for only the chemical of interest (i.e., the PCB 126 fold
changed filtered probe set list differed from that used for REP
modeling). Application of this modeling procedure using
human probe sets generated additional models, not previously
modeled for REP, for seven TCDD (i.e., one induced and six
repressed) and 12 PCB 126 (i.e., 11 induced and 1 repressed)
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TABLE 5
Cross-Species REP Models for Responsive Rat-Human Orthologs

Model REP estimates”

Rat TCDD EC50/human

Rat TCDD ECS50/rat Rat TCDD EC50/human

Ortholog Rat TCDD EC50¢ TCDD EC50 PCB126 ECS0 PCB126 ECS0
CYPIAI —11.1 (=11.6, —10.5) 0.27 (0.066, 1.1) 0.057 (0.011, 0.29) 0.00021 (0.000047, 0.0009)
CYPIBI —10.0 (-10.5, —9.6) 0.28 (0.089, 0.87) 0.055 (0.009, 0.33) 0.00046 (0.000089, 0.0023)
CYPIA2 —109 (~11.1, -10.6) 0.11 (0.050, 0.26) 0.020 (0.0085, 0.046) 0.00004 (0.000011, 0.00014)
NQOI —114 (-11.8, —10.9) 0.02 (0.00044, 0.88) 0.018 (0.0055, 0.061) 0.00007 (7.5E-10, 6.8)

“EC50 log oM (95% confidence bounds) derived from the MLE for the nycpp model parameter (ECS0).
PREP with 95% confidence bounds derived from the MLE An parameters (REP) as indicated using Equation 3 of the Materials and Methods section.

dose-response genes. Four TCDD-only (i.e., one induced and
three repressed) and 17 PCB 126-only (i.e., 4 induced and
13 repressed) models were also obtained for rat genes.
Supplementary File 9 contains all output data for both human
and rat probe sets successfully modeled for chemical-specific
dose-responses.

Figure 5 depicts the distribution of EC50s for TCDD and
PCB 126 for all modeled rat and human genes including genes
that responded in a chemical-specific manner. The probe set
with the lowest EC50 was used to conservatively represent any
redundant probe sets. Figure 5 clearly demonstrates that most
human genes do not reach the EC50 level until the PCB 126
concentration exceeds —8 log;oM, whereas the majority of rat
genes reach their EC50 levels at TCDD and PCB 126 concen-
trations well below —8 log,oM. Perhaps coincidently, the
human TCDD response range appears to resemble the rat PCB

126 response range rather than that of rat TCDD. Except for the
five orthologous genes, each treatment group represents
different genes. Nevertheless, it is informative to note that,
for those genes that did respond in a dose-dependent fashion,
the treatments could be differentiated. The nonparametric
Kruskal-Wallis rank sum test indicated significant differences
(p = 2.2 X 107'%) among median ECS50s of the experimental
groups, and post hoc multiple comparison testing determined
that the median rat EC50 for PCB 126 and human EC50s for
TCDD and PCB 126 were significantly different (p < 0.05)
from the median rat EC50 for TCDD. Furthermore, the median
EC50pcr126 for human and rat were significantly different (p <
0.05). Thus, this single chemical modeling procedure provided
little additional evidence of divergent, chemical-specific
genomic responses, in either species, as would be expected
for these two full agonists of the AHR.

TABLE 6
Functional Class Enrichment for REP Modeled Human Genes

Category Term ID Term # Genes p Value® TCDD EC50” REPpcsi26”
Biological process GO:0032787 Monocarboxylic acid metabolic process 5 9.0E-03 -9.5 0.0034
GO:0048729 Tissue morphogenesis 3 1.7E-02 —8.8 0.0072
Molecular function GO0:0050381 Unspecific monooxygenase activity 3 4.5E-03 -10.2 0.0020
G0:0004030 Aldehyde dehydrogenase [NAD(P)+] 2 2.8E-02 -9.7 0.0036
activity
GO:0004029 Aldehyde dehydrogenase (NAD) activity 2 3.7E-02 -9.7 0.0036
KEGG pathway hsa00380 Tryptophan metabolism 5 7.3E-05 —10.0 0.0025
hsa00980 Metabolism of xenobiotics by cytochrome 4 2.0E-03 -10.0 0.0024
P450
hsa00120 Bile acid biosynthesis 3 8.0E-03 -89 0.0138
hsa00340 Histidine metabolism 3 1.1E-02 -9.6 0.0023
hsa00071 Fatty acid metabolism 3 1.5E-02 -9.6 0.0049
hsa00280 Valine, leucine, and isoleucine degradation 3 1.6E-02 —104 0.0011
hsa00053 Ascorbate and aldarate metabolism 2 3.6E-02 —9.7 0.0036
hsa00641 3-Chloroacrylic acid degradation 2 5.0E-02 -9.7 0.0036

Note. Categories in bold font were enriched in both human and rat gene lists.

“Modified Fisher exact p value (EASE score). Significance cutoff was set at p < 0.05 and a minimum of two genes/category.
®Geometric mean TCDD ECS0 estimate (log,oM) for each gene in that category.
‘Geometric mean PCB 126 REP estimate (REPpcp126) for each gene in that category. Redundant probe sets represented by highest REPpcg 26 €stimate.
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TABLE 7
Functional Class Enrichment for REP Modeled Rat Genes

Category Term ID Term # Genes p Value® TCDD EC50° REPpcii26”
Biological process GO:0006953 Acute-phase response 5 5.4E-04 -10.7 0.053
G0:0001936 Regulation of endothelial cell proliferation 3 6.5E-03 -11.3 0.020
GO:0002526 Acute inflammatory response b) 1.3E-02 -10.7 0.053
GO:0031960 Response to corticosteroid stimulus 4 1.4E-02 ~11.0 0.047
GO:0007517 Muscle development 6 1.9E-02 -11.8 0.037
GO:0009310 Amine catabolic process 4 2.4E-02 -11.2 0.019
GO:0042537 Benzene and derivative metabolic process 2 2.5E-02 -11.1 0.105
Molecular function G0O:0050381 Unspecific monooxygenase activity 10 4.6E-09 -10.8 0.101
GO0:0005506 Iron ion binding 13 2.0E-05 -10.8 0.084
GO:0004867 Serine-type endopeptidase inhibitor activity 7 4.9E-05 —1L1 0.030
G0:0015020 Glucuronosyltransferase activity 3 2.0E-02 -10.7 0.129
GO:0042379 Chemokine receptor binding 3 4.1E-02 -10.2 0.194
GO:0008009 Chemokine activity 3 4.1E-02 -10.2 0.194
KEGG pathway rno00980 Metabolism of xenobiotics by cytochrome 11 5.6E-09 —10.8 0.142
P450
mo00591 Linoleic acid metabolism 5 5.8E-04 -10.9 0.200
mo00232 Caffeine metabolism 4 6.4E-04 -10.9 0.022
rno00380 Tryptophan metabolism 5 2.5E-03 -11.1 0.036
mo00590 Arachidonic acid metabolism 5 8.7E-03 -109 0.264
mo00150 Androgen and estrogen metabolism 4 3.4E-02 —-10.6 0.110
mo00040 Pentose and glucuronate interconversions 3 34E-02 —-10.7 0.129

Note. Categories in bold font were enriched in both human and rat gene lists.

“Modified Fisher exact p value (EASE score). Significance cutoff was set at p < 0.05 and a minimum of two genes/category.
bGeometric mean TCDD EC50 estimate (log,oM) for each gene in that category.
‘Geometric mean PCB 126 REP estimate (REPpcp)26) for each gene in that category. Redundant probe sets represented by highest REPpcg 126 estimate.

DISCUSSION

Previous investigations using in vitro systems have clearly
demonstrated that human cells are less sensitive than rodent
cells to PCB 126-induced CYP1A1 activity (Drenth et al.,

2 TCOD
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FIG. 5. Standard Tukey boxplots summarizing the geometric mean
species-specific ECS0 MLEs for TCDD and PCB 126. Redundant probe sets
of the same gene were conservatively represented by the probe set with the
lowest EC50 estimate. Note that the x-axis is in log,o Molar scale. Center black
line of each box represents the median value, open diamonds are the geometric
means, and hinges are the first and third quartiles. Whiskers extend to the most
extreme data point no more than 1.5 times the interquartile range away from the
box. Open circles represent outliers. Asterisks and pound (#) indicate statistical
differences (p < 0.05) from unmarked EC50 estimates.

1998; Silkworth et al., 2005; Vamvakas et al., 1996; van
Duursen et al., 2003; van Duursen et al., 2005; Westerink
et al., 2008; Zeiger et al., 2001). This species difference in
sensitivity is beyond the well-described approximately 10-fold
species difference in AHR affinity for TCDD (Ema et al., 1994;
Harper et al., 1988; Ramadoss and Perdew, 2004). Competitive
AHR-binding assays have indicated that the species difference
in PCB 126 REP cannot be explained by species vartation in
PCB 126 relative affinity (i.e., compared to TCDD) for the
AHR (Fan et al., 2009; Flaveny et al., 2009) and points toward
a species discrepancy in PCB 126 relative intrinsic efficacy to
activate the AHR. Since some toxicities attributed to TCDD
and DLCs may be independent of the CYPIAl enzyme
(Nukaya et al., 2009; Pohjanvirta, 2009; Uno et al., 2004), the
present investigation utilized two species-specific microarrays,
sharing over 4000 rat/human orthologs, to generate dose-
response models for genes responding to both TCDD and PCB
126. Thus, the goal of this study was to determine if the relative
insensitivity of primary human hepatocyte cultures to PCB
126—induced CYPIAI gene expression could be extended to
other responsive genes.

The relatively large variation in the maximal agonist effect
(i.e., o parameter) among human donors and even between rat
pools for some, but not all, probe sets made modeling dose-
response quite challenging. However, the use of within-donor/
pool fold change values and the implementation of mixed-effects
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models allowed for the generation of numerous dose-response
models in either species. Despite this accomplishment, for many
human probe sets, only two out of three donors displayed
a robust dose-response while the third donor failed to respond
>1.5-fold at any dose measured. This resulted in either a lack of
model convergence or, if a model was generated, an extremely
poor fit. Thus, implementation of the nonresponsive human
donor removal procedure (step 2, Fig. 1) not only addressed the
poorly fit models in an entirely automatic manner (i.e., not
requiring additional visual inspection) but also allowed for the
generation of 20 additional dose-response models. This
additional procedure did add potential bias to this analysis
toward finding more human dose-response genes; a bias not
inconsistent with the major goal of this study.

It is tempting to speculate that the large variation in maximal
agonist effect observed among the human donors/rat pools was
due entirely to interindividual differences in susceptibility to
TCDD and PCB 126 (i.e., biological variation). Indeed,
previous microarray investigations using primary human
hepatocytes have observed large interindividual variations in
both the basal expression hepatic enzymes (Slatter er al., 2006)
and xenobiotic-induced gene expression (Goyak et al., 2008).
In addition, since the rat pools were made from tissue of
entirely different outbred animals, there is no reason to believe
that these cultures would result in identical maximal responses.
However, due to several aspects of the experimental design
used in the current study, owing primarily to the utilization of
fresh human hepatocytes, such conclusions regarding maximal
response cannot be definitively made. Although a single
technical replicate did suggest that technical aspects. following
RNA isolation may not have greatly influenced the data, this
did not rule out technical differences due to date of RNA
isolation and cell culture among donors and between rat pools.
However, incorporation of within-donor/pool fold change
estimates and mixed-modeling procedures to account for
individual-level variation did allow us to successfully model
many genes displaying dose-response in this study. Because
the goal of our study was to estimate PCB 126 REPs, the real
source of maximal agonist effect variation was not of primary
interest as long as it could be accurately modeled. Particularly,
since the height of the right asymptote of any one dose-
response curve is not generally transferable across studies or
end points, let alone species, making it more or less
pharmacologically irrelevant in comparative studies.

The major goal of this study was to estimate species-specific
PCB 126 REPs for all genes responding in a dose-response
manner to both TCDD and PCB 126. The median PCB 126
REP estimate for 47 modeled human genes was significantly
(p < 0.05) lower than both the median REP estimate of 0.1
found in the Haws er al. (2006) database (derived mainly from
rodent studies) and the median REP for the 79 rat genes
modeled in the current study. This lower median human REP is
in line with a previous human primary hepatocyte—derived REP
estimate of 0.003 for ethoxyresorufin-O-deethylase (EROD)

269

activity (Silkworth et al., 2005). Importantly, Silkworth et al.
(2005) utilized primary hepatocytes derived from five human
donors, including all three human donors used in the present
study. Several other investigations using human cells/cell lines
have also demonstrated PCB 126 REP estimates well below 0.1
(Drenth et al., 1998; Pang et al., 1999; Vamvakas et al., 1996;
van Duursen et al., 2003; Westerink et al., 2008; Zeiger et al.,
2001). The current genomic rat REP estimate was within an order
of magnitude uncertainty of the Haws et al. (2006) median PCB
126 REP estimate of 0.1 and similar to previous REP estimates
using rat primary hepatocyte EROD activity (Chen and Bunce,
2004; Silkworth ef al., 2005; Zeiger et al., 2001). Therefore, the
relative insensitivity of primary human hepatocytes to PCB 126
could be extended to genes other than CYPIAI. Conversely,
the relative “sensitivity” of primary rat hepatocyte cultures to
PCB 126 also extends to genes other than Cyplal.

So, why do in vitro PCB 126 REP estimates vary between
rat and human? Although recent studies have suggested that
human and responsive rodent AHRs share approximately the
same relative affinity (compared to TCDD) for PCB 126 (Fan
et al., 2009; Flaveny et al., 2009), there could conceivably be
some aspect of initial receptor binding and occupancy related
to species differences in PCB 126 REP that these studies have
failed to quantitate. Perhaps, species differences in AHR
structure affect some other aspect of receptor function
downstream of initial ligand binding such as transactivation
(e.g., Ramadoss and Perdew, 2005) or interaction with other
signal transduction pathways. Finally, recent evidence of
species differences in ligand-specific =~ AHR-coactivator
interactions (Zhang et al., 2008) might explain the relatively
weaker PCB 126 REP in human cells.

Conceivably, the more relevant question to address is why
PCB 126 is so potent in the rat. The median rodent-derived
PCB 126 REP given in the Haws et al. (2006) database is
within a half order of magnitude of median REPs for several
polychlorinated dibenzodioxins (PCDDs) and polychlorinated
dibenzofurans (PCDFs) (Haws et al., 2006); yet, PCB 126 has
a much weaker affinity for the rat AHR than 2,3,7,8-tetrachloro
dibenzofuran (TCDF) (~68-fold difference), 1,2,3,7,8-penta-
chloro dibenzodioxin (PeCDD) (~53-fold difference), and
2,3,4,7,8-pentachloro dibenzofuran (PeCDF) (~16-fold differ-
ence) (Fan et al., 2009). Furthermore, the affinity of the human
AHR for PCB 126 is at least 50-fold weaker than these same
DLCs measured by Fan et al. (2009), but in contrast to the rat,
previous studies using human HepG2 cells expectedly estimate
relatively higher REPs for 1,2,3,7,8-PeCDD (i.e., ~0.75; Lipp
et al.,, 1992) and 2,3,7,8-TCDF (i.e., ~0.09; Wiebel et al.,
1996) compared to PCB 126 (i.e., ~0.002; Silkworth et al.,
2005). All such data clearly demonstrate a peculiarly high
intrinsic efficacy for PCB 126 to activate the rat AHR
compared to human, over and above that expected for this
class of ligand based solely upon receptor affinity.

A major finding of the current investigation was that the
species-specific REP estimates generated for human and rat cell
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cultures were derived from relatively nonoverlapping sets of
genes (i.e., only five orthologs were modeled in both species).
Furthermore, only one GO category and two KEGG pathways
were similarly enriched between species for TCDD/PCB 126
dose-response, complicating any attempt to translate REP
estimates for most functional categories across species.
Interestingly, Rowlands et al. (2007) found extremely limited
gene overlap between rat and human primary hepatocytes (i.e.,
CYPIAL, CYPIA2, CYPIBI, TIPARP, and ILI7RB) using
microarrays following exposure to TCDD, TCDF, or 4-PeCDF.
Common TCDD-responsive gene sets were also quite limited
(<40 genes) in two in vivo comparative studies using more
closely related rat and mouse strains (Boutros et al., 2008;
Boverhof et al., 2006). Since many of the toxic responses
attributed to TCDD and DLCs appear to be shared between rat
and mouse, these aforementioned in vivo rodent studies suggest
a very limited repertoire of genes are directly involved in
eliciting AHR agonist toxicity.

It is important to address the fact that most of the genes
demonstrating dose-responses to both TCDD and PCB 126 in
the present study were not shared between species. Failure to
identify more commonly responsive human-rat orthologs may
partly be technical in nature due to the incomplete overlap of
genes represented on the two different microarrays, where only
about half of the human genes modeled for REP had orthologs
on the rat RG-U34A array. For instance, the well-described
TCDD-responsive gene TIPARP (Ma et al, 2001) was
modeled for human PCB 126 REP in the current study, but
the rat Tiparp ortholog is not represented by the RG-U34A
array. However, this technical issue does not address why
human-derived dose-response models were not generated for
52 of the 57 orthologs modeled for rat REP that were also
present on the human HG-U133A array. Furthermore, the two
species-specific microarrays employed in the current study
shared over 4000 rat/human orthologs; yet, only five orthologs
were modeled for dose-response in both species. Previous
cross-species genome-wide screens for phylogenetically and
positionally conserved dioxin response elements (DREs) (Sun
et al., 2004) and a preliminary gene promoter analysis of
TCDD/PCB 126-responsive orthologs in the current study
(data not shown) have clearly indicated that most core DRE
sequences may not be well conserved between rat and human
orthologs or even between rat and mouse orthologs. Further-
more, it appears that the human and rodent AHRs may differ
greatly in their ability to recruit certain coactivator proteins
(Flaveny et al., 2008; Zhang et al., 2008). Species differences
in coactivator recruitment are likely related to divergent AHR
structure and might explain the discrepancy in genes respond-
ing in the present investigation. In addition, divergent AHR
functioning may explain why approximately four times more
induced genes than repressed genes were seen for human cells
compared to a relatively even ratio of induced/repressed genes
seen for the rat cultures of the present study and in previous in
vivo rat studies (Boutros et al., 2008; Boverhof et al., 2006).

Although the exact mechanism for repression genes by TCDD
is unknown, it appears that the AHR is required for the
downregulation of at least some genes (Ovando et al., 2006),
and repression may involve AHR cross talk with other signal
transduction pathways (Patel er al., 2009).

One expectation of the current investigation, and of modern
genomics in general, was that genes displaying clear dose-
responses might be relatable to in vivo toxicities. Comparison
of rat in vitro gene expression changes modeled in the current
study with hepatic gene expression following acute exposure of
rats to TCDD and Aroclor 1254 (Silkworth ef al., 2008) has
defined a set of in vivo-in vitro transferable rat genes including
Cyplal, Cypla2, Cyp2al/2, Cyplbl, Cyp2b3, Ngol, Ugtlab,
Ugtla7, Igfbpl, Igfl, Metti7b, and Tgfbli4. Many of the same
responsive rat genes identified in both the study of Silkworth
et al. (2008) and the present study were also differentially
expressed at 13 weeks of exposure of female SD rats to TCDD
or PCB 126 (Vezina er al., 2004) and at 6-168 h following
single oral gavage of male SD rats with TCDD (Fletcher et al.,
2005). Despite these aforementioned in vitro-in vivo similar-
ities, a gene-by-gene comparison of the in vitro rat gene list
obtained in the current study with the previously mentioned rat
in vivo studies along with in vivo rat-mouse comparative
studies by Boutros et al. (2008) and Boverhof et al. (2006)
does reveal that many responses observed in the rat liver in vivo
may not be predicted by in vitro responses. Differences in gene
lists between in vivo-in vitro studies most likely involve
a multitude of factors. For instance, Dere et al. (2006)
compared in vivo-in vitro genomic responses to TCDD in
mouse liver/mouse hepatoma cells and found exposure system
differences that may have been either artifacts of cell culture
(i.e., cell cycle genes) or secondary in vivo responses
previously found to be well downstream of primary AHR
signaling (Hayes et al., 2007). Also, in some cases, the
comparability of the present in vitro study with these in vivo
investigations is limited due to the use of different animal
strains, genders, and array platforms. Overall, one cannot
expect primary cultures of a single cell type (e.g., hepatocytes)
to entirely mimic the in vivo response of a complex organ such
as the liver. Clearly, more information is needed to determine
which gene expression changes observed in these previous
in vivo studies demonstrate robust dose-responses and are related
to actual toxic events. Nonetheless, the initial events eliciting
in vivo toxicity of TCDD and DLCs most likely involves AHR
activation of gene expression. Therefore, at least some of the
potency and REP estimates made in the current in vitro study,
which were entirely consistent with AHR regulation, will likely
be relevant to AHR-mediated toxicity in vivo.

Mechanistic studies in various animal models, ranging from
fish to birds and rodents, have determined that TCDD toxicity
is mediated by the AHR. Although the genes modeled for rats
and humans in this study were generally not the same, both sets
were consistent with AHR regulation, that is, they responded in
a dose-response manner to both TCDD and PCB 126.
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Therefore, the REP estimates for these genes may be relevant
to potential TCDD and PCB 126 hepatotoxicity in humans.
Although the liver is perhaps the most sensitive target organ in
the rat to TCDD and DLC toxicity, evidence in highly exposed
humans suggests that human liver might not be a sensitive
target organ for AHR-mediated toxicity. Since the skin is
clearly the most overtly responsive human target organ to
TCDD and DLC toxicity, future studies in our laboratory will
focus on determining in vitro REPs for the most toxic DLCs in
rodents (i.e., PCB 126, PCDDs, and PCDFs) using normal
human epidermal keratinocytes.
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Supplementary data are available online at http://toxsci.
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Introduction

Chemical-Specific Adjustment Factors (CSAFs) ' and Data-Derived Extrapolation Factors (DDEFs) * can replace
default uncertainty factors (UFs) for interspecies extrapolation (UF,) and intraspecies variability (UFy)
commonly employed in the derivation of reference dose (RfD) human health risk values. For development of
DDEFs, the default UFs are sub-divided into toxicokinetic (TK) and toxicodynamic (TD) components,
representing 3-fold each (i.e., ~10'%). DDEFs for TK and TD are estimated using a variety of techniques from
pharmacokinetic or biologically-based dose response models to relatively simple ratios quantitating animal-to-
human sensitivity or human-to-human variability. Here, we generate potential DDEFs to replace the UF 5
currently employed in the chronic oral RfD for the polychlorinated biphenyl (PCB) mixture, Aroclor 1254 ° . The
current Aroclor 1254 RfD is set by the US EPA at 2 x 10™° mg/kg-d, based upon an oral-dosing study of rhesus
monkeys (Macaca mulatta)®-> . The critical effects include various dermal lesions and decreased antibody
response. The lowest dose employed (i.e., 0.005 mg/k-d) served as the LOAEL and this dose was divided by a
composite UF of 300 to achieve the RfD. Of particular interest, the UF, was reduced to 3 from the default of 10
due to, “... similarities in toxic responses and metabolism of PCBs between monkeys and humans and the
general physiologic similarity between these species.”* In this study, we analyze the necessity for a 3-fold UF,
in extrapolation to a human safe dose level. We also present new in vitro data which directly compares
sensitivity of human and rhesus keratinocytes to induction of a biomarker for an early key event in the presumed
mode of action (MOA). Following the DDEF guidelines, a quantitative extrapolation factor (EF) to replace the
UF, is derived.

Methods

Aroclor 1254, lot no. 122-078, was the same material used in several published studies 7. The calculated dioxin
toxic equivalency (TEQ) for the Aroclor lot used was ~21ppm (~70% due to PCB 126). Sources and purity
analyses for the other chemicals have been described previously *. Neonatal foreskin normal human epidermal
keratinocytes (NHEKS), purchased from Lonza (Walkersviile, MD), were grown in keratinocyte-SFM
(Invitrogen, Carlsbad, CA). Confluent fifth passage NHEKs were incubated in complete media (50 pg/ml
bovine pituitary extract; 5 ng/ml EGF) for 48 h, changed to basal media (no supplements) for 24 h and then
treated with chemicals in basal media for the time indicated or for 48 h in the dose-response studies ® . Rhesus
eyelid keratinocytes were purchased from Lonza. Confluent second passage rhesus keratinocytes were incubated
in KBM Gold (Lonza) with the provided supplements, consisting of BPE, EGF, insulin hydrocortisone and
epinephrine for 48 h, changed to basal keratinocyte —~SFM for 24 h and then treated with vehicle (0.7% DMSO)
or chemicals in keratinocyte-SFM for 48 h. Total mRNA was isolated using RNA Stat-60 (Tel-Test). Real-time
PCR was carried out using the Roche LightCycler 480 and the LC480 SYBR Green I Master kit. Actin was used
as the reference for sample normalization. Human primers for CYP /A1 and ACTIN have been described
previously ®. The following primers (5°-3") were used for rhesus mRNAs: CYPIA4],
ATCCCCCACAGCACCACAAGAGAC and TGCCCAAGCCAAAGAGAATCACCT; ACTIN,
GCTGGCCGGGACCTGACTGACTA and CCGCCGTGGCCATCTCCTG. Relative quantification of the
mRNA was determined using the calculated efficiencies and the previously described method °. Threshold
modeling procedures are described in detail previously ®, except the new interspecies threshold model used here
contrasts dose response data between human and rhesus for TCDD, PCB 126, and Aroclor 1254. Guidelines
outlined in the EPA external review DDEF draft were followed to assess interspecies differences in TK and TD
and to estimate interspecies TD EFs (i.e., EFap) 2. Briefly, critical effects were identified and information
regarding the MOA was assembled. Dose response models were constructed for the initial key event in the
hypothesized MOA using in vitro cell cultures derived from the relevant target tissue. Species differences in TD
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components were then calculated from ratios of ECS50s or thresholds. These ratios served as candidates for an
EF4p to replace the TD portion of the UF 5, and adjusted RfDs were generated.

Results and Discussion

Mode of Action. Dermal lesions seen in rhesus orally-dosed with Aroclor 1254 grossly resemble signs of
polychlorinated dibenzofuran (PCDF) poisoning observed during the Yusho and Yu-Cheng events '°. These
same lesions have been induced in rhesus with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) !, PCDFs ‘2, other
Aroclors ', and single co-planar PCB congeners ™. Histologically, the rhesus dermal lesions exhibit pathologies
highly similar to those of human chloracne induced by dioxins and PCDFs. Conserved histopathology includes:
involution and/or disappearance of sebaceous glands; keratinization of the epidermal layer; and, sebaceous gland
metaplasia '®. It is widely-accepted that chloracne is specifically the consequence of sufficient exposure to potent
and efficacious “dioxin-like” aryl hydrocarbon receptor (AHR) agonists '°. AHR activation has been verified in
human chloracne by demonstration of strong expression of the sensitive biomarker CYPIA41 in lesions . Due to
the specificity of this response, a single MOA /mechanism is highly probable. Since both the CSAF and DDEF
guidelines explicitly state that information regarding the entire MOA is not necessary to develop alternatives to
default UFs'"2, we focused on the initial key event in the MOA for this critical effect, i.e., activation of the AHR
pathway. Furthermore, there is a general scientific consensus implicating AHR activation as the initial key event
for all “dioxin-like” toxicities '®. This includes the “dioxin-like” immune suppression observed in the critical
study for the Aroclor 1254 RfD. The key events downstream of AHR activation in the chloracne MOA have yet
to be fully elucidated, but likely include: induction/repression of AHR-regulated genes in the target tissue;
altered cellular differentiation; and, aberrant proliferation of keratinocytes '°.

Toxicokinetics. As defined by the US EPA, “[tJoxicokinetics is concerned with delivery of the biologically
active chemical to the target tissue of interest.” > The UF, used for the Aroclor 1254 RfD was 3, reduced from
the default of 10 partially based upon the assumption that rhesus and humans metabolize PCBs in a similar
manner® , However, unique PCB congener profiles were apparent in rhesus tissues obtained from the critical
study ', suggesting considerable TK differences may exist between rhesus and other species. Based upon the
fact that the MOA for the critical effect specifically involves “dioxin-like” toxicity, we will focus on potential
TK differences for the most potent “dioxin-like” PCB congeners. Although the exact congener make-up of the
Aroclor employed in the critical study is not known, analyses of the dioxin toxic equivalency (TEQ) of various
Aroclor 1254 lots have determined that the co-planar congener PCB 126 makes up the majority of the TEQ ‘8.
Unfortunately, analytical methods were likely lacking at the time of the critical study to reliably detect this
congener in tissue samples from exposed animals. Similarly, since the use of Aroclor 1254 was greatly reduced
in the early 1970s, measurements of PCB 126 in workers at the time they were most highly exposed to Aroclor
1254 could not be made. However, some information may be gleaned from what is known about TCDD TK in
monkeys, rodents, and humans. In rodents, TCDD TK models predict that basal and AHR-induced levels of
hepatic Cypla2 are important for TCDD tissue distribution due to Cypla2-mediated hepatic sequestration of
TCDD ", A similar phenomenon has been observed in rodents exposed to PCBs 126 and 169 %°, In Cypla2
knockout mice, more TCDD is distributed to extra-hepatic tissues (e.g., skin) and knockouts exhibit increased
sensitivity to some toxic endpoints *' . Hepatic sequestration of TCDD appears to be lacking in Macaca spp. 22,
possibly explaining their increased sensitivity to some toxic endpoints (e.g., dermal /developmental /reproductive
effects), but not others (e.g., hepatotoxicity). Recent studies have revealed that macaque CYP/42 may be under
the process of becoming a pseudogene 2. Thus, macaques may lack a functional CYP1A2 protein entirely. This
is in stark contrast to humans where CYP1A2 is the third most abundant CYP in the liver and hepatic CYP1A2
induction has been observed in humans highly exposed to TCDD and PCDFs **. Various “dioxin-like”
compounds bind with comparable affinity to rat and human CYP1A2 including TCDD and PCB 126 %.
Furthermore, TCDD and PCB 126 are capable of inducing CYP /A2 expression to varying levels in human
hepatocytes, although higher concentrations were required to achieve induction levels comparable to rat cells 2°.

Toxicodynamics. As defined by the US EPA, “[tJoxicodynamics describes the critical interaction of the active
chemical moiety with the target site and the ensuing sequence of events leading to toxicity.”? The rhesus
monkey is highly sensitive to the toxic effects of dioxins and “dioxin-like” compounds. For example, ingestion
of PCB-containing caulk was the suspected culprit in inducing severe “dioxin-like” toxicity and high mortality in
rhesus monkeys housed in two separate facilities *”*%*, This ultra-sensitive phenotype can be at least partially
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explained by the occurrence of the same AHR ligand binding domain amino acid substitution in rhesus as in
ultra-sensitive mouse and rat strains. This AHR genotype results in increased AHR affinity and subsequent
toxicity for TCDD in rodents, and has not been identified in any human AHR sequence evaluated to date 2°+*°.
Activation of the AHR pathway is the initial key event for the critical effects behind the Aroclor 1254 RiD.
Previous investigations in our laboratory directly compared the in vitro response of human and rhesus
hepatocytes for induction of the AHR activation biomarker, CYP1A1, following incubation with TCDD, PCB
126, or Aroclor 1254 ¢. We found that human hepatocytes were at least 2 orders of magnitude less sensitive to
PCB 126- and Aroclor 1254-mediated CYP1A1 induction than rhesus cells. In this study, we expand upon
previous work in hepatocytes to look at interspecies responses of keratinocytes, a sensitive cell type for one of
the critical effects cited in the RfD. New dose response data for rhesus keratinocytes exposed to TCDD,
1,2,3,6,7,8-HxCDF, PCB 126, or Aroclor 1254, and human keratinocyte data previously described in Sutter et al.
8, are depicted in Figure 1. In addition, cells from human donors 1 and 5 were exposed to Aroclor 1254, For
donor 1, Aroclor 1254 slightly induced CYP1ALI (< 1% of the maximal response achieved by TCDD) at only 10
and 30 pM. Although cells from donor 5 failed to respond to Aroclor 1254 at any concentration tested, they were
responsive to TCDD, HxCDF, and PCB 126. Rhesus/human EC50 ratios for TCDD, HxCDF, and PCB 126 were
0.034, 0.038, and 0.00087, respectively. The interspecies ratio for PCB 126 is likely over-estimated because this
congener acted as a partial agonist in human cells and not rhesus. Since we were unable to obtain a convergent
model for human cells exposed to Aroclor 1254, we decided to focus on the bottom of the dose response curve
by log;,-transforming the response data and developed an interspecies threshold model similar to our previous
threshold model. Figure 2A depicts the model used to directly estimate rhesus/human threshold ratios for TCDD
and Aroclor 1254. TCDD and PCB 126 were also modeled simultancously for rhesus (n=1) and human (n=4)
donors (Figure 2B). Rhesus /human threshold ratios were 0.00068 (95% CI; 0.0004-0.0011) for Aroclor 1254
and 0.000095 (95% CI; 0.000048-0.00018) for PCB 126.
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. New RfD Estimation. Following the DDEF guidelines*, we have examined the critical effects for the Aroclor
1254 RfD and gathered qualitative and quantitative information relevant to the UF . AHR activation was
determined to be the initial key event in the MOA for the critical effect. In regards to interspecies TK
differences, it is clear there is no basis for an assumption that the average human will accumulate the most potent
“dioxin-like” congeners present in Aroclor 1254 (i.e., PCB 126) at the target tissue to a greater extent than rhesus
monkeys. However, quantitative data are lacking, so we have elected to take a conservative approach and leave
the TK portion of the UF 4 at a default of 3. On the other hand, clear species differences for TD were found in
keratinocytes and hepatocytes for a sensitive biomarker of the initial key event in the MOA for the critical effect.
Using the most conservative estimate of EF »p, (i.¢., the upper bound threshold ratio for Aroclor 1254 of 0.0011),
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an adjusted RfD was calculated as follows: 2.0 x 10° mg/kg-d + 0.0011 (EFp) = 1.8 x 10 mg /kg-d. Thus,
after adjustment for only interspecies TD differences, the safe dose from chronic oral exposure to Aroclor 1254
is ~900 fold higher than that suggested by the current RfD in IRIS. This finding is consistent with negative
epidemiological studies of capacitor workers highly exposed to Aroclor 1254, with body burdens often
exceeding those of the monkeys used in the critical study *'**?. Although “dioxin-like” AHR activation (i.e.,
CYP1A1/2 induction) has been described in PCDD- and PCDF-exposed humans exhibiting chloracne '**%*, there
is no evidence that this key event was produced in Aroclor 1254-exposed capacitor workers. Thus, the EF 4p
derived here is consistent with the US EPA draft DDEF guidance ? that states, “[qJuantitatively, DDEF values
for UF 4 components might be less than 1 if humans are less sensitive.”
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ABSTRACT: n 1999 the Agency for ‘Toxic Substances and Discase Registry (ATSDR) released
a Draft Toxicological Profile for Polychlorinated Biphenyls (PCBs). In reviewing the potential
human carcinogenicity of PCBs, ATSDR (1999) concluded that “The weight of evidence does
not supporl a causal association for PCBs and human cancer at this time.” Just 1 year Jater, in an
updated Toxicological Profile for Polychlorinated Biphenyls (PCBs), the conclusions of another
analysis (ATSDR, 2000) on whether exposure fo PCBs might represent a carcinogenic risk to hu-
mans had dramatically changed to “Qverall, the human studies provide some evidence that PCBs
are carcinogenic” and “some of these studies provide meaningful evidence that PCBs are cascino-
genic in humans.” Because this is a substantially different conclusion than that reached only one
year previously, it raises a number of questions that must be considered particalarly since “weight
of evidence™ has a precise meaning in the context of evaluating a body of epidemiological data,

The present review addresses the additional scientific data that became avatlable between the
ATSDR 1999 and 2000 cvaluations that was of a2 magnitude to offset the weight of cvidence from
numerous epidemiological studies that exposure to PCBs was not causally associated with human
cancer to a conclusion only 1 year later that there was now “meaningful evidence” that PCBs
posed a carcinogenic risk to humans. Also of interest are the criteria npon which this conclusion
is based and the distinction between “weight of evidence™ and the newer descriptors of “some
evidence” and “meaningful evidence.”

However, as shows in this review, only one relevant study was published between the ATSDR
1999 and 2000 evaluations and the results of this study were unequivocally supportive of the 1999
conclusion. Because of the continuing controversy surrounding this issue, in this review, all rele-
vanl epidemiological data on PCBs are summarized and subjected to another weight of evidence
cvaluation, This critical review is based on the most recent guidelines (U.S. EPA, 1999a, 2003)
for conducling weight-of-evidence evaluations on a body of epidemiological data. Applying a
weight-of-evidence evaluation to the PCB epidemiological studies can only lead (o the conclu-
sion that there is no causal relationship between PCB exposure and any form of cancer, thereby
confirming the conclusions of ATSDR (1999).

Also considered is the methodology and logic used by ATSDR (2000) that resulted in overfurn-
ing the weight of cvidence conclusions conceming the human carcinogenicity of PCBs in ATSDR
(1999). This issue may have public health and policy implications. It seems appropriate that un-
biascd evaluations of a body of data, even of controversial issues siich as the potential human
carcinogenicity of PCBs, be conducted in a transparent manner following applicablc guidelines.
The dramatic differences between the conclusions of ATSDR (1999) and ATSDR (2000) do not
appear to be consistent with this process.

KEYWORDS: PCBs, cancer, humans, weight-of-cvidence,
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INTRODUCTION

The issue of whether exposure to polychlori-
nated biphenyls (PCBs) might pose a cancer risk to
humans has been widcly debated, While PCBs are
carcinogenic to rats (Mayes ct al,, 1998; ATSDR,
2000}, there are growing questions concerning the

televance of these findings to humans.! However,

"'While the precise mechanism by which PCBs causc
liver tumors in rodents is unkaown, an accumulating hody
of data suggests that the mode of action may not be rel-
evant fo human cxposure situations. PCBs are not con-
sidered 10 be genotoxic (ATSDR, 2000) and shere is no
cevidence that PCBs react with DNA in vivo (Whysner
ef o), 1998). Mode-of-action studies suggest PCBs in-
duce GSTP-positive Taci and inhibit gap junctions (Ruch
and Klaunig, 1986; Swierengu ¢t al., 1990; Kolaja et al.,
2000; Smmtomauro et al., 1999; Kato et al., 1998; Bager
ct al,, 1997; Kang el l., 1996; Filzgerald, 1999). A re-
cent study conducted on scrially acquired tissue sections
from the study by Mayes et al. (1998) suggests that hep-
atic iron accumulation produces oxidative damage and
enhanced cell proliferation resulting in proliferation of
spoutancously initiated cells (Whysner and Wang, 2001).
Iy addition, the formation of glutathionylated estrogen
quinines and the gencration of reactive oxygen species
{ROS) have also been reported in the same PCB exposed
rats (Brown et al., 2001). These various lines of inquiry,
all pointing {o u mode of action for PCBs consistent with
both aclear threshold as well as the possibility that rodent
tumors might occar by a mode/mechanism of action not
likely to occur in humans, may well undermine roliance
ot the rodent tumor data for human cancer risk assess-
ment. This will place even greater emphusis on human
cpidemivlogical data in order to determine if PCBs pose
a carcinogenic risk to humans, While the cxtent to which
animat studies may yield data not relevant for human risk
assessment (e.g., the alpha-2u-globulin association with
rengl sieoplasin in male rats [U.S, BPA, 1991; Hard et al.,
1993; Dietrich, 1995]) may be a maiter of scientific de-
bate for other modes of action, there is little doubt that
this wilt become more common. The more recent experi-
ence with chloroform is another exstmple of mode of ac-
tion data influcncing the risk assessment process (Golden
el al., 1997). There arc likely to be mote examples of this
phenomenon as toxicological studies elucidate modes of
action for other chemicals, The most recent Cancer Risk
Assessment Guidelines (U.S. EPA, 2003) explicitly em-
Dbrace (e concept that mode of action data be considered
in the risk assessment process. The science of foxicol-
ogy. iherefare, provides a poworful teol that permits rcl-
evititl animal data for some chemicals to be appropriately
nsed for risk assessment while at the sume time determin-
ing where it may be inappropriate to rely on animal data
Tor other chemicals. In this latter situation, a vigorously
conducted weighl of evidence analysis of available epi-
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for PCBs, there are more than 40 studies on human
populations thut have investigated possible associa-
tions between exposurc to PCBs and increased risk
of cancer. These studies {all into two large ‘group-
ings: (1) studics of cohotts with occupational expo-
sare to PCBs as a result of manufacturing or use of
PCB-containing products and (2) studies of cohorts
with environmental exposure to PCBs designed to
investigate possible associations with breast or en-
dometrial cancer. The robustness of the human stud-
ies combined with the uncertainty surrounding the
relevance of the animal data to humans makes iteven
more critical to evaluate the available epidemiolog-
ical data in the most rigorous manner. Recogniz-
ing the importance of critically assessing 2 body of
epidemiological data, the U.S. Environmenial Pro-
tection Agency (U.S. EPA, 19992, 2003) recently
revised its cancer risk assessment gpidelines.? In-
cluded in this guidance is a discussion of criteria
for assessing the adequacy of epidemiologic stud-
ics, criteria for causality, assessment of evidence of
carcinogenicity from human data, and weight-of-
evidence analysis. Thesc guidelines are essentially
echoed by the Intcmational Programme for Chemi-
cal Safety (IPCS, 1999).

In 1999 the Agency for Toxic Substances and
Discase Registry (ATSDR, 1999) rcloased a Draft
Toxicological Profile for Polychlorinated Biphenyls
(PCBs). In reviewing the potential human carcino-
genicily of PCBs, ATSDR concluded that “The
weight of cvidence does not support a causal as-
sociation for PCBs and human cancer at this time.”
The five studies cited as the basis for this conclusion
were Bertazzi et al, (1987), Brown (1987), Sinks
etal. (1991, 1992), and Yassi et al. (1994). However,
additional studies ave reviewed in the text, including
Brown and Jones (1981), Gustavsson et al. (1986,
1997), Shalat et al. (1989), Loomis et al, (1997), and
Bahn ct al. (1976).

Inaddition, ATSDR (1999) also notcs: “A num-
ber of epidemiology studies have examincd the pos-
sibility of PCBs causing cancer. Several reviews
have shown that most of the epidemtiological studies
huve been inconclusive or have not shown an asso-
ciation between PCRs and cancer (Cogliano, 1998;
Danse et al., 1997; Kimbrough, 1995; Longnecker
et al., 1997; Smith, 1997; Swanson ct al,, 1995;

demiologicat studios is the only way (o determine if such
chemicals posc a carcinogenic risk to humans.

2Both U.S. EPA (19992) and U.S. EPA (2003) Can-
cer Risk Assessment Guidance are referced to in this re-
view since only U.S. EPA (1999a) was available af the
time ATSDR (2000) was prepared.
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Vateretal,, 1995; Ward et al., 1997). Each new study’

involves a longer latency for each cohort, allowing
the possibility that cancer mortality will become sig-
nificant. Fish eaters continue to be studied. In all of
these studies, it is difficult to acconnt for the pres-
ence of other foxic compounds invariably present.”

Just | year later, in an updated Toxicological
Profile for Polychlorinated Biphenyls (PCBs), the
conclusions of another analysis on whether expo-
sure to PCBs might represent a carcinogenic risk to
humans had dramatically changed. ATSDR (2000)
concluded that “Overall, the human studies provide
some evidence that PCBs are carcinogenic™ and
“some of these studies provide meaningful evidence
that PCBs are carcinogenic in humans.® Because
this is a substantially diffcrent conclusion than that
teached only I year previously, it raises a number of
questions that must he considered. ‘The conclusion
of ATSDR in 1999 was that the “weight of evidence
does not support a causal association for PCBs and
human cancer at this time.” The plirase “weighl of
evidence” has a precise meaning in the context of
cvalvating a hody of epidemiological data, Both the
U.S. BPA (19992, 2003) and the IPCS (1999) have
described in detail the process by which a weight
of cvidence cvaluation js undertaken. Tn essence,
this involves evaluating all relevant data and judging
how well they collectively satisfy the main causa-
tion guidelines (i.c., strength of association, consis-
tency of association, specificity of association, dose-
response, temporality, and biological plausibility).

When an agency such as ATSDR concludes
that “The weight of evidence does not support a
causal association for PCBs and human cancer at
this time,” it can only be assumed that this con-
clusion was, in fact, the result of an assessment that
followed well-cstablished guidelines. Indeed, as de-
scribed in ATSDR (1999), this conclusion was based
on a review of at least 10 studies that had investi-
gated whether occupational exposure to PCBs was
associated with increased risk of cancer. ATSDR
(1999) also acknowledged numerous other reviews
of essentially the same data all of which reached a
similar conclusion. The availabie database relied on
by ATSDR (1999) as well as the cited reviews en-
compass approximatcly 18 studies, most of which
hiave invesligaied possible associations between oc-
cupational exposure to PCBs and increased risk of
cancer in humans.

It is thevefore of interest to ascertain what kind
of additional scientific data became available be-
tween the ATSDR (1999) evaluation and the ATSDR
(2000) evaluation that was of a magnitude to off-
set the weight of evidence from 18 epidemiological

studies, Of equal interest are the criteria on which
this conclusion is based and the distinction between
“weight of evidence™ and the newer descriptors of
“some cevidence” and “meaningful- evidence.” The
U.S. EPA (1999a, 2003) risk assessraent guidclines
only recognize n weight-of-evidence approach for

" evaluating a body of epidemiological dataand donot

mention these other categories/descriptors. Interest-
ingly, the weight of evidence concept is not used at
all in ATSDR (2000), as it might pertain to the po-
tential for PCBs (o cause human cancer. This too is
critical sioce the U.S. EPA (19994, 2003) and IPCS
(1999) have not chanced their weight-of-evidence
evalnation criteria.

The first aspect of this inquiry concerns the kind
of new data that would “tip the scales” from a con-
clusion by ATSDR in (999 that exposure to PCIs
was not causally associated with human cancerto a
conclusion by ATSDR in 2000 that there was now
“meaningful evidence” that PCBs posed & carcino-
genic risk to humans. One would presume that in
order to cuuse a change of this magnitude, one or
more positive studies must have been published after
the ATSDR (1999) evaluation was completed. How-
ever, as demonstrated in this review, this is not the
case. The only relevant study published between the
1999 and 2000 PCB cvaluations was by Kimbrough
ct al. (1999}, In the review that follows, all of the
data available for both the ATSDR 1999 and 2000
evalnations are summarized and sobjected 1o an-
other, indepeadent weight-of-evidence cvaluation,
This evaluation is based on the most recent ghide-
lines (U.S. EPA, 19993, 2003) for conducting weight
of evidence evaluations on a body of cpidemiologi-
cal data.

‘While breast cancer studies are not extensively
considered as part of this review, il is important
1o bricfly acknowledge that aimost 30 studies con-
ducted over the past two decades have addressed
the concern that PCBs mipht be associated with an
increased risk of breast cancer. These studies fal)
into several different categories. The early studies
(e.g., Wasserman el al., 1976; Unger et al., 1984;
Falck et af., 1992; Dewailly ct al., 1994) were cach
based on fewer than 20 cases of breast cancer, their
results were subject to considerable chance varia-
tion, and often known risk factors for breast cancer
were not taken into account. In addition, the data in
all of these studies were derived from active cases
of breast cancer in which discase-induced weight
loss may have contributed to spurious elevations of
PCBs in either breast tissuc or scrura. Reviews of
the literature (Key and Reeves, 1994; Adami et al.,
1995) based on the data available up until about 1994
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concluded thal there was no association between en-
vironmental cxposuse to PCBs and increased risk of
breast cancer. .

Virtually none of the numerous large studies
(Runterct al., 1997; Hoyer et al,, 1998; Helzlsouer
ctal,, 1999; Dorgan et al., 1999; Wolif et al., 2000;
Demers et al,, 2000; Zheng et al., 2000; Moysich
et al., 2002; Gammon et al., 2002; Lopez-Carrillo
et al,, 2002; Demers et al., 2002; Woolcott et al.,
2001; Ward ¢t al.,, 2000; Holford et al., 2000;
Stellman ct al., 2000; Millikan et al., 2000) con-
ducted after the earlicr reviews were undertaken
thave detected u statistically significant increased
risk of hreast cancer associated with PCB expo-
sure. Muny of these studies were prospective in de-
sign, thereby eliminating the possible confounding
cffects of discase-related slterations in PCB serum
levcls. While a few studies have reported a signifi-
cant association batween PCBs {or select PCB con-
geners) and breast cancer in some population sub-
gronp (e.g., postmenopausal women who had never
lactated), the results from these studies either have
not been replicated or are based on women with in-
vasive breast cancer, thereby casting doubt on the
reported association due to the unknown cffects of
invasive breast cancer on PCB Ievels in breast adi-
pose tissue (Liljegren et al., 1998). In a compre-
hensive review of environmental risk factors and
breast cancer, Laden and Hunter (1998) concluded,
“In sminmary, most of the recent Jarge studies have
not found cvidence of increased breast cancer risk
associated with blood levels of DDE or total PCBs,
The possibility that a positive association might
be lunited 1o women with particular reproductive
characteristics [e.g., women who have never breast
fed, as observed by Moysich] should be examined
carciully in the large ongoing studies, Nevertheless,
it appears that thesc environmental exposures are
unlikely to be responsible for rising breast cancer
rates.” '

Similarly, one of the most recently reported
studies (and one of the largest) concluded that
“the results do not suppost the hypothesis that
DDE and PCBs increase the cisk of breast cancer
as encounlered through environmental cxposure.”
{Zheng et al,, 2000). Likewise, the recent study by
Demers etal. (2000) concluded that “taken together,
results from six large epidemiological stadies re-
ported during the fast 2 years, including our own,
provide liftlc indication that organochlorine expo-
surc is a risk factor for [breast cancer].” In a more

reeent review, Lader et al. (2001) summarized the
results of five of the lurgest studics, noting, “Com-
bined evidence does not support en association of
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breast cancer risk with plasma/serum concentrations
of PCBs or DDE. Exposure to these compounds, as
measured in adult women, is unlikely to explain the
high raies of breast cancer experienced in the north-
eastern United States.”

Finally, perhaps the strongest and most con-
vincing evidence against any. association between
PCBs and increased risk of breast cancer is pro-
vided by the occupational cohort studies that are
consistently negative with respect to any increascd
risk of these types of cancer. Adani et al. (1995)
conducted a metn-analysis of every occupationat
study that included a cohost of women in order to
asscss the relationship between PCB exposure and
breast cancer. This analysis demonstrated that long-
term, high-level occupational exposure to PCBs is
not associated with increased risk of breast cancer
(summary observed/expected ratio = 0.84; 95% CJ
Q.50-1.33), Tn general, the studics have reported a
deficit in breast cancer incidence. Subsequent to the
analysis by Adami et al. (1995) in a study of a PCB-
exposed capacitor worker cohort, Kimbrough ct al.
(1999) abtained SMRs for breast cancer for 2544
femalc hourly workers and 1078 female salaried
warkers of 82 (95% CT 53-121) and 104 (95% CL
38-226), respectively. Overall, the results from the
cpidemiologic studies do not support a cavsal rela-
tionship between PCBs and breast cancer.

Also considered here are the methodology
and logic used by ATSDR (2000), which resuited
in overturning tho weight-of-evidence conclusions
concerning the human carcinogenicity of PCBs in
ATSDR (1999). It appears that established guide-
lines were followed in ATSDR (1999) bat aban-
doned in ATSDR (2000). This issne may have public
health and policy implications,

The weight of evidence review of the relevant
data that follows is intended to be as transparent
as possible. The potential human carcinogenicity of
PCBs is a controversial and emotional subject; how-
ever, in a sense this is preciscly why the guidelines
established by the U.S. EPA (19992, 2003) as well
as the IPCS (1999) for conducting these kinds of
evaluations are so critical. Tn conducting the evalo-
ation, the following key aspects of thesc guidelines
arc paramount:

* Analyzing the contribution of evidence from a
body of hwman data requires examining available
studies and weighiog them in the context of well-
accepted critcria for cavsation (U.S. EPA, 1999a).

* A judgment is made about how closely they sat-
isfy these criteria, individoally and jointly, and
how far they deviate from them. Existence of
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temporal refationships, consistent results in inde-
pendent studies, strong association, reliable cx~
posure data, presence of dose-felated responses,
freedom fram biases and confounding factors, and
high fevel of statistical significance are among the
factors leading to increased confidence in a con-
clusion of causality (U.S. EPA, 1999a).

A clear exposure-response relationship (e.g., in-

creasing effects associated with greater cxpo-

sure) strongly suggests cause and cffect, espe-
cially when such rejationships are also observed
for duration of exposure {¢.g., increasing effects

observed following longer exposure times) (U.S.

EPA, 2003).

* An inference of causality is strengthened when a
pattern of elevated risks is observed across several
independent studics. The reproducibility of find-
ings constitutes one of the strongest arguments for
causality. If there are discordant results among in-

vestigations, possible reasons such as differences -

in exposure, confounding factors, and the power
of the study are considered (U.S. EPA, 2003).
Gencrally, the weight of human evidence in-
creases with the number of adequate studies that
show comparable resulls on populations exposed
to the same agent under different conditions (U.S.
EPA, 1999a).
‘The analysis takes into account all studies of high
quality, whether showing positive associations or
null results, or cven protective effects.
In weighing positive studies against null studies,
possiblc reasons for inconsistent results should be
sought, ang results of studics that are judged to be
of high quality are given more weight than those
from studies judged to be methodologically less
sound (U.S. EPA, 1999a).

* Tn assessing the human data within the over-
all weight of evidence, determination about the
strength of the epidemiologic evidence ghould
clearly identify the degree to which the ob-
served associations may be explaincd by other
factors, including bias or confounding (U.S. EBPA,
2003).

After reviewing the available data, several of
these guidelines are revisited in order to determine
the extent to which the weight of evidence on PCBs
fulfilis the cansation criteria.

The studics cited by ATSDR (1999) are surama-
rized next to illustrate that the conclusions reached
by ATSDR (1999) accurately reflect the weight of
evidence. Tlis brief review also reflects the consen-
sus conclusions of the numerous reviews cited in
this same docament that PCBs do not pose a human

cances risk, For completeness, several other studics,
not cited by ATSDR (1999) but supportive of their
conclusion, arc also included in this evaluation.

DESCRIPTION AND ASSESSMENT
OF OCCUPATIONAL STUDIES
OF PCB-EXPOSED COHORTS?

In this section, all relevant human cancer
mortality studies of PCB-exposed occupational
populations are reviewed and their strengths and
weaknesses arc assessed in the context of a weight-
of-gvidence evaluation as recommended by the U.S.
EPA (2003). Studics ate grouped together when a
single cohort of workers has been studicd more than
once. The resolts of such follow-vp studies, reflect-
iny a greatex length (latency) of time for the expres-~
sion of discase endpoints, pasticularly cancer, offera
significant advantage over other studies which may
not have sufficient Jatency or years of observation.
Also reviewed arc a few cancer incidence reports,
involving small cohorts, that have been cited by the

. U.S. EPA and/or ATSDR in their various reviews of

PCBs and human cancer. The available studies have
been organized into two categories:

» Groups of two or more studies in which the cuncer
mortality in a single coborl was investigated morc
than once. These groups arc arranged in chrotio-
logical sequence starting with the carliest study.

* One-time-only cohort studies of PCBs and risk
of cancer. These studies are addressed in order of
cohort size, from largest to smallest.

A few studies that are ofien cited in reviews
of potential associations between exposure (o PCBs
and jncreased risk of cancer are not includexl in this
review. Because of unresolved confounding by other
potential carcinogens, the results of these studies
cannot be integrated into a weight-of-cvidence eval-
uation of the potential carcinogenic risks posed by
PCBs, In particular, this is the situation with respect
10 all of the Yusho and Yu-Cheng dats, which have
been reported in several publications.

The cancer mortality studies from Yusho and
Yu-Cheng involved cohorts beavily exposed to poly-
chlorinated dibenzofurans in addition 10 PCBs, and
it is generally agreed that attributing any outcome
to PCBs is highly problematic and probably incor-
rect. It is now recognized that most (or all) of the

Mhree nonoccupational (i.c., population-based)
studics are also included in this section.
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effeats observed in fhese two_poisoning incidents
were caused by the ingestion of PCDFs. The Halo-
genated Organics Subcommittee of the U.S. EPA
Science Advisory Board (1997) concluded that “Re-
cent studics indicate that the major etiologic agents
in Yusho were polychlorinated dibenzofurans rather
than polychlorinated biphenyls. . . . ‘Thus, a discus-
sion of the human health effects of polychiorinated
Diphenyls should not use “Yusho® as an example.
Indusfrial exposure data more sccurately reflect ho-
man health effects.” Similarly, ATSDR (1999) con-
cluded that “The effects from thesc incidents are not
reviewed in this profile because CDFs appear to be
thie main causal agent”

Tollowing the reviews of individual studies, the
totality ol the data is analyzed using a weight-of-
evidence approach to determine the stronpth of the
evidence concerning the potential human carcino-
genicity of PCBs and the extent to which the data
fulfill the causation criteria,

Groups of Studies Reflecting
Follow-Up of a Single Cohort

Brown and Jones (1981), Brown
(1987), Nicholson (1987), Taylor
{1988), Kimbrough et al. (1999),
Kimbrough et al. (2003)

‘This grouping of studies spanning more than
20 years reflects an ongoing investigation of a sin-
gle population of workers exposed to PCBs. These
studies included workers from two capacitor plants
who have been studied two or more times. Doe to
some contosion surrounding this cohort, the worker
groups studied are summarized in Table 1.

Brown and Jones (1981)

Brown and Jones (1981), the first study in this
series, is a National Institute for Occupational Safety
and Health (N1OSH) retrospective cohort mortality
study of 2567 workers in two plants where PCBs
were used in capacitor manufacture, Plant No. |
(actually two separate plant sites owned by the
General Electric Company and located in upstate
New York withinabout ] mile of cach other, i.e., Site
A and Site B in Table 1) is the same facility stud-
ied Jater by Nicholson (1987), Taylor (1988), and
Kimbrough etal. (1999, 2003). Plant No. 2is located
in Massachusetts and owned by another company
(i.e, Acrovox Corp.). The cancer mortality at this
plant was not included in the studies by Nicholson
{1987), Taylor (1988), or Kimbrough et al. (1999,
2003).

All workers included in the Brown and- Jones
(1981) study weee employed for at least 3 months
in areas of the plants where PCBs were used and
received heavy exposure to PCBs. Exposures were
to Aroclors 1254, 1242, and 1016. The work-
ers were also exposed to other chemicals, includ-
ing trichloroethylene, trichlorobenzene, tolnene,
methyl isobutyl ketone, and epoxide stabilizers. An
industrial hygiene survey was performed at both
plants in the spring of [977. In Plant No. 1, ata time
when PCB usage was almost phused out, the time-
weoighted average (TWA) PCB air concentrations
in personal samples ranged from 24 1o 393 pg/m’
and for arca samples ranged from 3 to 476 pg/m®,
n Plant No. 2, the PCB air concentrations ranged
from 170 to 1260 pg/m?® for personal air samples
and from 50 to 810 pug/m® for arca samples. Mea-
surements made at Plant No. ] in 1975 indicated
air levels runging from 260 1o 1160 pg/m® in areas

TABLE 1
Worker Cohorts Studied by Brown and Jones (1981) through
Kimbrough et al. (2003)
Plant #1 Plant #2
General Electric Massachusetts company
N T (Aerovox Corp.)
Study Site A  SiteB
Brown and Jones (1981) Yes Yes Yes
Brown (1987) Yes Yes Yes
Nicholson (1987) Yes Yes No
Taylor et al. (1988) , Yes Yes No
Kimbrough et al. (1999) Yes Yes No
Yes No

Kimbrough et al. (2003) Yes
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where large, capacitors were produced and 360~
2000 pg/m® at Plant No. 2.

For the total worker popilation studied in
Brown and Jones (1981), allcause mortality was
lower than expected {observed (O) = 163 vs, ex-
pected (E) = 182.4] as was all cancer mortality
(O = 39 vs. E = 43.8). There were no increases
above expected innumbers of deaths from cancer of
the intestine, stomach, pancreas, respiratory system,
breast, and lymphatic or hematopoietic systems, Ex-
cess mortality was noted for rectal cancer (O =4 vs,
E = 1.19; SMR = 336, 95% CI 92-860) and liver
cancer (() = 3 vs. E= 1.07, SMR == 280, 95% C{
58-820), although neither of these was statistically
significant. The only statistically significant differ-
ence in observed versus expected deaths occurred in
females from Plant No. 2 for cancer of the rectum
(O =3 vs, E = 0.50, SMR = 336, p < .05).

There was no apparent association between la-
tency period and frequency of cancer deaths. The
authors considered the results of the study to be in-
conclusive due to the short observation periad and
small number of deaths, They also observed that pre-
viously reported findings by Bahn et al, (1976) of
increased mortality due to malignant metanoma and
cancer of the pancreas among workers exposed to
PCBs in a petroleurn refinery were not corroborated.

Bfown (1987)

In a follow-up of Brown and Jones (1981),
Brown (1987) added 7 more years of observation
and did not alter the criteria for selecting study mem-
bers, Twenty-one additional workers were found (o
meet the selection criteria and were added fo the
cohort for a total of 2588. The number of deaths in
the cohort incressed during this period from 163 to
295. Thus, this study provides a larger datubase and,
therefore, a more statistically reliable cvaluation of
this multiple manufucturing site cohort.

Brown (1987) reported that, for the entire co-
hort, lotal mortality and total cancer mortality were
less than expected. Total cancer at Plant No. 1 was
significantly less than expected (O = 18 va. E =
31). The total cohort SMR [or rectal cancers de-
creased from 336 to 211, although the SMR for ree-
tal cancer at Plant No. 2 remained higher than at
Plant No. I, but it was no longer statistically signifi-
cant, However, Brown (1987) reported a significant
excess when liver, biliary, and gallbladder cancers
werc grouped together in the cohort, due to the fact
that two additional cancers in that diagnostic group-

ing were observed in the 7-year follow-up period
(O =5vs.E=19,SMR =280, p < .05).

As described by Bsown (1987), of the
liver/gallbladder/biliary cancer deaths, only one of
the five deaths was possibly attributable to primary
hepatic carcinoma. Of the remaining four carcino-
mas, (wo (and possibly (hree) were bile-duct can-
cers and one was an apparent metastasis from the
gatlbladder. The fifth cancer was from an unknown
primary site. Thus, the statistical elevation reported
may be nothing more than the combined classifica-
tion of liver tumors, gallbladder tumors, and biliary
(umors.? However, there is no evidence that the eti-
ology or occurrence of these three tumor types is
similar; for example, alcoholic cirthosis and hepati-
tis virus are risk factors for liver cancer, but not for
biliary or gallbladder tumors (DeVita et al., 1993).
In addition, as pointed out in ATSDR (2000), if
the metastatic liver cancer is not included in the
analysis, the SMR [or the combined liver/biliary
tract/gallbladder cancer in the whole cohort loscs
statistical significance.

There is no dose-response or Jatency telation-
ship between PCB exposure and the observed cancer

" clevation, Of the 5 liver/gallbladder/bile duct can-

cets, 4 accurred in workers who had worked at the
plant 1.5 years or less. One casc (i.c., primary site
unknown) occurred after only 0.3 years of exposure.
‘The lack of a dose-response or latency relationship
between PCBs and the obscrved clevations in these
three types of cancers suggests that the actual etio-
Togic agent is not likely to bec PCBs.

Brown (1987) concluded that his work provided
only “Jimited inforraation” for associating PCBs
with cancer of the Jiver and related anatomic sites
because: (1) misclassification of the cause of death
is quite possible for cancers in this category; (2)
most of the cancers were not of the type expected
based on sat feeding studies; and (3) the study failed
to demonstrate reasonably expected patterns of dose
response and latency. In light of these confounding
factors and Jiritations, ATSDR (1999) concluded
that “(he liver cancer cannot be unequivocally at-
tributed to PCB exposure.” The 1.S. EPA also de-
termined that this study was inconclusive because
no dosc-response refationship was apparent and the
number of cancers in the cohort was small (U.S.
EPA, 19992), - -

The update by Brown (1987) prompted a lauda-~
tory editorial by Sitbergeld (1987) concerning “The

“Bnsed on animal carcinogenicity data, only liver
cancer would be a biologically plausible consequencs of
PCB exposure.




Fullness of Time in Epidemiology.” Silbergeld, not-
ing the inconclusive results from Brown and Jones
(1981) due to the small numbces of deaths and short
period of obscrvation, and the finding 7 years later
of an increased incidence of liver and biliary can-
cer, opined that “one reason for the difference is
simply the effect of the passage of fime to inciease
the frequency of measurable events.” This concept is
explicitly acknowlcdged in ATSDR (1999); “Each
new study involves a Jonger latency for cach cohort,
allowing the possibility that cancer mortality will
become significani.” With respect to this statement
it is also obvious that Jonger latency would simi-
larly allow for the possibility that initially reported
increased cancer mortality wonld become insignif-
icant (see below). ) :

Nicholson (1987)

This study tnvestigated cancer mortality in
788 cmployees (459 males and 329 females) at
the two capecitor manufacturing facilitics in up-
state New York also studied by Taylor (1988) and
Kimbrough et al (1999, 2(003). However, the co-
hort in Nicholson (1987) was defined differently
than in Brown (1987) and 521 of the 769 indjvidu-
als in Nicholson (1987) were not included in Brown
(1987

Although Nicholson (1987) was not published
in a peer-reviewed joarnal, it did receive extensive
pecr review prior 1o its releasc. This study was pre-
parcd for the Workers® Compensation Board of the
Ontario Ministry of Labour. The report was written
by the Industrial Disease Standards Panel (TDSP) of
the ministry and was woanimously accepted. |

‘Ihe cohort in this study was specifically se~
lected to enbance the likelihood of detecting la-
tent cancers amnong workers with long exposure
histories—ihe criteria for inclusion were employ-
ment beginning before 1954 for a period of at least
5 years. Of the 769 individuals who qualificd, 188
were deceased and the death certificates were ob-
tained for all of these individuals, At each of the
two facilitics studied, Aroclors 1254 and 1242 were
used prior to 1970; Aroclor 1016 and, occasionally,
Aroclor 1221 were used after that date. Industrial
hygiene surveys in 1977 indicated that at certain
job locations PCB airbomne exposure levels ranged
from 300 o 1000 pg/m?. These exposure measure-
ments were used to compare groups of workers with
respect to PCB exposure and cause of death,

‘The nismbers of deaths attributed to all cavses
and all cancers were fess than expected. Nicholson
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(1987) analyzed the data from this cohort in two
ways: (I} all workers in the cohort, and (2) the
cohort less the 249 workers who were also in the
Brown cohort. The Brown cohort had been selected
for workers with direct dermal (and inhalation) ex-
posure to PCBs. Tn the subgroup of 521 workers
not common to the Brown cohort {(and therefore not
directly exposed to PCBs), leukemias were in ex-
cess {O = 4 vs. E = 1.28). However, leukemias
were not in excess in the full cohort of 721 work-
ers, indicating that leukemia was less than expected
in the group directly exposed to PCBs. Nicholgon
(1987) alsoreported that no excess cancer deaths oc-
curred in male or female workers having 30 or more
years since first exposore; that is, no deaths were
observed in the “30 or more year” category, The
inconsistency between the separate Brown (1987)
and Nicholson (1987) groups suggests that the re-
ported positive findings were due to multiple com-
parisons or chance. Nicholson (1987) concluded
that “neither the vesuits of the full study nor of the
subgroup.. . indicated any cancer risks.” He also
noted that “continued follow-up of this groop, as
well as others with identified exposure, is clearly
warranted,” ’

Taylor (1988)

Taylor (1988) studied workers at the same two
upstate New York General Blectric facilitics that
had been previously studied by Brown and Jones
(1981), Brown (1987), and Nicholson (1987). The
‘Taylor (1988} study is the second largest occupa-
tional study of workers highly exposed to PCBs
(only Kimbrongh et al., 1999, and Kimbrough etal.,
2003, described later, ave larger). Taylor (1988)
showed no significant increases-ih any type of can-
cer mortality. Although the study was not published
in a peer-reviewed journal, it did receive extensive
peer review, ‘The study was initiated by Dr. Taylor
while on assignment from NIOSH (o the New York
State Department of Health (NYSDOH). The study
was pecformed in collaboration with NYSDOH
scientists, and was completed at Harvard Univer-
sity as Dr. Taylor's PeD thesis. Thus, the study
underwent extensive review and critique by other
cpidemiologists, )

Taylor (1988) involved a cohart of 6292 work-
ers (3601 males and 2691 females) employed for at
least 3 months during the period 19461976 at 2 GE
capacitor tnanufacturing facilities (the Hudson Falls
and Fort Edward capacitor plants). The PCB expo-
surc history of these workers is described in three
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previous reports (Brown and Jones, 1981; Brown,
1987; Nicholson, 1987).

Exposure in the cohort was chatacterized as ei-
therdirector indirect. The direct exposure group was
further categorized into three subgrovps: low—air
contact only; medium—air contact plus occasional
dermal contact; and high—air contact plus frequent
dermal coniact, A fourth subgroup, the indircct ex-
posurc group, included employees who worked in
offices and manufacturing arcas where PCBs were
not used. Employee exposure monitoring indicated
that the air concentrations of PCBs in the work ar-
cas of both the dircet and indirect exposure groups
exceeded concentrations external to the plant. Geo-
metric mean serum PCB levels in the direct expo-
sure group (302 ppb) exceeded levels in the indi-
rect exposure group (61 pph) by fivefold and in the
nonexposed reference subjects (16 ppb) by almost
20-fold,

Taytor (1988) found no increase in cancer mor-
tality or in overall mortality compared to nationaf
rates. Deaths duc to malignantmeianoma, lymphatic
cancers, or the combination of liver, gallbladder, and
biliary cancers were not significantly elevated, and
brain cancers were well below the expected value.
PCB exposure was shown to be negatively associ-
ated with cancer mortality (all types combined) and
lung cancer (the only cancer outcome with numbers
of cases sufficient to permit a regression analysis).
There were aiso no statistically significant associa-
tions between cumulative PCB exposure levels and
all cancer combined, Jung cancer, or colorectal can-
cer. The author concluded that “Total mortality was
less than expected for.both males and females. No
¢ffect of PCB exposure on overalf cancer rates was

‘observed.”

Due to the size of the cohort, this study had
2.2 times as many person-years of observation and
approximately 1.7 times as many total deaths as
the then existing next largest study conducied to
date, namely, Brown et al. (1987), The author’s fi-
nal caveat is noteworthy: “Follow-np of this cohort
in future years will be possible and will give a more
secure evaluation of the PCR hazard.”

Kimbrough et al. (1999)

This study, the largest occupational study ever
conducted on a population of workers heavily ex-
posed to PCBs, found no association between PCB
exposure and deaths from cancer or any other dis-
ease (Kimbrough et al., 1999). Of ali the studies that
have investigated potential associations between ex-

posure ta PCBs and increased risk of cancer, this
study has the longest latency. It should also be noted
that Kimbrough et al. (1999) represents the fifth
study of this group of PCB exposcd workess. The
other studics that investigated cancer mortality in
these workers are Brovwn and Jones (1981), Brown
(1987), Nicholson (1987), and Taylor (1988).

Thecohorl in Kimbrough etal. (1999) consisted
of 4062 men and 3,013 women who worked be-
tween 1946 and 1977 at two GIE capacitor tnanufac-
turing facilities (the Hudson Falls and Fort Edward
capagcitor plants). The PCB exposures consisted pri-
marily of Aroclors 1254, 1242, and 1016. Arocior
1254 was phased out beginning in 1954, Aroclor
1242 was no longer used after 1971, and from 1971
to 1977 Aroclor (016 was used at these two plants,

Jobs at the two facilitics were classified as
high cxposure and low exposure. High-exposure
jobs were thosc experiencing direct dermal con-
tact and inhalation cxposurc to PCBs whilc filing,
impregnating, repairing, or moving PCB-filled ca-
pacitots. As late as {975, the PCB air fevels in
the filling/impregnation arcas ranged from 227 to
1500 pg/m®. The low-exposure jobs were those
where employces had inhalation exposures lim-
ited to the background levels within the plant. In
1977, after PCB usc had ended, the PCB concen-
trations in the high-exposurce arcas ranged from 170
to 576' ug/m® and the PCB concentrations in the
low/background exposure arcas ranged from 3 to
50 pg/m®.

The average follow-up time for the workers was
31 years, providing a sufficiently long latency period
from which to determine whether there was a statis-
tically significant increase in mortality duc to cancer
or other causes. The cohort was followed through
1993, providing 120,811 person-years of ohserva-
tion for men and 92,032 person-ycars of observation
for women. There were 763 (19%) deceased males
and 432 (14%) deceased females. Death cedtificates
were available for 98.5% of the decedents and only
1.3% of the cohort was Jost to follow-up. Standard-
ized wmortality rates (SMRs) were calculated using
both U.S. and local county morstality rates.

Among all of the workers, including those clas-
sificd us having the highest PCB exposure, there
were no statistically significant increases in deaths
duc lo cancer or any othier discase. There were also
no statistically significant increases in cancer or
other moriality associated with length of employ-
ment or Jatency, Among the male hourly workers,
no stafistically significant elevations occurred in the
six a priori cancers of intcrest (i.c., cancers reported
as significantly, bul nol consistently, elevated in
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earlier studics—vectum, liver, brain, melanoma,

gastrointestinal ard hematopoietic); most SMRs

were below 10). These negative results are of par-
ticular interest because 42% of these hourly male
workers had worked at [cast some portion of their
tenure in a high-exposure job.

When considering the cancers of a prior] inter-
ost, there also were no statistically significant cl-
evations mmnong hourly female workers or among
the salaried workers of either sex. White the SMR
for intestinal cancer in hourly women was almost
significant, the analysis by Jatency and length of
cmployment indicated no pattern consistent with a
work-related exposure. Only the women with 510
ycars of employment had a significantly clevated
SMR; trend analysis, however, showed no increase,
but rather a decrease in the observed over the ex-
pected by length of employment. For the grouping
of liver, biliary, and gallbladder cancer, 4 cancer
deaths werc observed white 4.7 were expected in
the hourly wortkers of the cohost for an SMR of 85.
FFor the entire cohort (salaried plus howrly), 5 deaths
{rom liver cancer were observed whereas 6.2 cancer
deaths were expected (for an approximate SMR of
81). :

‘The mortality experience of workers who
worked in a high-exposure job for at least 1 day
was alse cvaluated. This subgroup consisted of
1268 hourly male workers with 37,739 person-
years of observation and 362 hourly female workets
with 10,584 person-ycars of obscrvation. Among
thc men, there was a significant deficit in the cat-
cgory “all cavses of death,” and the catepory “all
cancer deaths” was almost significantly Jess than
expected (SMR = 77; 95% CI = 57-101). Among
the smaller female group, these two categories did
not deviate from that expected. When the criterion
for inclusion in the high-cxposure job category was
increased to include those employed in such jobs
for at lcast 180 days, the 723 hourly male work-
ers with 22,217 person-years of follow-up (an av-
erage of 31 years of latency) had SMRs for both
“all causes” and “all cancers™ that were still less
than expected (87 and 82, respectively). Among the
184 hourly female workers in this category (with
5783 person-years of follow-up, and an average of
31 years of latency), the SMRs for both categories
were also less than expected,

When the inclusion criterion was changed to
include only those employed for at least | year
in a high exposure job, the number of hourly em-
ployees who satisfied this definition was reduced to
479 men (15,181 person-years of follow-up, an av-
crage latency interval of 32 years) and 122 women
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(4047 person-years of follow-up, an average latency
of 33 years). Amonyg this grovp of mcn, the SMRs
for “all causes” and “all cancers” were 89 (95%
ClI = 74-107) and 73 (95% CI = 46-109), respec-
tively, Among the women of this highly exposed
subgroup, the SMRs for “all causes™ and “all can-
cers” were 81 and 01, respectively. For the workers
in the two longest high exposure categories (i.c., ei-
ther 180 days or 1 year employed in a high exposure
job), the authors concluded that “there was no con-
sistent trend across the length-of-employment cat-
egories and/or latency categories in either mates or
females that would suggest an association between
PCB exposure and increased mortality.”

The death rate due to all types of cancer
combined was at, or significantly below, the cx-
pected level. Based on national death rates, 158
and [36 dcaths were expected among the hourly
male and female workers, respectively, and 128 and
150 deaths were observed; neither difference was
significant,

Kimbrough et al. (2003)

Kimbrough et al. (2003) conducted a S-year
update of their 1999 mortality study (Kimbrough
et al., 1999) on 7075 PCB exposed capacitor work-
ers that now included 1654 deaths and 235,984
person-years of observation with follow-up through
1998. This study rcprescnts the sixth time that
the mortality experience of capacitor workers cm-
ployed at the two New York OE facilities has been
cxamined by several inveéstigators over the past
20 years, including Brown and Jones (1981), Brown
(1987), Nicholson et al. (1987), Taylor (1988), and
Kimbrough ct al. (1999). As in their fisst study
(Kimbrough ct al., 1999), this' study also included
all hourly and salarjed workers employed for at least
90 days between January 1946 and June 1977 at two
capacitor manufacturing plants in upstate New York.
Approximately 1840 workers were employed for
less than 90 days and were climinated from the
cohort, leaving respectively 2984 and 2544 male
and ferale hourly workers and 1078 and 469 male
and female salaried workers in the study cohort.
Hourly males and females contributed 95,691 and
84,287 person-years of observation, respectively,
and salaried male and female workers contsibuted

38,154 and 17,852 person-years of observation, re~

spectively. Follow-up time for the cohort ranged
from 34 to 40 years with a mean follow-up time
of 37 years. Vital status was determined through
1998, with considerable effort taken to establish the
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vital statos.of workers not ideniified as deceased,
working, or receiving a pension, Expected numbers
of deaths were based on mortality rates for the U.S.
population for the years 19401998, In addition, the
cohort was also compared to the mortality experi-
ence of the state of New York (excluding New York
City).

As in their previous study (Kimbrough et al.,
1999) among all of the workers, including those
classified as having (he highest PCB exposure, no
statistically significant increases in deaths due to
cancer were found. There were also no statistically
significant increases in cancer or other mortality as~
sociated with Jength of employment or fatency,

None of the sporadically observed statistically
significant excesses in cancer mortality reported in
the litcrature were obsesved in the total cohort in
this study including cancer of the liver and biliary
fract (SMR = 89; 95% CT 18-260 and SMR = 103;
95% C1 21-299 in male and female hourly work-
ers), pancreas (SMR = 124; 95% CI 64-216 and
SMR = 102; 95% CI 43~-200 in male and female
hourly workers), rectum (SMR = 100; 95% CI 27~
254 and SMR = 142; 95% CI 38-362 in male and
female hourly workers), non-Hodgkin’s lymphoma
(NFIL)® (SMR = 12; 95% CI 57-222 and SMR =
114; 95% CT 48~224 in male and female hourly
workers), malignant melanoma (SMR = 124; 95%
Cl 45-270 and SMR = 117; 95% CI 24-341 in
male and female hourly workers)or all cancers com-
bined (SMR =98; 95% CI 84-112and SMR == 110;
95% C194-126 in rale and female howsly workers),
The only significant finding was for connective tis-
suc neoplasms in salaried female workers (Q = 2,
E =0.20; SMR =956, 95% CI 115-3451) us previ~
ously reported (Kimbrough et al., 1999). However,
duc to the wide confidence interval and becavse one
of the conneclive tissue tumory was a pericytoma,
a lesion of borderline malignancy, this finding is
questionable,

Because duration of employment is a uscful
surrogate for cumulative PCB exposure, data were
also analyzed bssed on cmployment of 6 months
or more or 1 year or more. In (otal, 1268 highly ex-
posed workers who were engaged in jobs with dixect
dermal and inhalation exposure to PCBs and who
experienced long-term repeated exposures did not
exhibit any excess cancer mortality. The 479 hourly

SPresent ICD coding practices preclude the ability
to create SMRs specific for non-Hodgkin®s lymphoma
only; difficuitics with diseasc nomenclature and coding
by “lymphatic and other hematopoietic cancers” make it
difficult to asscss NHL acrosy studies.

male workers employed in high-exposure jobs for
1 year or more (meaun time 4 years, range 1-22
years) represent a very highly PCB-exposed group
of wdrkers. There were no significant increases in
mortality from all cancers (SMR = 81;95% CT 56—
113) or any of the specific cancers noted earlicr.
These results of this study with the addition
of 5 more years of follow-up fail to demonstrate a
causal association hetween occupational exposure
to PCBs and excess cancer wortality, As with their
previous study (Kimbroughetal,, 1999),ifany study

were going to demonstrate an association between
.exposure to PCBs and increased mortality {from can-

cer, this would be the study. With over 7000 PCB-
exposed capacitor workers that now include 1654
deaths, almost 236,000 person-years of observation
with follow-up through 1998 representing a mean
foltow-up of 37 ycars, the resolts of this study rep-
resent the most rigorous assessment to date of possi-
ble associations between occupational exposure to
PCBs and increased risk of cancer.

Bertazzi et al. {1982, 1987); Tironi
et al. (1996)

These three studies represent a longitudinal sc-
rics of mortality investigations of workers in an Ttal-
jan capacitor manufacturing plant in which different
PCB mixtures werc uscd from 1946 to 1980, Only
the study by Bertazzi ct al. (1987) was considercd
in the ATSDR (1999) revicw. The final study, Tironi
et al. (1996), involved a cohort of 3,656 workers,
making it the third largest study of highly PCB-
exposed workers,

Bertazzi et al. (1982)

Bertazzi et al, (1982) presented the initial find-
ings of this serics of mortality studies, The co-
hort consisted of 1310 workers (1020 females and
290 males) who were employed at the facility for
at least 6 months. Between 1954 and 1978, there
were 27 deaths with 14 due to cancer. ‘There was
a statistically significant increase in total cancers
among males and in all cause mortality among le-
males compared to local population mortality rates
(SMR =241; 95% CI 109-320). The authors recog-
nized that the small number of deaths in this initial
investigation of the cohort limited the significance
of their findings: “At the time the study was con-
ducted [the workers] had not aged enough for mor-
tality to be informative about possible long term
cffects due to PCBs. The small numbars of deaths
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which occurred . . . prevented any meaningful strat-
ification by type of exposure, duration of exposure
and latency.” The results of Bertgzzi et al. (1982)
must, therefore, be considered inconclusive.

Bertazzi et al. (1987)

I the Bertazzi et al. (1987) update, the cohort
selection criteria were changed from 6 months of
cmployment to only 1 week of employment with in-
chusion of both production and nonproduction work-
ets in the cohort. The new cohort had 2100 members
(544 men and 1556 women) with mortality experi-
cnce followed from 1946 to 1982. Sixty-four deaths
(3% of the cohort) were reported, 30 in men and 34
in women. Mortality due to all cancers (Q = 14 vs,
E == 5.5 aational, SMR = 253; 95% CI 144-415
and B = 7.6 focal, SMR = 183; 95% C1 104-300)
and cancer of the gastrointestinal tract (O = 6 vs.
£ = L7 national, SMR = 346; 95% CI 141-721
and E = 2.2 local, SMR = 274; 95% CI 112-572)
were significantly increascd among male workers.
The latter inding was based on grouping together
cancers of the stomach, liver, biliary ract, and pan-
creas. This procedure is highly questionable, given
the likelihood that these widely disparate cancers
have different etiologics and risk factors, Deaths
from hematologic neoplasms and from Jung can-
cer were also elevated in men, but the results were
nol. statistically significant. Overall mortality in fe-
males was significantly increased above local rates
(O == 34 vs. B = 16.5), due primarily to accidents.
Totaf cancer deaths (O = 12 vs, E = 5.3, SMR =
226: 95% Ct 123-385) and deaths from hemato-
logic neoplasms (Flodgkin's diseasc and lymphosar-
coma) (0 = 4 vs. E = 1.4, SMR = 377; 95% CI
115-877) were also signilicantly elevated over local
raics.

The results of the Bertazzi et al. (1987) smdy
arc Jimited by several factors, including the small
number of cancer cases observed, the limited la-
fency period, the lack of a pattern or trend when
the data arc analyzed by duration of exposure, and
the fact that some deaths occurred in males with
low potential for direct PCR exposurc (Kimbrough,
[987; ATSDR, 1998). However, the major problem
in the study design was the 1 week minimum period
of employment required for inclusion in the study
cohort without evidence of direct workplace expo-
sure to PCBs, This makes it difficult to conclude
thal excess cuncer cases are attributable to PCB
exposures mthier than to other factors. The study
also did not show a dosc-response relationship or
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any direct relationship between latency and any dis-
ease endpoint. The authors® averall conclusion was

" that their study “did not permit a causal association

to be either proved or dismissed.” The U.S, EPA
considered the results of the study inconclusive he-
cause of lack of a dose-response relationship and the
small number of cancers in the cohort (U.S. EPA,
$999a).

Tironi et al. (1996)

Tironi et al. (1996) is a follow-up study of the
same workers examined by Bertazzi et al. (1982,
1987}, ‘The mortality satc was studied for the period
19541991, This study was the first on this cohort
to note the cxceptionally high air concentrations of
PCB to which the workers were exposed; concen-
trations of 54% chiorinaled PCBs ranged from 5200
to 6800 ug/m® in 1954, and were reduced (o 48 to
275 pg/m® in 1977, Bxposures persisted until 1982
even though PCB usage ended in 1980.

The Tironi ¢t al. (1996) cohort consisted of all
workers in every depastment of the plant, including
adwministration, who worked in the plant for a mini-
mum of 1 weck in the period 1946--1982. The focus
of the study was on female workers because most
of the capacitor manufacturing work was performed
by women. A total of 1556 women were included in
the study, resulting in 44,328 person-years of obser-
vation witha 999 participation ratc. Local mortality
data were used for comparison.

In this study, none of the previonsly reported
excesscs of cancer {which had been based upon
small numbers of deaths) was evident. The only sig-
nificanl excesses reported for women were for all
causes of mortality where 47 deaths were observed
versus 34.4 expected, a numbernthat was driven by
excess deaths due (0 accidents and traumas (ICD8
codes 800-999), with I2 deaths obscrved versus
3.7 expected. Total deaths due to malignancies were
19 observed versus 16.1 expected, a result that was
not statistically significant. For men, there were
no statistically significant excesses for any classi-
fication of death, Tolal deaihs due to malignancies
were not significantly elevated (20 observed vs, 18.4
expected). .

While slight elevations of cancer of the “Gl
tract” and of the “Lymphatic and hematopuietic sys-
tem” were observed, neither was statistically sig-
nificant, in contrast to the earlier and more limited
report of Bertazzi et al, (1987), with fewer cancer
deaths and less stable relative risk estimates, More-
aver, as only 39 total cancer cases were ovaluated
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in Tironi et al. (1996), the SMRs still cannot be
considercd stable estimates of the risk experienced
by this cohort. Two examples of this are the relative
risks associated with the “lymphatic and hematopoi-
elic syster” cancer in women and the “Gi trac€” can-~
cers inmen, When comparing the SMRs reported by
Bertazzi et al. (1987) (o those in the present study,
the risk of “lymphatic asd hematopoiclic system”
cancer in women dropped from 377 to 144, while
the risk of “GI tract” cancers in men decreased from
27410 195.

Collectively, the results of Bertazzi et al, (1981,
1987) and Tironi et al. (1996) illustrate that follow-
up is the best way to determine if highly unsta-
ble outcomes in preliminary studies due to small
numbers of deaths arc still present afler the pas-
sage of additional time. The inability of Tironi ct
al. (1996) 10 confirm previously reported statisti-
cally significant increases in cerlain cancers sug-
gests that the initial reporls did not reflect causal
associations,

Gustavsson et al. (1986);
Gustavsson and Hogstedt (1997)

Gustavsson et al. (1986)

Gustavsson ct al. (1986) analyzed cancer inci-
dence in 142 Swedish male’capacitor manufactus-
ing workers cmploycd for ut least 6 mouths between
1965 and 1978 who were exposed to a4 42% chlorine
PCB mixture, providing a mean exposure duration
of 6.5 years and a median latency period of 13 years.
The vital status was determined for all 142 persons.
The airborne PCB concentration measured in 1973
was 100 pt/m®, but exposurcs were Tikely higher in
prior years, )

There were 21 deaths from all causes, while
22.12 were expected using national mortality rates,
Of these deaths, 7 were from cancer versus 5.39
expected, an excess that was not stutistically signif-
icant. A subgroup of 19 individuals with higher ex-
posures than the rest of the cohort {capacitor fillers
and capacitor repairmen) was analyzed separately
and there was no increase in mortality or cancer in-
cidence in this bigh-exposure subgroup.

Gustavsson and Hogstedt (1997)

Gustavsson and IHogstedt (1997) followed ap
on Gustavsson et al. (1986) by expanding the co-

hort to include all capacitor workers at the plant
regardless of nationality (241 male workers) and
adding 11 years of follow-up for cancer incidence
and 9 years for mortality. Of these 241 male work-
ers, 157 were alive, 56 had died, and 28 had em-
igrated. ‘The total cohort was divided into two ex-
posure groups. The “low” expasure group consisted
of 170 individuals (71% of the cohorr) who had al-
ways performed a tow exposure job, The 71 “high”
exposure workers consisted of anyone exposed to
intermediate or high exposure jobs for at least six
‘months. While therc were two cases of liver cancer,
no statistically significant increase in mortality was
found for any tumor typc.

The authors noted that their study was small and
acknowledged that the two cases of liver cancer were
insuflicient o draw any conclusion regarding the re-
lationship between Jiver cancer and PCB exposure.
‘The stady provides no information regarding other
chemicals to which the workers had been exposed,
and did no! control for any risk factors, including
alcohol consumption. The small size of the cohort
and the inability to rule out the possible contribu~
tion of alcohol, other chemicals, or hepatitis virus to
the two cases of liver cancer suggesis that this study
does not demonstrate 2 causal association between
exposure 10 PCBs and cancer.

Studies of Cohorts Investigated
Only Once

Loomis et al. (1997)

Loomis ot al. (1997) comlucted a mortality
study of 138,905 men who worked for at least
6 months between 1950 and 1986 at 5 elaciri-
cal power companies in the United States, Women
were excluded becanse they rarcly worked in jobs
that involved PCR exposure. From the 1930s o
1978, PCBs were used in both electrical capaci-
tors and transformers as flame-resistant dielectric
fluids. Capacitor fluids were essentially pure PCR
fluids (Aroclor mixwres), while transformer flu-
ids typically contained Aroclors mixed with vari-
ous percentages of chlorinated benzenes (normally
about 30% to 60% of the transformer flaid). Un-
less flame resistance was a requirement, most frans-
formers used mincral oil insiead of chlorinated com-
pounds because mineral oil had superior clecteical
properties and was less expensive. Thus, according
to a U0.S. BPA contractor, less than 5% of the trans-
formers produced in this country during the period
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ihat PCBs were used were actually filled with PCBs
(Durice, 1976; ATSDR, 1999).6

For the tofal cohort, Loomis et al, (1997) re-
porled that ali-cause mortality and total-cancer mor-
tality did not correlate with esfimated PCB expo-
sure, Morcover, for the entire cohort, no type of can-
cercorrelated withestimated PCB exposure, Several
causes of death, including death from Lver/biliary
cancer, were seen at levels lower than expected,
and several of these reswlts were statistically sig-
nificantly fower.

However, when Loomis et al. (1997) examined
velative risk by occupational catcgory, in one sub-
aroup ol 210 mechanics who had worked 0-5 years
there was a statisticalfy significant association be-
tween cstimated PCB exposure and melanoma
(RR = 2,57; 95% CI 1.06-6.20). No association
was scen among 215 other workers with greater es-
timated PCB exposure, nor was there an associa-
tion among groups of workers in other job cate-
gories assumed o be associated with PCB exposure
(electsician, lineman, cable splicers, laborers, and
material handlers). No association was found be-
tween estimated total career exposure 1o PCBs and
ielanoma.

Loomiscf al, (1997) also divided the cohort into
5-, 10-, and 20-year lag periods and analyzed each
of these lag periods by 3 categories of total career
exposure, Of the ninc categories (three lag periods
by three levels of exposurc), three yielded statisti-
cally significant findings for an association between
estimated PCB exposure and melanoma. However,
these findings are based on a small number of cases:
one Jeath due to melanoma in the highest exposure
category and two and eight deaths in the othes two
categories of exposuare. There also appears to be an

apparent discrepancy beiween the results of this pro-

cedurc and the results of analyses based on duration
of exposure that show no increased risk even after
the longest durations of exposure. Therefore, it is
important to evaluate the authors’ speculation, that
is, that with morc than a 10- to 20-year follow-up to

®According 1o ATSDR (1995), “By 1976, only 5%
ol the: ransformers produced in the United States were
filled with PCBs. accounting for,30% of the Monsanto
Chemical Company’s domestic sales; however, 95% of the
capacitors produced in fie United States were filled with
PCBs, uccounting for 70% of the company’s domestic
siles (IARC, 197R).” Morcover, “in 1981, an estimated
131,200 transformers containing PCBs were in service in
the United States, representing approximately 1% of all
operational wansformers.”

allow for this latency interval, other studics should
confirm these results, As described in other stud-
ies in this review, the latgest high-exposure stud-
ies [with PCB exposures almost certainly higher
than in Looris et al..(1997)] do not support this
hypothesis.

The resuits of Loomis et al. (1997) are also
questionable because PCB exposure was estimated
and not measured, Because none of the five compa-
nies from which the cohort was selected had con-
ducted any measurements of workplace exposures
or evalualed employees® historical chemical expo-
sure levels, a panel of experts at each company
(industrial hygicnists, safety petsonnel, and long-
term workers) was asked (o estimate cxposure icv-
els. Bach panel was asked to assess the potential
for cxposure to PCBs, varions solvents (acetone,
1,1,1-trichloroethane, catbon tetrachlaride, and Var-
sol), wood preservatives, and sunlight for each of
the 28 job categories into which the cohort subjects
had been placed. These subjective assessments, by
job category and decade, were then used to assess
PCB exposure for ecach company. As part of this
subjective assessment, the employees’ frequency
and duration of exposure to various chemicals (in-
cluding PCBs) were estimated. Based on the ex-
posure matrices derived in this manner, the cumu-
lative hours of potential exposare to cach chemi-
cal were estimated for esch worker by summing
the product of the frequency and duration of ex-
posure over a work history. Yor sunlight ¢xpo-
suge, jobs were classified as involving primarily
indoor or ontdoor work, but these exposure esti-
mates were made for only three of the companics.
Sunlight exposure was estimated for the two other
companics.

The authors acknowledge that “the quality of
our jnformation on exposure to sunlight, a poten-
tially important confounder, is of some concern.”
While occupational exposure to sunlight was csti-
mated, the authors collected no information about
exposure to sunlight during leisure time, which is
a risk factor for melanoma, The authors note that
“astrong association of melanoma with recreational
exposure 10 sun could distort our resuits, if that expo-
sure were diffcrential by level ot exposure to PCBs.”

‘While the results of this study on increased risk
of melanoma arc similar to those reported by Sinks
et al. (1992) (see later discussion), they are not con-
sistent with the results of nine other stadics involv-
ing workers with higher levels of PCB exposuse
(Brown and Jones, 1981; Brown, 1987; Nicholson,
1987; Taylor, 1988; Kimbrough et al., [999, 2003;
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Bertazzi el al,, 1982, 1987; Tironi et al,, 1996).” The
significant melanoma findings of the Loomis cohort
were for workers with a latency of 10-20 years.
By comparison, the entire cohort of the Nicholson
(1987) study consisted of workers with 5 years of
cxposure and more than 10 years of latency, and
therc was no increased mortality from melanoma,
Similarly, in Kimbrough et al, (1999, 2003), there
was no increased mortality from melanoma ja the
most highly exposed group of employees, of which
98% had 10 or more years of latency and 85% had
20 or more years of latency. Thus, studies with sub-
stantially higher exposures to PCBs do not confirm
the findings of Loomis et al. (1997).

Sinks et al. (1992)

Sinksetal. (1992) conducted aretrospective co-
hort mortality analysis of 3588 workers (2742 men
and 846 women) who were employed for at least
1 day at a capacitor-manufacturing plant beiwecn
1957 and 1977. Aroclor 1242 was used in this plant
through 1970, and Aroclor 1016 was used from 1970
1o 1977. Because PCB fluids were heated in ovens,
significant fumes were released when the oven doors
were opened. About 10% of the workforce was di-
rectly involved with capacitor production. In 1977,
PCB serum measurements of the capagitor workers
were five times greater than those of administrative
personnel and 20 times greater than those of iodivid-
uals living in the community. PCB serum measure-
ments were reported in the cross-sectional clinicat
study of Smith et al, (1982).

Mortality from all causes and from all can-
cers was less than expected. A sigpificant in-
crease in morialily rate was observed for malignant
melanoma (8 observed vs. 2 expected), and death
rates from brain and nervous-system cancers were
nonsignificantly clevated over cxpected rates. No
excess deaths were observed from cancers of the
rectum, lung, or liver, biliary tract, and gallbladder,
or from hematopoietic malignancies.

Although the melanora increase was signif-
icant, there was no dose-response relationship in

7Both the Nicholson (19%7) and Kimbrough ot al,
(1999, 2003) cohorts include workers whosc PCB expo-~
sures were likely 10 be at least un order of magnitude
greater, on avemge, than those of the wtility workers ja
Loomis et al. {1997). Smith ct al. (1982) found that to-
tal PCB levels in PCB-exposed capacitor manufacturing
workers were about ten times higher than levels in utility
company workers involved in the mnintenance und repair
of PCB-containing transfonmers.

terms of level of exposure to PCBs, duration of em-
ployrent or latency. Sinks ct al. (1992) specifically
note that “the risk for malignant melanoma did not
vary by duration of employment, time since firstem-
ployment, or estimated cumulative exposure.” The
failure to find dose or latency relationships argues
against PCB exposure as the probable cause of the
observed elevation,

Sinks et al. (1992) also noted that the skin
cancer excesses are not consistent with findings
from simifar studies, that is, Brown and Jones
(1981), Brown (1987), Nicholson (1987), Taylor
et al. (1988), and Bertnzzi et al. (1982, 1987). Ma-
lignant melanoma was not signiticantly elevated in
four other capacitor-manufacturing cohort studies
conducted subsequent to Sinks etal. (1992), includ-
ing Kimbrough et al, (1999, 2003), Tirioni et al.
(1996), and Gustavsson and Hogstedt (1997).

Other limitations of the study include the lack
of evaluation of exposures (o other chemicals, the
relatively short latency period, and the small num-
ber of deaths within the cohort. Sinks ct al. (1992)
concluded that the results of their study should not
be interpreted as demonstrating a causal relationship
between PCBs and malignant melanoma. The U.S,
EPA (1999a) found Sinks et al. (1992) inconclusive
because no dose-response relationship was apparent
and the nomber of cancers in the cohort was small.
ATSDR (2000) noted that one and probably three
cases of melinoma should have been excluded from
the analysis since on¢ case was diagnosed 2 months
prior to employment and the other two cases had
worked at the plant for 1 month.

* Thus, even though both Loomis ot al. (1997)
and Sinks ctal. (1992) suggest that there is increased
risk of melanoma in PCB-exposed workers, both
sludies fail to show a dose response and are incon-
sistent with numcrous other studics. Of the 16 stud-
ies conducted on PCB-cxposed workers, these are
the only 2 that report an increased risk of melanoma.

Yasst et al. (1994)

This study examincd cancer mortality in
males who worked between 1947 and 1975 at a
transformer-manufacturing plant in Canada. How-
cver, only 27,000 gallons of PCB-containing trans-
former fluid werc ever used at this plant, and this
volume was uscd in only 85 of the more than 51,000
0.17%) transformers built between 1956 and 1975,
Consequently, this study is predominantly onc of
exposure to mineral oil transformer fluids and other
chemicals used at the plant vather than to PCBs.
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Other potential exposures included cutting oils, sol-
venes, and welding fumes.

The mortality analysis was conducted on afl
workers with confirmed employment of more than
6 montls and for all transformer assembly work-
ers with 6 months or greater employment. The only
statistically significant finding was for pancreatic
cancer with an SMR of 7.64 (95% CI 3.29-15.06)
among all workers (N =8)and 12,90 (95% C12.59~
37.70) among workers (N == 3) in “transformer as-
sembly.” There was only one death altributed to
liver/gall bladder for the entire cohort, and this was
nol a significant finding.

Yassi et al. (1994) concluded that consideration
of latency “increased the likelihood that these deaths
were refated to workplace exposures.” The highest
morlality for pancreatic cancer was for those who
had begun work before 1960 (5 deaths, SMR = 676).
Tor those who entered the workforce between 1960
and 1969, the SMR was 154, and no pancreatic can-
cers occurred in those who began work after 1970,
However, the study presented no SMR analysis by
latency. Several of the 11 pancreatic cancer cases
either died shortly after being hired or worked at the
plant for a short period of time, thus weakening any
association between fatency and the appearance of
pancreatic cancer, In addition, since the hitc dates
Tor more than 20% of the workforce were unknown,
the validily of a Tatency analysis, even had such an
analysis been conducted, would be highly uncertain
(Wong, 1995). Moreover, since polential exposures
to PCBs were not chronologically determined, it is
impossible to attribute the decreasing SMRs for pan-
creatic cancer to any particular exposure,

The authors provided occapational histories of
the |} pancreatic cancer deaths in the cohort and a
12th case for which pancreatic cancer was a contrib-
utory cause of death, Among these 12 cases, 6 cases
had 2 orless years of possible exposure (as measured
by employment duration) and the employment his-
torics of 2 more were uncertain due to incomplete
information on hire and termination dates. In re-
viewing this study, ATSDR (1999) noted that the
cotrelation between exposure time and pancreatic
cancer appears spurious because in the group with
the highest SMR only fheee cancers were reported,
and two of these were in individnals who worked
at the plant for 1 year or less, One of these indi-
viduals died within 1 year after Jeaving the plant,
Wong (1995) and ATSDR (1999) are in agreement
that these two employees had neither sufficient cx-
posure duration nor latency for the cancers to be at-
tributed to mineral oil or PCB exposure. Thus, there
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is Tittle evidence of a dose~response relationship in

. this'study,

ATSDR (1998) noted other “severe limitations™
tothe Yassi ctal. (1994} study, including the fact that
emplayees were exposed to chemicals other than
PCBs and no medical histories of the employces
were provided. Wong (1995) also identified addi-
tlonal limitations including incompleteness of the
cohort ascertainment, inadequate data for vita! sta-
tus determinations, fack of basic employment and
exposure information (such as hire date andfor de-
parture date), inconsistency in numbers presented,
small sample size in most analyses, and lack of de-
tailed analyses by exposure variables, In responding
tothe cornments by Wonyg (1995), Yassi ctal. (1995)
did not refute any of the issues pertaining to tatency.

Yassi et al. (1994) appeared to question the
meaning of their results, particularly as they re-
late 10 PCB exposure, observing that “whilc this
study was originally undertaken because of con-
cerns regarding PCB exposure, company records
indicated that a vast majority of their transform-
ers contained .mineral oil (not PCB) rather than
Askarel (containing PCB oil).” The authors con-
cluded that “the finding of excess pancreatic cancer
in this transformer manufacturing cohort (exposed
to petroleum oil and other solvents used in elec-
trical manufacturers) is consistent with the litera-
ture, although the specific ciusative agent remains
uncleae” In addition to these problems, potential
confounding factors such as smoking and alcohol
consumption (Gold and Goldin, 1998; Zheng et al.,
1993; Fuchs ct al., 1996) were not considered. Fi-
nally, of ali the studies conducted on PCB-exposed
workers, no other study has reported an increased
risk of pancrealic cancer.

Greenland et al. (1 9943

Greenland et al. (1994) conducted a case-
control study of cancer mortality as related to var-
ious chemical cxposures at a transformer assembly
facility. This study was undertaken to address pre-
Jiminary reports of excess cancer mortalily associ-
ated with employment at this facility. Subjects in-
cluded those who had been employed at the facility
before December 31, 1984, who died betiveen 1969
and 1984, and for whom death benelits claims had
been fited, The study included 512 cases and 1202
controls. The cases were study subjects who died
of all types of cancers. The controls died of con-
ditions other than cancer, excluding diseases of the
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digestive system, genitourinary diseases, diseases
of the biood and blood-forming organs, mental dis-
orders, and.ill-defined conditions. ‘There were 107
noncancer deaths excluded from the control group
because their diagnoses were possibly associated
with the exposure under study.

More than 250 chemicals’and classes of chem-
icals were identified as boing used at the plant.
From this list of more than 250 chemicals, 30
were identified that were potentially either car-
cinogenic or mutagenic. The authors focused on
seven of these chemicals or classes of chemicals
based on assumed carcinogenic potential, amount
of the material used, and the number of opera-
tions in which the material was used. The chemi-
cals/classes of chemicals were; Pyranol (mixture of
approximately 45% to 80% PCBs and trichioroben~
zeac); trichlorcethylene; benzenc; mixed solvents;
asbestos; synthetic resins; and machining fluids.
‘Thus, individnals included in the study were poten-
tially exposed to many chemicals other than PCBs.
Exposures were estimated for various jobs in the
plant throngh interviews with plant workers, includ-
ing some management personnel. For Pyranol, ex-
posure calegaries were no exposure, indirect expo-
surc (chemical present in the workplace, but worker
did not perform a task which involved dircet expo-
sure), and direct exposure.

Preliminary analyses indicated a statistically
significantly clevated odds ratio (OR) between Pyra-
nol exposure and lymphomas (defined by Greenland
et al. as all lymphosarcomas and reticulosarcomas
combined) (OR = 3.26). However, this finding was
not significant when evaluated by the Mantel test
Tor dose response and was discounted by the au-
thors. The authors concluded that the only unequiv-
ocal positive association found involved synthetic
resins (containing asbestos) and lung cancer, How-
ever, smoking histories were not available to shed
light on this association,

Hoppin et al. (2000)

This study investigated the relationship he-
tween pancreatic cancer and serum concentrations
of DDT, DDE, PCBs (11 congeners), HCB, trans-
nonaclor, and live other organochlorine compounds,
The cohort consisted of 113 nonoccupationally
PCB-exposed cases of pancreatic cancer and 82
matched controls. Interviews with each case and
control included information on possible occupa-
tional and chemical exposures, tobucco use, diet,
and medical history. Statistical analysis was limited

to chemicals that were detected above the method
detection limit in greater than 50% of samples, re-
sulting in analysis of dutaun only DDE, PCBs, HCB,
and frans-nonaclor, All values were lipid adjusted,
which was particularly impostant since there were
significant differences between cases and controls
for cholesterol, trighycerides, and total lipids due to
discase-related cachexia,

There was a statistically significant dose-
response trend between increasing total PCB con-
centrations and risk of pancreatic cancer in the high-
cst tertile of PCR cancentrations (360 ngfg lipid)
with an OR of 4.2 (95% CI 1.9-9.4). Congener-
specific analyses demonstrated significantly in-
creased risk for the highest tertile of PCB congener
153 (OR == 3.0; 95% CI 1.4-6.6) and congener {80
(OR = 8.4; 95% CI 34-2I). The significance of
these findings is unclear and was questioned by the
authors, who noted that “due to cachexia among pan-
crealic cuncer paticnts, the possible effect of wasting
on organochlorine levels, and PCBs in particular, it
is difficult to predict and complicates the interpreta-
tion of our findings.” Recognizing this problem (par-
ticularly since 55% of cases reported weight loss
prior to diagnosis), a sensitivity analysis was per-
formed in an attempt to account for several different
hypothetical bioconcentration scenarios by assum-
ing 10%, 25%, and 40% bioconceniration of PCBs
as a consequence of reduced serum lipids resulting
from weight [oss due to pancreatic cancer, This anal-
ysis revealed a significant association between pan-
creatic cancer and the highest teriite of total serum
PCBs under hypothetical conditions of 10% bio-
concentration (OR == 3.1; 95% CI 1.4-7.0) and no
significant associations with any other assumed bio-
concentration factor. The fact tha there were no sta-
tistically significant associations between pancre-
atic cancer risk and assumed Jipid bioconcentrations
of 25% and 40%, even at the highest tertiles of ex-
posure, is not surprising given that total lipids were
26% less in cases than controls. Thus, after account-
ing for the documented differences between cases
and controls with respect to diseasc induced weight
foss, resuiting in diminished serum lipid levels and
the subsequent effects on serum PCB concentra-
tions, there is little, if any, evidence tor an associa-
tion between PCBs and increased risk of pancreatic
cancer. Because of the profound effects of discase-
induced weight loss and its consequent effecis on
serum lipids and, therefore, the meusured concen-
trations of lipophilic chemicals, studics such as this
have little value in determining potential causal re-
Iationships. A case-control study of pancredtic can-
cer and a biomarker such as serum PCB levels that
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cun be affected by cachexia is inappropriate. Hoppin
ctal. (2000) attempted to account for this by statisti-
cal methods even though such an approach has never
been validated,

Zach and Musch (1982)

Mortality rates were reported for 89 workers
involved in the manufacture of PCBs in a plant in
Rlinois. No industrial hygienc data were available to
quantify PCB exposuse levels. In addition, all work-
ers were also exposed to other chemicals including
tri- and tetrachiorobenzene and biphenyl. Analysis
of the cause of death in the 30 deceased members
of this cohort revealed no statistically significant in-
crease in mortality from all cancers or any cancer

type, including no deaths from liver cancer, pancre- -

atic cancer, or melanoma.

Rothman et al. (1997)

In a nested casc-control study, 74 non-
Hodgkin’s lymphoma (NHI) cascs were drawn
from a large prospective cohort study involving
more than 25,000 adults from Maryland. The re-
searchers’ a priori hypothesis was that the inci-
dence of NHL. would be associated with increas-
ing scrum concentrations of DDT. No association
for this exposure was found. However, in examin-
ing the data, a dose-response relationship was found
between NHL and lipid-corrected serum PCB con-
cenlrations. Rothman ct al. (1997) noted: *“Fhese re-
sults should be regarded as hypothesis-gencrating.
Before causal inferences can be mude about expo-
sure to PCBs and increased risk of non-Hodgkin
lymphoma. our findings require replication and the
biologicat plausibility of the associntion nceds fur-
ther investigation.” The authors also noted that occu-
pational studies had documented PCB serum levels
of at least onc order of magnitude greater than those
found ia (beir cases and no association was found
tetween NFIL and PCBs in those studies, Thus,
Rothman et al. (3997) concluded that: (1) “it is pos-~
sible that confounding was present in our studics—
i.e., that an unrccognized risk factor was associated
with PCB concentrations and, more strongly, with
risk of non-Hodgkin tymphoma®; (2) “ihe inconsis-~
tency between our findings and those from studies
of PCB-cxposed occupational coborts needs to be
cxplained™; and (3) “the biological plausibility of
this association rcquires further invéstigation.”

Tt is indeed difficull to reconcile the findings
of Rothman et al. (1997) with the lack of any in-

560

crease in NHL in more heavily exposed cohorts. The
large occupational cohort studics of workers heavily

" exposed to PCBs, none of which have reported an

association between increased NHL and exposure
to PCBs, should be regarded as demonstrating that
the hypothesis of Rothman et al. (1997) that PCB
exposure is a risk factor for NHL is incorrect.

Bahn et al. (1976, 1977); NIOSH
(1977)

In two letters to the editor, Bahn et al, (1976,
1977) reported on the incidence of tumors in work-
crs at a New Jersey petrochemical facility where
Aroclor 1254 had been used from 1949 to 1957.
I the first letter, Bahn et al. (1976) reported that
a significantly increased incidence of malignant
melanomas was observed among research and de-
velopment workers (2 of 31) and refinery personnel
(1 of 41). 1t should be noted that these ietters Yo the
editor arc case reports, were not peer reviewed, and
involve an extremely small cohort.

The first Bahn (1976) letter was followed
5 months later by a letter from Lawrence (1977),
who pointed oot another important reason why
no conclusions can be drawn from Bahn (1976):
“Bahn et al....fails to address the very iraportant
issue of exposure to other, perhaps carcinogenic
compounds. ... One of these, epoxide 206, a par-
ticularly effective scavenger, was found to have a
“pronounced carcinogenic effect’ in an animal skin-
painting experiment . , . . Jtis impossible to draw any
inferences from the Bahn study concening adverse
effects of PCB without information on other chem-
icals 1o which the group may have becn exposed.”
The comment from Lawrence (1977) prompted a
brief reply by Bahn et al. (1977)that acknowledged
that the extent of the workers® exposure to other
chemicals was not known,

NIOSH (1977) provides some limited infor-
mation on its independent investigation of the
Bahn cohost. The discussion of the Bahn cohort
in NIOSH (1977} comprises only two short para-
graphs. NIOSH (1977) stated that it obscrved 8 can-
cers in the study population versus 3.7 cxpected.
Three of these tumors were melanomas and two
were pancreatic cancers, The incidence of these tu-
mor types was reporied to be significantly higher
than expected, although no data were presented.
NIOSH described this study as “preliminary,” and
noted that “PCB exposure histories were based on
tecollections of two company employees.” NIOSH
(1977) also stated that “The expected cancer rates
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were bused on US population data rather than on a.'

rate for the locality of the petrochemical facility . ...
A substantial change has occurred in the cohort since
release of the preliminary report by Bahn and her
coworkers, and it seems likely that the findings on
this new cohort will differ significantly from those
of the preliminary study. The final report is not yet
available.”

The implications of these preliminary reports
are suspect due to small cohort size and the fact
that the workers in this facility were exposed to nu-
merous other chemicals. According to the U.S. EPA
(1999a), the results of NIOSH (1977) are inconclu-
sive. Consequently, the preliminary findings of Bahn
et al, and NIOSH (1977) are inadequate for usc in a
weight-of-cvidence assessment concerning a causal
relationship between exposure to PCBs and cancer.

Hardell et al. (1996)

Hardel} ¢t al. (1996) ¢onducted a case-control
study of 27 patients with non-Hodgkin’s lymphoma
(NHL) to determine if there was a difference be-
tween cases and controls in adipose tissue lev-
cls of several organochlorine compounds includ-
ing PCDDs (7 congeners), PCDEs (10 congeners),
PCBs (34 congeners), HCB, and DDE. Instead of
determining serum levels of these compounds, a 2-
to 10-g sample of abdominal adipose tissue was re-
moved under local anesthesia for analysis, There
were no significant differences in total PCB lev-
cls between the NHL cases and controls, However,
there were significant differences between cases and
controls for selected PCB congeners including 156,
157,182/187,171,172{192,170/190, 189,202,201,
194, and 208, with cases having higher levels than
controls. There were no differences between cases
and controls in adipose tissuc concentrations of any
of the other compounds mensured., Hardell ct al.
(1996) concluded that “since immunosuppression
is an established risk factor for NHL, our results
are of interest in the etiology of NHL but need
to be confirmed in Jarger studies.” Hardell et al.
(1996) attempt to support theix hypothesis concern-
ing immunological impaimment by stating that ocen-
pational exposure to PCBs has been associated with
this effect. However, they do not reference credible
data in support of their stalement citing two studies
involving Yusho and Yu-Cheng cohorts poisoned by
ahcat degraded mixture of PCBs containing PCDFs.
Nelther of these studies supports the idea that PCBs
per se are immunosuppressive. Other than these fe-
ports, there is no evidence to support an association

between exposure to PCBs and immunosuppression
in humans (ATSDR, 1999). In addition, none of the
many studies on heavily exposed occupational co-
borts have reporied an association between PCBs
and NHL.

Finully, while Hardell et al. (1996) sclected
cases prior to their beginning treatment for NHL,
there is no information concerning the lengih of
time between the onset of symptoms and diagnosis.
This makes it difficult to rule out a discasc-induced
process that resulted in a differential distribution
of organachiorines In adipose tissue. Consequently,
this kind of study is incapable of determining if
elevated adipose tissue levels of PCBs are the re-
sult of disease-induced redistribution of Jipophillic
chemicals,

WEIGHT-OF-EVIDENCE
ASSESSMENT OF THE
EPIDEMIOLOGICAL CANCER
DATA FROM COHORTS
OCCUPATIONALLY EXPOSED
TO PCBS

As evidenced by the preceding review, therc
is a substantial number of epidemiology studies of
workers accupationally exposed to PCBs. At least
10 of these stadies provided the basis for the conclu-
sion by ATSDR (1999) that “the weight of evidence
docs not support a causal association for PCBs and
human cancer at this time.” In order to establish a
basis for evaluating additional studics, as well as
studics not available when ATSDR (1999) reached
their conclusion, this section provides a weight-of-
evidence assessment of all of the studies reviewed
carlier, v

The weight-of-evidence approach must be used
to draw conclusions from a varicty of data that are
not entirely consistent. The best guidelines for ac-
complishing this can be found in the U.S. BPA’s re-
cent (1999, 2003) Guidelines for Carcinogen Risk
Assessment, which unequivocally embrace this phi-
lesophy. These guidelines are based on the princi-
ples established by Hill (1965) and commonly re-
ferred to as the causation criteria,

An objective weight-of-evidence evaluationof
cpidemiological studies requires (a) the observation
of a specific endpoint(s) and (b) the application of
the principal causation criteria [i.c., strength of asso-
ciation, consistency of association, dose-response
relationship, temporally corrcet  association,
specificity of the association, and biological

561




plausibility (coherence with existing information)]
to determine whether a causal refationship can be

inferred between cxposure to a particular agent and

an increased risk of some disease.

As discussed in detail next, applying a weight-
of-evidence cvaluation to the PCB epidemiological
studics can only lead to the conclusion that there is
no causal relationship between PCB exposure and
uny form of cancer While a fow studies suggest that
oceupational exposure to PCBs might be associated
with anincreased risk of sore types of cancer, these
are generally isolated findings that ¢ould not be con-
firmed jn follow-up studies.

ta reviewing the U.S. EPA Proposed Guide-
lines for Carcinogenic Risk Assessment, the U.S.
LEPA Science Advisory Board (SAB) (1997) had the
following obscrvation concerning the use of statis-
tical significance:

It is important, in evaluating the overall evidence
for an effect from epidemiological studies, to rule

out chance as a possible explanation for an obscrved -

association. ‘The degree to which chance should ac-
count for an observed association can be evaluated
by calculating the statistical significance of the as-
sociation,

Anytimethe nullhypothesis isrejected, thercby
resulting in a statistically significant linding, a “bur-
den of proof™ concerning that particular finding
must then be met. In the evaluation that follows,
all of the studies reporting a statistically signifi-
cant finding of increased mortality® from a specific
cancer arc first assessed as a group to determine
which studics and effects should be included in a
weight-of-cvidence evaluation, This approach en-
sures thal studies and outcoraes are not afforded
more weight than is warranted in a final weight-of-
evidence cvaluation. Following evaluation of these
studics, cach statistically significant finding is sys-
tematically judged against each of the causation
criteria to determine the extent to which they are
fulfilted.

1gnoring study size, design, potential confound-
ing factors, and other possible methodological prob-
lems, there arc 13 studies that repost one or more
statistically significant associations between expo-
surc to PCBs and cancer (Babn et al., 1976, 1977;
NIOSH, 1977; Bertazzi et al,, 1982, 1987; Brown
and Jones, 1981; Brown, 1987; Hardelt et al., 1996;
Loomis ct al., 1997; Rothmas ot al., 1997; Sinks

*Fhree studies (Wardell ¢ al,, 1996; Rothman et 4l.,
1997; Toppin et al., 2000) report on cancer incidence,
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et al., 1992; Hoppin et al., 2000; Yassi et al.,
1994), .

Three “siudies” reporting statistically signifi-
cant findings were not peer reviewed or otherwise
subjected to independent scientific scrutiny before
publication (Bahnetal., 1976, 1977, NIOSH, 1977).
In fact, they are two letters to the editor (I3ahn et al.
1976, 1977) and a “criteria document™ that contains
atwo-paragraph follow-up on the workers described
by Bahn ¢t al. (NIOSH, 1977). These should be af-
forded little or no weight in a weight-of-evidence
evalwation of the possible human carcinogenicity of
PCBs. .

Moreover, as noted earlier, this initial report
suffers from additional defects, including exposure
to chemicals other than PCBs and failure to control
for sunlight exposure (see later discussion). In ad-
dition, the preliminary findings reported by NIOSH
in 1977 conceming a possible association between
exposure to PCBs and pancreatic cancer have never
becn published.

Removing these findings from the weight of
cvidence from the 13 studies reporting a statisti-
cally significant finding of increased disease mor-
tality (or incidence) Jeaves 10 studjes that went
through a peer-roview process (Brown and Jones,
1981; Brown, 1987; Bertazzi et al., 1982, 1987;
Hardell et al., 1996; Loomis et al., 1997; Rothman
et al,, 1997; Sinks et al., 1992; Hoppin et al., 2000;
Yassi ot al., 1994). In the two studics that reported
an increased jncidence of melanoma (Loomis ct al.,
1997; Sinks et al,, 1992), potential exposure to
sunlight was not adequately accounted for. This
is particularly the case for leisure-time exposure
to sunlight. In neither of these studies was there
any consideration of the anatomic location of the
melanoma; the case for sunlight as a possible con-
founder is strengthened if the,inclanoma is in an
anhatomic location that would receive sun exposure.
Converscly, the case for some other etiologic fac-
tor is enhanced if the melanoma is in an anatomic
location not likely to he exposed o the sun. This
could have been done by Sinks et al, (1992), since
interviews were conducted with the nextof Kin of all
mefanoma cases. It would have been mose difficult
for Loomis el al. (1997) to accomplish this. There
is a-vast literature demonstrating that exposure to
sunlight is the single most important risk factor for
the devclopment of malignant melanoma, Reviews
of the epidemiotogy of melanoma stress the impor-
tance of this factor, particularly since leisure-time
exposure to sunlight has increased so dramatically
(Sersaino et al., 1998; Elwood and Jopson, 1997;
Berwick and Halpemn, 1997; Elwood and Koh, 1994;
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Goldstein and Tucker, 1993; Nelemans et al., 1992).
Thus, it is important for studies with a melanoma
finding 1o account for exposure to sunlight.?

Therefore, it is inappropriate to place much
weight on the findings of Sinks et al. (1992) and
Loomis et al, (1997) [or the Bahn et al, (1976) case
reports and the NIOSII (1977) report], in a weight-
of-gvidence evaluation of the possible carcinogenic-
ity of PCBs. This is particularly true given that
malignant melanoma was not significantly elevated
in any other capacitor-manufacturing cohorl study
(including Brown and Jones, 1981; Brown, 1987;
Nicholson, 1987; ‘Taylor et al., 1988; Kimbrough
ct al., 1999, 2003; Bertazzi et al,, 1982, 1987; Tironi
et al,, 1996).

The study by Yassi et al. (1994), reporting a
significant association between PCB exposure and
pancreatic cancer, is of dubious value in a weight-
of-evidence evaluation given the fact that workers
were minimally exposed to PCBs. Consequently,
this study is essentially one of exposure to mineral
oil transformer fluids rather than to PCBs. Com-
menting on Yassiet al, (1994), ATSDR (1999) noted
that “the role of PCBs, if any, is unclear due to severe
limitations such as exposure to other chemicals and
the fact that no medical histories of the workers was
provided.” In addition, it should also be noted that
the reported SMR of 764 i3 too high to be plausible,
1f this wete a cotrect estimate of pancreatic cancer
risk resulting from PCB exposure, excess pancreatic
cancer should have been seen in other studies with
far greates exposure to PCBs. However, Yassi et al.
(1994) is the only study to report this finding,

Happin et al. (2000), a nonoccupational expo-
sure study, reporied an association between seram
levels of PCBs and increased risk of pancreatic ¢an-
cer. This study involved a substantiul number of pa-
tients with disease-induced weight Joss. Afler uc-
counting for the documented differences between
cases and controls with respect to weight loss, re-
sulting in dininished serum lipid levels and the
subsequent effects on serum PCB concentrations,
there was essentially no evidence for an associa-
tion between PCBs and increased risk of pancreatic
cancer,

The results of the many studies conducicd on
workers with substantially higher exposute 10 PCBs

°It should be noted that none of the many occupa-
tional studies involving ather cohorts exposed to PCBs
have accounted for exposure to sunlight. tlad any of these
studies reported an association between PCBs and in-
creased risk of melanomy, they would all be subject to
this same eriticism.

must be afforded greater weight in a weight-of-
evidence determination of a potential association
between exposure to PCBs and increased risk of
pancreatic cancer. In none of the studies of work-
ors higbly exposed to PCBs and studied several
times (i.e., Brown and Jones, 1981; Brown, 1987;
Nicholson, 1987; Taylor ct al., 1988; Kimbrough
etal,, 1999,2003; Bertazziet al., 1982, 1987; Tironi
et al., 1996; Gustavsson et al., 1986; Gustavsson
and Hogstedt, 1997) or a single time (Loomis ¢t al.,
1997; Sinks ct al., 1992) has an increase in pancre-
atic cancer ever been reported.

. The studics by Hardell et al. (1996) and
Rothman et al. (1997), each of which reported
a significant association between PCBs and non-
Hodgkin's lymphoma (NHL), have methodologi-
cal limitations. The case group in Hardell et al.
(1996) consisted of only 27 NHL paticnts, In this
small group, certain PCB congeners in adipose tis-
sue {measured after the diagnosis of discase) were
seportedly elevated. Since none of the large occupa-
tional cohort studjes, with much greater PCB cxpo-
sures than in the Hardell et al. (1996) study, has re-
ported 4 significant association with NHL, it would
be unwarranted (o conclude that exposure to PCBs
is causally related to NHL,

The study by Rothman et al. (1997) involved
a Jarge prospective cohort in which 74 cases of
INHL developed. Although the authors concluded
that there was an increased risk of NHL associ-
ated with elevated serum levels of PCBs thal were
mensured well before a diagnosis of disease, they
were explicit that the results of their study were
“hypothesis-generating” and should not be part of
any causal inference. The large worker cohort stud-
ies can be viewed as having conducied the hypoth-
egis testing proposed by Rothman ct al. (1997) and
have ruled.out a link between PCB cxposure and
NHL. None of these studics involving workers with
knowa exposure to PCBs, in many cases at least an
order of magnitude higher than the upper quattiic in
Rothman et al. (1997), have reported an increased
incidence of NHL.

Asdiscussed easicr, Brown (1987) updated the
study of a PCB-exposed cahort that had originally
been evaluated in 1981 (Brown and Joncs, 1981).
In the first study, the only statistically significant
finding was increased mortality from rectal cancer
in females from one of the two plants studied. The
authors considered the results of the study to be in-
conclusive due to the short observation period and
small number of deaths. Inthe Brown (1987) follow-

_ up, there was a statistically significant excess risk

of cancer when liver, biliary tract, and gallbladder
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cancer were grouped together, although mortality
from rectal cancer was no longer significantly ele-

vatcd. However, there is no evidence that the etiol-

ogy or cccurrence of these three tumor types is sim-
ilur. In addition, as noted by ATSDR (2000), even
this finding is no longer statistically significant if
the one case of metastatic liver cancer is removed
Trom this grouping. Brown (1987) concluded that
his work provided only *“limited information” as-
sociating PCBs with liver and other related cancers.
Part of the reason for this was that alcohol consump-
tion and bepatitis viruses B and C, potentially con-
Tonnding variables, could not be addressed in this
study, This couid be important since alcoholic cir-
rliosis sccondary to excessive alcohol consumption
and hepatitis viruses B and Care recognized risk fac-
tors for liver cancer (Lau and Lai, 1990; Yoshihara
ctal., 1998; Chen et al., 1997), This is likely the rea-
son that ATSDR (1999), in reviewing Brown (1987),
concluded that “the liver cancer cannot be unequiv-
ncally attributed to PCB exposure.” The U.S. EPA
also determined that this study was inconclusive be-
cansc no dose-response relationship was apparent
and the number of cancers in the cohort was smajl
(U.S. EPA, 1999a).

Following the passage of an additional 10 and
15 years of time, workers from Piant No. 1 stud-
ied by both Brown and Jones (1981) and Brown
(1987) werc once again studied by Kimbrough et al,
(1999, 2003). There was no cxcess mortality from
rectal cancer asveported by Brown and Jones (1981).
in addition, whilc this was not the plent at which
excess mortality from liver/biliary tract/gaflbladder
cancer was reporied by Brown and Jones (1987),
mortality from these cancers was not increased in
cither of these studies. In fact, there were no ex-
cesses of any type of cancer, including melanoma,
NHL, gastrointestinal tract, pancreas, or all cancer
combined. As noted by Kimbrough et al, (1999),
“neither overall cancer mortality nor numbers of
any of the a priori cancers of intesest previously
reporied as being elevated were elevaled in this co-
hort.” Additionally, as most receatly reporied by
Kimbrough et al. (2003), “We again lailed to find
any signilicant excess mortality in the a-priori can-
cers of concern or in any other cancers in the total
cohort or in the highly exposed portion of the co-
hort, These results expand on our previous observa-
tions and as before the data fail 10 demonstrate any
causal association between occupational PCB expo-
sure and excess cancer mortality or any other causes
of death.” Longer term follow-up, as exemplified
by the extensive studics of Kimbrough et al. (1999,
2003), has now empirically demonstratexi that theve

564

are none of the excesses in cancer mortality as ini-
tially reported by Brown and Jones (1981) or Brown
(1987).

Based on very small numbers, Bertazzi et al.
(1982, 1987) rcported a statistically significant in-
crease in all cancers combined in male workers, and
Bertazzi et al, (1987) also reported a significant in-
crease in all cancee in female workers, although the
statistical significance of all of these increases had
disappeared by the time Tironi et al. (1996) stud-
jed the same cohort nine years later. The length of
potential exposure to PCBs in at least 7 of the 26
cases was 1 year or less, thus weakening any po-
tential association with PCBs. Bertazzi et al, (1997)
also reported 2 significant increase in cancer of the
gastrointestinal tract in male workers; however, this
was only achieved as a result of grouping together
cancess of the stomach, liver, biliary tract, and pan-
creas, In addition, based on a 1otal of four cases,
Bertazzi et al. (1987) also reported a significant in-
crease in hematologic cancer in females, although
of these four cases, two had potential exposure to
PCBs of 0.2 and 0.7 years, respectively. These find-
ings in both males and females had disappeared by
the time Tirani et al. (1996) studied the same cohort
9 years later.

From the preceding summary, it is evident that
thatnone of the studies that initially suggested an as-
sociation between exposore to PCBs and increased
risk of cancer can be relied on as supporting the
hypothesis that PCBs are carcinogenic to humans,
Were these initial studies the only data on which
to base a decision concerning Lhe potential carcino-
genicity of PCBs to humans, one would have to con~
clude that there was insufficient evidence forthe hu-
mancarcinogenicity of PCBs and base all regulatory
decisions on the animal data. However, this is not
the case. Even the initial “positive” results reported
by Brown and Jones (1981) and Brown (1987) are
useful because it now appears that these findings
were chance events that could not be confirmed in
other large studies, including Taylor (1988) and,
more recently, Kimbrough et al, (1999, 2003), Thus,
the stodics by Brown and Joncs (1981) and Brown
(1987), together with the four studies that could
not confirm these findings (Nicholson, 1987; Taylor
ct al., 1988; Kimbrough et al., 1999, 2003), are the
best sources of information with which to assess the
potential cancer risk of PCBs,

The series of studies by Bertazzi et al. (1982,
1987) and Tironi ct al. (1996) also demonstrate
the importance of study follow-up. Based on very
small numbers of deaths, Bertazzi et al, (1982) re-
ported an increased incidence in the category of

o e xd

)ﬂlﬁ‘
pr et e

anmenn pE——" Py g
frgpabad

nLwn

CYWRTRY

gy

meren
el
N



b |

¢

TABLE 2 .

Extent to Which the Causation Criteria Are Satisfied by the Available Data on PCBs
Causation criterion Criteria
and disease endpoints Comment fulfilled
Strength of the association

Liverfbiliary/galibladder ‘With ATSDR (2000) acknowledgrent of no significant No
cancer assocjation between PCBs and liver/biliary/gallbladder cancer

in Brown ct al. (1987), no studics show a significant
association with occupational exposure 10 PCBs.

Melanoma Significant assoctations reported by Loomis et al. (1997) and No
Sinks et al. (1992) confounded by an inability to account for
exposure to sunlight, the most important risk factor for this
disease, which weakens 10 an unknown extent the rcported
associations with PCBs.

Rectal cancer Significant increase only in Brown and Jones (1981); nolonger  No
significant a1 first follow-up (Brown ct al., 1987).

Pancreatic cancer Significant increase only reported in a single study (Yassietal, No
1994); association with PCBs was higbly problematic, The
magnitude of the efevated risk is not plausibie, or pancreatic
cancer would be more common, particularly in more beavily
occupationally exposcd workers.

Non-Hodgkin’s lymphoma  Significant association with NHL in two studies (Hardelletal, No
(NHL) and other 1996; Rothman et al., 1997); Hardell et al. incapable of
hematologic cancers determining if association a consequence of exposure or the

diseaso. The increase in Hodgkin's disease and
Iymphosarcoma in Bertazzi et al. (1987) had disappeared by
the time the cohort was studicd 9 ycars later by Tironid et al.
(1996).

Gastrointestinal tract The significant increase in Gl tract cameer (i.e., the combined No

cancer incidence of stomach, liver, biliary tract and pancreatic cancer)
reported by Bertazzi et al. (1987) disappeared by the time the
cohort was studied 9 years later by Tironi et al. (1996). The
strength of the association was undermined by combining
differcnt types of cancers into the category of Gl tract cancer.

All cancers Siguificant increase in all cancers combined in Bertazzi et al. No
(1982, 1987) had disappearcd when cohort studied 9 years
later by Tironi et al. (1996).

Consistency of the association

Livet/biliary/galibladder Association between PCB exposure agd tiver/biliary/gallbladder  No

Cancer cancer only reportted in a single study (Brown, 1987).
Increased liver cancer or the combined
liver/biliary/gallbladder cancer grouping not reported in 11
other studies of heavily exposed occupational cohorts,

Melanoma This finding reported in two studies of workers cxposed to PCBs  No
(Loomis et al., 1997; Sinks et al., 1992). Melanoma not
reported in 10 other studies of heavily exposcd occupational
cohosts. '

Elevated rectal cancer only reported in a single study (Brown No

Rectal cancer

and Jones, 1981) and this finding no longer significant on
follow-up of the same cohort (Brown, 1987; Nicholson, 1987;
Taylor et al,, 1988; Kimbrough et al., 1999, 2003). Not
reported in 7 other studies.

{Continued on next page)
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TABLE 2 .o
Extent to Which the Causation Criterla Are Satisfied by the Avallable Data on PCBs E—
{Continued) :
Causation criterion Criteria %
and discase endpoints Comment fulfilled -
Pancreatic cancer Increased pancreatic cancer only observed in a single No
occupational study (Yassi et al,, 1994); pancreatic cancer not E
reported in 12 other studies. i
NHL and other NHL reported in two studies, one in which it was impossibleto  No
hematologic cancers determine if the association was due to PCBs or the discase

N33

itself (Hardell et al., 1996), and the other in which the authors
advised against using the data for causal inference (Rothman
et al., 1997). NHL not reporied in 8 other studies on
occupational cohorts far more heavily exposed to PCBs. A
report of an incressc in Hodgkin's disease and lymphosarcoma
(Bertazzi et al., 1987) in females had disappeared by the lime
the cohort was studied 9 years later by Tironi et al. (1996)
Gastrointestinal tract Elevated GI tract cancer only observed in a single study No
(Bertazzi et al., 1987); this finding no longer significant on
follow-up of the same cohort @ years later (Tironi et al., 1996).
GI tract cancer not seporied in 9 other studies on occupational
cohorts heavily exposed to PCBs. -
All cancers Significant increase in all cancers combined reported by Bertazzi No
ct al. (1982, 1987) not confirmed on fotlow-up of the same
cohort (Tironi et al., 1996) or in 9 other studies of
occupational cohorts heavily exposed to PCBs.

—— fesugen] e e

Dose-response
Liver/biliary/gallbladder Liver/biliary/gallbladder cancer only observed in one study No
cancer (Brown 1987) and the datn failed to demonstrate a
dose-response relationship; 12 other studies of workers
cxposed to PCBs at equivalent levels failed to find increased
risk of liver/biliary/gallbladder cancer at any exposure level.

Melanoma Sinks et al. (1992) analyzed the data for dose response and failed No

to find such a relationship. Loomis et al. (1997) established a

. D-R relationship with some estimated PCB exposures and
durations and melanoma based on very small numbers of
cases, The failure to adequately consider exposure t§ sunlight [‘
may have had an unknown confounding effect on the D-R :
relationship reported for PCBs,

Rectal cancer Rectaf cancer was observed in a single study and an analysisof No !
this data'by length of cmployment failed to support a [
dose-response relationship (Brown and Jones, 1981). This
finding was no Jonger statistically significant when the same »
cohort was studied six years later (Brown et al., 1987). i,

Pancreatic cancer Pancreatic cancer was observed in a single occupational study in - No 3
which exposure to PCBs, if it occurred at all, was de minimos
(Yasst et al., 1994); no dose-response relationship was
reported; questionable relevance of dose response in Hoppin
ct al, (2000) in active cases of pancreatic cancer; 11 other
studies with greater PCB exposure have not reported increased ¢
pancreatic cancer, '
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TABLE 2 |

Extent 1o Which the Causation Criteria Are Satisfied by the Available Data on PCHs
{Continued) . .

- e gam
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Causation criterion Criteria
and disease endpoints Comment " fulfilled
NHL. and other hematologic Hardell et al. (1996) reported an association between No
cancers sclected PCB congeners and NHL, hut there was no

Gastrointestinal tract cancer

analysis for dose response. Rothman et al. (1997)
reported a dose-response relationship between NHL and
lipid-corrected serum PCB concentrations, but
questioned this result, noting that occupational studies in
which PCB serum levels were at least an order of
magnitude greater had not observed ap association
between NHL and PCRBs.

Elevated mortality from GY tract cancer reported by No
Bertazzi et al. (1987); 3 of the 6 1otal cases had PCB
exposure for | year or less, suggesting little, if any,
potential for a D-R relationship; this result was no longer
significant on follow-up of the same cohort 9 years later
(Tironi ef al,, 1996).

Al} cancers An elevated incidence in all cancers combined reported by  No
Bestazzi et al, (1982, 1987); this finding had disappeared
9 years later on follow-up of the same cohort (Tironi
ct ak, 1996). The results of Bertazzi o al. (1982) were
based on so few deaths (8 males and 6 females) that no
dosg-response analysis was possible, The results in
Bertazzi et al. (1987) were also based on very smali
numbess (14 males and (2 females) and, of this total, 7
were exposed to PCBs for < [ year, suggesting little, if
. any, potential for a D-R relationship.
Temporality
Liver/biliary/gallbludder While it is likely that some exposure fo PCBs occurred in Yes
cancer cvery study in which a significant association was
Melanoma reported prior to the onset or death from & particular
Rectal cancer cancer, the other causation criteria must be fulfilled
Pancreatic cancer before it is possible to conclude that such exposures
NHL and other hematopoictic were cavusal. In some studies with exposure inclusion
cancer : criteria of only { weck of employment or when cancers

Gastrointestinal tract cancer
All cancers
Specificity of assaciation

occurred within 6 months to a yedr of employment the
temporality criteria may be in question,

Liver/biliary/gallbladder For PCBs, the totality of the data demonstrates 4 striking ~ No
cancer pattern of nonspecificity of association with no instances

Metanoma where an increase in a particular cancer reported in a

Rectal cancer study associated with exposure to PCBs were predictive

Pancreatic cancer of results in another atudy of workers cxposed to PCBs.

NHL and other hematopoietic In short, none of the studies reporting isolated significant
cancer

Gastrointestinal tract cancer
All cancers

associations between occupational exposure to PCBs and
any type of cancer can be used to predict a similar
outcome in another study. The lack of specificity over all
of the data undermines a causal agsociation between
exposure to PCBs and increascd risk of cancer.
(Continucd on next page)
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TABLE 2 -
Extent to Which the Causatton Criteria Are Satisfied by the Available Data on PCBs L
(Continued)

Causation criterion Crileria
and disease endpoints Comment fulfilled ’ i

Coherence with existing -
information {biological L
plausibility)

Liver/bitiary/gallbladder Because liver cancer is caused by PCB exposure in animal No

cancer studjes, it can be hypothesized that cancer of the liver might i
Melanoma be associated with occupational exposure to PCBs.
Rectal cancer However, the finding of excess liver canter per se has never
Pancreatic cancer been reported; rather the finding by Brown (1987) of an £
NFL and other excess of liver/billiary/galibladder cancer has only been l;'
hesatopoietic cancer reported once, suggesting that liver cancer is not & likely

Gustrointestinal tract cancer  consequence of PCB exposure. Moreover, in this stady,
All cancers only one of five cases of liver cancer originated in the liver. . f &
For malignant melanoma, because PCBs have caused dermal  No b
cffects in some animal studies and chloracne in some
human exposnre situations, some might argue that it is iz
biologically plausible that melanoma could be a i
consequence of exposure to PCBs. However, there is no
biological basis for inferring any relationship between ',
chloracne and melanoma, Skin cancer of any kind has never
been reported as a consequence of exposure to PCBs inany
animal carcinogenicity study,

Tor other isolated findings (i.e., rectal, pancreatic, GI, and No I
hemautological cancers) there is no biological basis for i
inforring that these cancers might be ctiologically
associated with exposure to PCBs. None of these cancers K

has been observed in the many animal carcinogenicity
studies conducted on PCBs. With respect to reports of NHL,
assocjated with environmental exposures to PCBs, because
this has never been reported following occupational
exposures, there is no biological basis to explain how a

- velatively small exposure to a chemical could cause NHL

while a much larger exposure would not producc’a greater i

incidence of the same disease. o
Assessment of biological plausibility as this criterion might

pertain to PCBs is also complicated when known risk -

factors for some reported cndpoints are not adequately
accounted for or, in some cases, not considered at all [e.g.,
melanoma (senlight), pancreatic cancer (smoking, alcohol,
diabetes, pancreatitis), and liver cancer {alcohol, hepatitis)).

all cancers in males, With 6 years of follow-up
{even though the exposure inclusion criteria were
changed from 6 months to 1 week), Rertazzi et al.
(1987) reported that the only statistically signifi-
cant findings were increases in all cancers and gas-
troiniestinal tract cancer iv males and all cancers
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and hematologic cancers in females. With an addi-
fional 9 years of follow-up, Tironi ct al. (1996) did
not observe any statistically significant increases in
any cancer category or sex, including all cancers,
gastrointestinal fract cancer, or any hematological
cancers,




-_— s

Clearly,.if exposure to PCBs caused the small
excesses of cancer reported in earliec studies [c.g.,
Brown and. Jones (1981), Brown (1987), Bertazzi
ctal. (1982), and Bertazzi etal, (1987)], there should
be greater evidence of this effect years later as more
workers in these cohorts aged and died. The fact
thatnone of these initial findings could be confirmed
on follow-up suggests that the initial reports were
chance findings. Such findings are not unusual when
dealing with small numbers, but are nol observed
with exposures to chemicals that are widely ac-
cepted as human carcinogens. ‘This holds true for ev-
cry chemical exposure knowrt to be associated with
increased risk of cancer in humans (NTP, 2000). In
addition to elevations of specific endpoints that are
slatistically significant, one of the primary reasons
that the epidemiological data for these substances
are so compelling is that the studies are generally
consistent with one another and collectively fulfill
the causation criteria.

Either individually or collectively, none of the
studies initially categorized as “positive” for some
type of cancer lend credible support to the notion
that PCBs are carcinogenic to humans. Moreover,
the largest and most robust studies, having the ben-
efit of even Jonger latency periods on follow-up, are
consistent in failing to find any association between
PCB exposure and human cancer. I is also worth-
while to note that in neither of the large cohorts in
which follow-up evaluations were conducted (i.e.,
Brown and Jones, 1981, through Kimbrough et al.,
2003, andl Bertazzi et al., 1981, through Tironi et al.,
1996) was melanoma, pancreatic cancer, or NHL
cver reporied as associated with exposure to PCBs.
The final indings from these two large cohorts, each
studied in detajl three or more times, should be
afforded the most weight in-any detcrmination of
the likelihood that occupational exposure to PCBs
might increase the risk of cancer. Additional sup-
port for the proposition that occupational exposure
to PCBs does not increase the risk of cancer arc the
large studics by Sinks et al. (3992) and Loomis et al,
(1997). As already noted, while neither accounted
adequately for exposure to sunlight neither of these
sludies reported significant associations with rec-
tal cancer, liver cancer, gastrointestinal tract cancer,
pancreatic cancer, NHL or other hematological can-
cers, or all cancers combined. Thus, there are suf-
ficient stodies available to conclude that PCBs are
notcarcinogenic tohumans at the range of exposures
that has been experienced by humans, thereby con-
firming the validity of the ATSDR (1999) conclu-
sion that “The weight of evidence docs not support

a cavsal association for PCBs and human cancer at
this time:”

In Table 2, the causation criteria ave systemat-
fcally applied (o all clfects that have been reported
to be statistically associated with exposure to PCBs
by one or more studics. As previously desciibed,
a weight-of-evidence assessment using these cau-
sation criteria reguires assessment of the follow-
ing criteria: strength of assoctation; consistency of
association; dose-response relationship; temporally
correct association; specificity of the association;
and coherence with existing information (biolog-
ical plausibility). Whether these criteria are satis-
lied by the available data on each of the rclevant
effects is addressed in Table 2. The seven statis-
ticully significant findings asscssedt next are ma-
lignant melanoma, liver/biliary/gallbladder cancer,
rectal cancer, pancreatic cancer, NHL and other
hematologic cancers, pastrointestinal tract cancer,
and all cancers combined, '

'CONCLUSION

Based on the weight-of-evidence analysis just
described, the most plausible conclusion is that
PCBs do not pose a carcipogenic risk to humans
at buman exposure levels. While some selected data
at first glance may appear to support the idea that
PCBs might be associated with an jncreased risk of
cancer, o critical review ol afl available studies in-
dicates otherwise; that is, occupational exposure to
PCBs ismot associated with an increascd risk of can-
cer. The significant associations for NHL and pan-
creatic cancer reposted in several cancer population-
based studies (i.e., Hardel] et al., 1996; IHoppin
et al., 2000; Rothman ct al., 1997) are not plausi-
ble given'the consistent lack of similar findings in
more heavily exposed occupational cohorts. The ex-
tent 1o which the totality of dats on statistically sig-
nificant agsociations reposted in one or more stud-
ies fulfill the causation criferia necessary to es-
tabfish a causal association between exposure to
PCBs and increased risk of cancer is summarized in
Table 3.0

PCBs have been regulated as possible human
carcinogens based, in part, on an inferpretation of

ONote that in terms of the GI {ract linc in Table 3, a
significant increase in intestinal metaplasia in F344 raty
was reported by Ward (1985), but this has not been ob-
served in any other of the mony animal carcinogenicity
studies of PCBs.
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TABLE 3

Extent to Which the Causation Criteria are Satisfied by the Totality of the Available Data on

Specific Cancer Endpoints .

Causation criteria

Cancer Strength of Consistency of Temporally correct Dose-response  Specificity of  Biological

cudpoint  association association association

relationship  association  plausibility*

Liver No No Yes
Rectal No No Yes
Pancreatic No No Yes
Melanoma No No Yes
NHL No No Yes
GL ract No No Yes
All cancers No No Yes

No No Yes
No No No
No No No
No No No
No No No
No No No
No No No

* Assuming that, based on animal studics, the only plausible site is the liver.

the epidemiological dafa that such data are “lim-
ited” with respect to showing a causal association.
1n all cases the fow endpoints that are the basis for
this conclusion could not be confirmed in follow-up
studies of the samc coharl or are offset by an in-
ability to confirm the finding in other cohorts. To
base a regulatory conclusion on the initial findings
in n serics of studics of the same cohort is a disin-
centive to conduct follow-up studies if the results of
such studies are essentially ignored. Fortunately, a
process and a sel of commonsense rules have been
developed in order to objectively cvaluate a body
of data to determine its collective weight. This pro-
cess has been followed carefully in the weight-of-
evidence assessment that demonstrates that PCBs
do not pose a carcinogenic risk to humans.

A final observation conceming the positive
findings trom the studies evaluated in this review

is in order. ‘These studies have reported elevations:

in at Jeast nine kinds of cancer (i.c., liver/biliary/
gallbladder, pancreus, NHL, melanoma, rectal, and
GI tract) as well as ali cancers combined. Very few
chemical carcinogens are multisite cascinogens, and
cven for these chemicals, the results arc highly con-
sistent between studies. Clearly the animal data for
PCBs do not support the idea that PCBs are 2 multi-
site carcinogen. Similarly, the cohorts followed over
time in several studies also fend to refute a conclu-
siou that PCBs are a multisite carcinogen.

As additional support for the conclusions
renched in this report, it shonld be noted that other
independent reviews of the same data have reached
cssentially the same conclusions, Alier reviewing
the available human cpidemiological data (with
the exception of Kimbrongh ct al., 1999), ATSDR
(1998), concluded, “The weight of evidence docs
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not support a causal association for PCBs and hn-
man cancer at this time,”

Similarly, Kimbrough (1988) concluded, “Thus
far, no conclusive adverse effects have been demon-
strated in people who carry body burdens of PCBs
from environmental exposure (o trace amounts of
PCBs.... Even workers with exposures two orders
of magnitude.greater than environmental exposurcs
show no convincing health cffects..., Thus, de-
spite posilive laboratory animal data and except for
chloracne; exposure to PCBs has led to no convine-
ing, clinically demonstrable, chronic health effects
in humans.” .

Tn a more recent update, Kimbrough (1995)
reached a similar conclusion, stating that “in the
opinion of [this] author, the. available cvidence for
cancer. .. is inconclugive,” A recent review of the
PCB occupational studies by the Amcerican Coun-
cil on Science and Heaith concluded that “cancer
has not been correlated with lgvels of PCB expo-
sure and, therefore, cannot be attributed to PCB ex-~
posure” and that “no conclusive evidence exists that
background levels in the general papulation, oreven
the very high levels that occwred among some oc-
cupational groups, resulted jn acute or carcinogenic
effects.” (Danse et al., 1997).

Tnarecent meta-analysis of the deta on the pos-
sible relationship between occupational exposure to
PCBs and cancer, Longneckeretal. (1997) observed
that “overall, data on occupational PCB exposure
and cancer risk are inconclusive.” Longnecker ct al,
(1997) reviewed many of the studies addressed in
the present review (with the obvious exception of
Kimbrough et al., 1999, 2003; Tironi ¢t al., [996;
Loomis et al., 1997). Included in the Loagnecker
ct al. (1997) review is a compilation of the
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mortality data from eight different studies concern-
ing cancers at selected sites (rectum, liver/biliary,
pancreas, skin, breast, prostate, kidaey, braip, and
lymphoma). The site-specific observed and cx-
pected mortality findings among PCB workers were
tabulated with 2 composite SMR calculated from
the totals, The SMRs ranged from 0.9 to 1,8; how-
ever, none of the SMRs was statistically significant.
The two largest studies published since this meta-
analysis (i.e., Kimbrough et al., 1999, 2003) only
serve to enforce the conclusions of Longneckeret al.
(1997).

Finally, it is worth repeating some of the U.S.
EPA (19992, 2003) recommendaiions conceming a
weight-of-evidence evaluation of abody of epidemi-
ological data. Several of these recommendations are
listed next followed by an assessment of how well
the weight of cvidence concerning PCBs and the
analyses set forth in this review fulfill each one.

* “Analyzing the contribution of evidence from a
body of human data requires examining avail-
able studies and weighing them in the context of
welt-accepted criteria for causation, A judgment
is made about how closely they satisfy (hese cri-
teria, individually and jointly, and how far they
deviate from them.”

AlL of the relevant data for PCBS have been sys-
tematically weighted against the causation crite-
ria. When viewed in their totality, the available
studies supports ihie conclusion that expusure to
PCBs docs not pose acarcinogenicrisk to humans.

“Existence of temporal relationships, consistent
results in independent studies, strong assuciation,
reliable exposure data, presence of dose-related
responses, freedom from biases and confounding
factors, and high leve] of statistical significance
arc among the factors leading to increased confi-
dence in a conclusion of causulity.”

Al of these factors have been considered in reach-
ing the conclusion that the weight of evidence
does not demonstrate that exposure to PCBs is
a carcinogenic risk to humons. In particular, the
totality of the data demonsirates no strong associ-
ation, no dose response, inconsistent results, and
confoonding,

“An inference of causality is strengthened when a
patiern of clevated risks is observed across several
independent studies. The reproducibility of find-
ings constitutes one of the strongest arguments for
causality. If there are discordant resulis among in-
vestigations, possible reasons such as differences

*

in exposure, conlounding factors, and the power
of the study are considered.”

In assessing all available data, the lack of con-
sistency of findings across independent studies is
striking, particularly the inability toconfirm initial
findings when the same cohort is studicd again.
The lack of any patiern of elevated risks is [urther
evidence of lack of consistency,

“A clear exposure-response relationship (e.g., in-
creasing cffects associaled with greater expo-
sure) strongly suggests cause and effect, espe-

" cially when such relationships arc also observed

*

for duration of exposure (e.g,, increasing effects
obscrved following longer exposure times),”

In assessing all available data, there is a'lack of
a dose-response relationship in the findings from
the numerous stadics cvaluated in this review, The
failure of the data to fullill this important criterion
suggests that there is no couse and ¢ffect relation-
ship between exposure to PCBs and increased risk
of cancer.

“Generully, the weight of human evidence in-
creases with the number of adequate studies that
show comparable results on popalations exposed
to the same agent under different conditions. The
analysis takes into account aft studies of high qual-
ity, whether showing positive associations or null
results, or even protective effects.”

All studies, whether showing positive associations
or nufl results, have been systematically consid-
ercd and collectively these swdies lead to the con-
clusion that exposure to PCBs does not pose a car-
cinogenic risk to humans. In particular, the mul-
tiple sludjes on cohorts followed over time do not
confiri that PCBs are a carcinogenic hazard to
humans,

“In weighing positive studies against null studies,
possible reasons for inconsistent results should be
sought, and results of studies that are jirdged to be
of high quality are given more weight than those
from stodies judged to be methodologically less
sound.” '

In reviewing the.totality of the data, possible rea-
sons for inconsisteat results have been systemati-
cally addressed, and resulls of studics that are of
high quality have been given more weight thun
those from studies that are methodologically less
sound. This has resulted in a determination that
exposure 1o PCBs docs not pose a carcinogenic
risk to humans.
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* “Generally, no single factor is determinative. For
cxample, the strength of association is one of the
causal criteria. A strong association (i.e., a large
relative risk) is more likely to indicate causality
than a weak association. However, finding of a
large excessrisk inasingle study mustbe balanced
against the lack of consistency as reflected by nult
results from other equally well designed and well
conducted studics. In this situation, the positive
association of a single study may either suggest
the presence of chance, bias or confounding, or
reflect different exposure conditions.”

The isolated resuits from all studies that reported
a statistically significant incrcase in cancer at any
site were initially accepted on face value, These
results were then “balanced against the lack of
consistency as reflected by null results from other
equally well designed and well conducted stud-
ics.” ‘This systematic process leads to the conclu-
sion that cxposure to PCBs does not pose a car-
cinogenic risk to humans.

ATSDR (2000) PCB EVALUATION

The unequivocal findings of the stady by
Kimbrough et at, (1999) (and now supplemented
by (he results of Kimbrough et al,, 2003) clearly
and unambiguously add to the ATSDR (1999) con-
clusion that the *“weight of cvidence does not sup-
port a causal association for PCBs and human can-
cer at this time.” No additiona! data were available
when ATSDR (2000) reached a seemingly opposite
conclusion that “Overall, the human studies pro-
vide some cevidence that PCBs arc carcinogenic”
and “some of thesc studics provide meaningful ev-
idence that PCBs are carcinogenic in humans.” Be-
cause of the public health implications of how these
different conclusions were reached, some possible
cxplanations arc explored here.

One possible explanation is that the conclusion
in ATSDR (1999} was incorrect and Lhat the weight
of cvidence does, in fact, support a conclusion that
there was a causal association between exposure 1o
PCBs and human cancer. However, ATSDR (1999)
ciled nimerous reviews that questioned this conclu-
sion and the results of the weight of evidence review
in (he present document are in agreement with this
conclusion. In addition, the Draft 1999 Toxicologi-
cal Profile was subjected to internal ATSDR review
by the Health Effects Review Committee as well as
cxtemal peer review. Conscquently, there is ng ba-
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sis forassnming that the ATSDR (1999) conclusions

. Wwere inaccurate,

A possible altemative explanation might be that
the criteria for establishing causality changed be-
tween 1999 and 2000 such that evaluations of a body
of epidemiological data no longer were based on
weight of evidence, but rather on different criteria.
This would imply that terms such as “some evi-
dence” and “meaningful evidence” have now been
recognized as an acceptable way to summarize a
complex body of epidemiological data to reach con-
clusions conceming caugsality. However, this is not
the case either, and the U8, EPA (1999a,2003) Car-
cer Risk Assessment Guidelines and IPCS (1999)
Principles for the Assessment of Risks to Human
Health from Exposure to Chemicals remain as the
standard by which causality is established. Further-
more, nowhere in ATSDR (2000) is there an expla-
nation of what is meant by “meaningful evidence.”
Rather, this deseriptor appears to convey an impres-
sion that the conclusion rests on the arbitrary selec-
tion of only those studics that support the notion that
exposure 10 PCBs represents a carcinogenic risk.

Thus, it is unknown (and unexplained) why
the largest negative study ever conducted did not
sirengthen the ATSDR (1999) conclusion that the
weight of evidence does not support a caosal asso-
ciation for PCBs and human cancer. Assuming that
the conclusion by ATSDR in 1999 was scientifically
based (and there is no reason to assume othorwise),
one can only speculate on the reasons for reaching
a contrary conclusion. A bricf analysis of the logic
underlying the ATSDR (2000) reevaluation is pre-
seated next. .

As noted by ATSDR (2000):

“Because no individual study indicated a sta-
tistically significantly increased risk of primary
liver/biliary tract/gallbladder cancer, Nicholson and
Landrigan (1994) combined the results from the var-
ious studies available at the time by summing ob-
served and expected cases. Based on a tolal of 8
observed and 2.8 expected cases from studies of ca-
pacitor manufacturing workers from three cohorts
(Bertazzi et al., 1987; Brown, 1987b; Brown and
Jones, 1981; Gustavsson et al., 1986), statistically
significant increases were found for Jiver/biliary
teact/galibladder (SMR = 285, p = .008) and
for biliary tract/galibladder separately (p < .05,
SMR not reported). Although the Nichofson and
Landrigan (1994) analysis is based on corabined re-
sults from cohorts having different durations and
levels of exposure, Iatencies, and follow-up, and
did not include data from the most recent studies
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{Gustavsson and Hogstedt, 1997; Kimbrough ct ul.,
1999a), it provides an indication that PCBs are as-
sociated with cancer of the liver, biliary tract, and/or
gallbladder in humans.” (p. 304)

Inexplicably, ATSDR (2000) did not mention
the results of the study by Loomis et al. (1997),

As summarized by ATSDR (2000), Nicholson
and Landrigan (1994) based their analysis on
liver/viliary/gallbladder cancer data from three co-
horts (Brown and Jomes, 1981; Brown, 1987;
Bertazzi et al., 1987; Gustavsson et al., 1986) by
summing observed (O = 8) and expected (B == 2.8)
incidences to yicld an SMR == 285 (p = .008). As-
suming that this approach is valid, the only way to
determine if the tolality of data support the concla-
sion that exposurc to PCBs is associated with cancer
of the liver/biliary tract/gallbladder in homans is to
use all available data, Additional data since 1994 on
liverfbiliary tract/gallbladder cances, and certainly
available when the ATSDR (2000) evaluation was
undertaken, include Kimbrough et al. (1999) (O =5,
E=6.2), Gustavssonetal, (1996) (0= 1,E=0.51),
and Loomis et al. (1997) (O = 67, E= 91.8). Using
all of this data in conjunction with the data summa-
rized by Nicholson and Landrigan (1994) G.e., O =
81, E =101.3) yields SMR =79, a result that is not
statistically significant. Clearly, using this approach
endorsed by ATSDR (2000), the totality of the data
does not provide an indication that PCBs arc asso-
ciated with cancer of the liver, biliary tract, andfor
gallbladder in humans.

In a similar analysis for melanoma based on
mortality data from five cohorts (0 = 9, E = 3.7),
Nicholson and Landrigan (1994) catculated a signif-
icant (p = .014) SMR of 243, Additional relevant
data since 1994, including Kimbrough et al, (1999)
(O = 12, E == 8.1) and Loomis et al. (1997) (O ==
116, B = 112), yicld new totals (O = 137, E = 124)
with an SMR of 110. Including all the data does not
demonstrate a significant effect of PCBs on malig-
nant melanoma,

Table 4 presents the results of a simi-
lar SMR analysis {using all availablc data) for
lives/biliary/gatibladder cancer and melanoma as
well as the other cancer sites reviewed earlicr, Based
on our calculations, nove of these cancers are sig-
nificantly elevated when SMRs using all available
data are tabulated as suggested by Nicholson and
Landrigan (1994). While not explicitly stated, it
appears, given the emphasis in ATSDR (2000) on
the resulis from wsing the above methodology for
lives/biliary/gallbladder cancer, that this may be the
underlying basis for “meaningful evidence.” How-

TABLE 4
Summary SMRs for Cancer Endpoints of
Potential Concern

Endpoint Observed Expected SMR
Liver/biliary/ 80 103 78
gallbladder
Melanoma 137 124 110
Rectal cancer 139 160.1 87
Pancreatic cancer 274 3177 86
NHL 215 206.1 104
Gastrointestinal tract 757 872 87
All cancers 779 874 89

ever, it is of interest (and perhaps even 'ironic)
that this methodology, although not endersed by or
following any recognized puidclines and using all
avuilable data, stil) yiolds the same conclusion as
ATSDR (1999) as well as the resuits of the present
review—that is, that the weight of evidence does
not support a causal association between cxposure

. to PCBs and increased risk of cancer.

While ATSDR (2000) concludes that some
mortality studies suggest that occupational exposure
to PCBs is associated with melanoma, no attempt is
made to systematically review the data according
to any accepted guidelines (e.g., U.S. EPA, 1999a,
2003; IPCS, 1999). Since melanoma is significantly
associated with occupational exposute to PCBs in
onty 2 of 19 studies (i.c., Sinks ¢t al., 1992; Loomjs
et al., 1997), these must scrve as the sole basis for
a causal association. In reviewing the eight cases of
melanoma reported by Sinks et al, (1992), ATSDR
(2000) concluded that one and possibly two others
should not have been included in the analysis, In ad-
dition, it also acknowledged that there was no rela-
tionship between melanoma and latency or duration
of employment or any indication of a dose response.
Sinks et al, (1992) concluded that the resnlts of their
study should not be interpreted as demonsirating
a causal relationship between PCBs and malignant
melanoma.

With respect to the study by Loomis et al.
(1997), there was no increased risk of melanoms in
the fotal cohort (SMR = 1.04) and while there was
a significant association in one subgroup of workers
with 0-5 'years of exposure, there was no associa-
tion in other workers with greater exposure and no
association betwecn estimated total carecr exposure
to PCBs and mclanoma. Based on a small pumber
of cases, there were 3 signilicant associations when
the cohort was divided into 5-, 10- and 20-yeur lag
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pesiods and analyzed by 3 categorics of total PCB
exposure. Loomis et al. (1997) acknowledge that
“the quality of our information on exposure to sun-
light, a potentially important confounder, is of some
concern.” While occupational exposure to sunlight
wias cstimated, there was no information about ex-
posure to sunlight during leisure time, which is the
most well-established risk factor for melanoma, Fi-
nalty, Loomisct al. (1997) speculated that withmore
thaw a 10- to 20-ycar follow-up to allow for this
latency interval, other studics should confirm their
results, Kimbroogh et al. (1999, 2003), with PCB
exposures almost certainly higher do not support
this hypothesis.

The conclusions in ATSDR (2000) with re-
speet to melanoma are, “Considering the limita-
tions of the Bahn et al. (1976, 1977) and Loomis
ct al. (1997) studies, the apparent relationships to
PCRB cxposure are more uncertain than in the Sioks
et al. (1992) study, although the data from the three
studies coliectively suggest an association.” While it
may be correct to conclude that “some” studies sug-
gest an association between exposare to PCBs and
melanoma, this ignores the totality of the data as
well as the guidelines from the U.S. EPA (1999a,
2003) on evaluating a body of epidemiological
data:

Al studies thet are considered 1o be of acceptahle
quality, whether yielding positive or null results,
or even suggesting protective carcinogenic: effecis,
should he considered in assessing the totality of the
human evidence. Conclusions about the overall cv-
idence for carcinogenicity from available studies in
humans shoutd be summarized along with a discus-
sion of uncerizintics and gaps in knowledge, Con-

clusions regarding the strength of the evidence for

positiveornegative associations observed, as well as
evidence supporting judgments of causality, should
be clearly described. [n assessing the human data
within the overall weight of evidence, determina-
tion about the strength of the epidemiologic evi-
deuce should clearly identify the degree to which
ihe observed associations may be explained by other
factors, including bias or confounding. [emphasis
added] - .

llad the U.S. EPA (19992, 2003) guidelines
been [followed, the only Jogical conclusion that
could have been reached was that the weight of evi-
dence does nolsupporia causal association for PCBs
and melanoma, Particularly formelanoma, given the
inability of any studies 1o adequately account for
exposure fo sunlight, the most well-established risk
factor for this discase, there is no scientific basis for
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aconclosion that some studies (i.e., I outof 19) sug-

_ gestan association with PCBs. The failure of any of

the studies of cohorts studied more than once (e.g.,
Brown and Joncs, 1982, through Kimbrough et al.,
2003, and Bertazzi et al., 1982, throngh Tironi et al,,
1996} and almost certainly more heavily exposed to
PCBs appears to support this, .

In ATSDR (2000) a puzzling conclusion is that
“Qccupational mortality data indicate that expo-
sures to PCBs during capacitor manufaciuring and
1epairing were associated with . , , intestinal cancer
Tt is assumed that “associated with” implies that one
or more studies reported a significanl association
hetween exposure to PCBs and increased risk of in-
testinal cancer. However, for this diseasc cndpoint,
nong of at least 19 studies conducted on cohorts ex-
posed to PCBs have reported a significant associa-
tion between exposure to PCBs and increased risk of
intestinal cancer, This includes cohorts studied more
than once (i.e., Brown, 1982, through Kimbrough
ctal., 2003, and Bertazzi ct al,, 1982, through Tironi
etal., 1996), which would be expected to show such
an association if exposure to PCBs was, in fact,
causal of intestinul cancer. The citing by ATSDR
{2000) of intestinal cancer as a disease of poten-
tial concem from exposure to PCBs appcars to be
the antithesis of a weight of cvidénce conclusion.
In this case, a disease endpoint is singled out even
while it is acknowledged that no occupational stud-
ics have reported intestinal cancerto be significantly
elevated. .

While minimally relied on in reaching conclu-
sions about associations botween exposure to PCBs
and increased risk of liver cancer, it is, nevertheless,
curjous that studies of Yusho and Yu-Cheng expo-
sures or contaminated fish consumption are even
mentioned in ATSDR (2000}, particularly with re-
spect 10 PCBs and human cancer. The Yosho and
Yu-Cheng poisoning exposuues involved simultane-
ous exposures to PCBs as well as furans and any re-
liance on these data contradicts a previous position
by ATSDR (1999): “The eflfects from these inci-
dents arc not reviewed in this profile becanse CDFs
appear to be the main causal agent.” Furthermore,
the Japanese government recently concluded that
PCDFs and not PCBs as had been previously be-
licved were the causative agent responsible for the
symptoms of the rice oil poisoning incident.Given
the almost universal acceptance that Yusho or
Yu-Cheng data are not relevant for assessing.po-
tentiat adverse elfects of PCBs, it is unwarcanted
that these essentially irrelevant data were brought
back into the evaluation of the potential carcino-
genic cffects of PCBs in ATSDR (2000) after they
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bad been eliminated from consideration in ATSDR
(1999)."
With respect to contaminated fish consumption,

any reliance on such data is unwarranted since, as-

acknowledged by ATSDR (2000) for stomach can-~
cer, “the cffect cannot be definitely attributed to
PCBs because consumption included smoked fish
and PCBs were not the only contaminants in the
fish.” The same would hold tsue for any effects re-
ported to be associated with consumption of con-
taminated fish. It is inappropriate to include the re~
sults of this study by Svensson et al. (1993) in an
assessment of the possible assaciations between ex-~
posure 1o PCBs and risk of cancer. This study in-
volved fish consumption and associations between
total TEQ and the endpoints measured. Since the
TEQ is a composite measure of PCBs, TCDD, and
'TCDE, this study is incapablc of contributing any in-
formation on possible associations between PCBs
and increased risk of cancer, Neither “PCB” nor
“polychlorinated biphenyl” is even mentioned by
Svensson et al. (1995) in the discussion section of
this study. ‘

One last issue bears comment. It is beyond
dispute that conducting large epidemiology std-
ies is an expensive, difficult, and time-consuming
undertiking. Due to their complexity, all studies
arc fraught with methodological and interpretative
problems. Typically, the authors of large epidemi-
ology studies are the first to recognize the prob-
lems inherent in their own studies and acknowledge
them in the discussion of their results, Every study is
subject to criticisms pertaining to cohort selection,
confounding, bias, exposure asscssment, multiple
comparisons, clc. Clearly, some studies are better
than others because of larger cohorts, longer latency,
mare ‘accurate exposure information, or more com-
plete follow-up. This is explicitly recognized in the
U.S. EPA (1999a, 2003) guidelines with the rec-
ommendation that more weight be given to better
studies.

Given these recognized limitations, the criti-
cisms in. ATSDR (2000) pextaining to the various
studies are puzzling. After discussing the studies by
Brown and Jones (1981) and Brown (1987), there
is one sentence describing limitations for both stud-
ies. After discussing the studies by Bertazzi et al.
(1987) and Tironi et al. (1996), there is voe sentence
describing limitations for both studies. There are no
limitations noted for the studies by Gustavsson aad
Hogstedt(1997) and Gustavson etal. (1996) and one
sentence each in describing the limitations of Sinks
et al, (1992) and Loomis et al, (1997). However, for
the study by Kimbrough et al. (1999), more than

half a puge js devoled 1o describing the Jimitations
with a conclusion that all of the negative findings
are suspect.

Most (or perhaps afl) of the various criticisms
of the study by Kimbrough et al. (1999) would apply
to an even greater extent to all of the other studies
that comprise the body of epidemiological studics
of worker cohorts occiipationally exposed to PCBs.
However, this study is the fifth to follow up the same
group of workers, is the Jargest of its kind, and en-
compasses the longest latency period of any such
study conducted to date. The results from most of
the earlier studies were based on fewer numbers of
deaths and far less latency. Consequently, it appears
uawarranted o criticize one study for problems
that plague all previous studies {o an even greater
degree. .

Cleasly, the reasons for the substantial changes
in the conclusions concerning the human carcino-
genicity of PCBs from ATSDR (1999) to ATSDR
(2000) are unknown. However, it does seem ap-
propriate to suggest that unbiased evaluations, even
of controversial issues such as the potential human
carcinogenicity of PCBs, be conducted in a frans-
parent manner following applicable guidelines. The
dramatic differences between the conclusions of
ATSDR (1999) and ATSDR (2000) is not consis-
tent with this process.
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risks from exposure to polychlorinated biphenyls: An
update based on studies published since 2003
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Abstract

Drawing on all data available in 2003, the WoE of the human epidemiological data for polychlorinated biphenyls
(PCBs) demonstrates that exposure to a mixture of PCBs (i.e. Aroclors) did not pose a cancer risk to humans (Golden
et al. (2003). This evaluation was based on criteria established by the US Environmental Protection Agency (EPA)
as well as on a different methodology used by the Agency for Toxic Substances and Disease Registry (ATSDR).
Subsequently, at least 15 more studies on the potential cancer risks (both incidence and mortality) of PCBs have
been published. All studies published since 2003 are critically reviewed using the criteria established by the EPA
(2005) and ATSDR (2000). None of the studies published since 2003 change the conclusions drawn by Golden et al.
(2003): “that the weight of evidence does not support a causal association for PCBs and human cancer” This conclu-
sion pertains to all cancers combined, as well as to the various cancers that have been sporadically reported in the
occupational cohort mortality studies. With respect to breast cancer risk, the WoE is compelling that environmental
exposure to PCBs is not etiologically implicated in breast-cancer risk. This conclusion is supported by the consist-
ently negative findings for increased breast-cancer mortality in occupational studies, which now involve almost
9,000 women occupationally exposed to PCBs. Similarly, the incidence studies in which PCB background levels
are reported to be associated with increased risk of non-Hodgkin's lymphoma or prostate, testicular, and intestinal
cancer are not corroborated by occupational cohort studies with PCB exposures far in excess of environmental
exposures. The most likely explanation for these discordant findings is discussed in this review. Finally, the recent
elucidation of the mode of action by which PCBs promote liver tumors in rats, combined with the demonstration
that none of the key events in the mode of action occurred until substantial tissue accumulation of total PCBs had
occurred, casts further doubt that PCB exposure at environmental or occupational levels poses a carcinogenic risk
to humans. The dramatic differences between rodents and humans in sensitivity to PCB-mediated induction of
CYP1AT suggests that even occupational exposures to PCBs have never resulted in PCB body burdens approaching
the levels required to initiate the sequence of events involved in the promotion of liver tumors in rodents.

Keywords: Cancer; humans; polychlorinated biphenyls (PCBs); polymorphisms; weight of evidence

Introduction

Whether exposure to polychlorinated biphenyls (PCBs)
might pose a cancer risk to humans remains controver-
sial. In 1999, the Agency for Toxic Substances and Disease
Registry (ATSDR) released the Draft Toxicological Profile
for Polychlorinated Biphenyls. In reviewing the potential
human carcinogenicity of PCBs, the ATSDR (1999) con-
cluded that “the weight of evidence does not support a
causal association for PCBs and human cancer at this

time" However, 1 year later, in an updated toxicological
profile for PCBs, the ATSDR changed its mind, stating that
“overall, the human studies provide some evidence that
PCBs are carcinogenic” and that “some of these studies
provide meaningful evidence that PCBs are carcinogenic
in humans” (the ATSDR, 2000). The only. study published
after the ATSDR (1999) draft evaluation and before the
ATSDR (2000) final evaluation is by Kimbrough et al. (1999).
This study, the largest occupational study at the time of a
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population of workers heavily exposed to PCBs, found no
significant associations between PCB exposure and deaths
from any cancer or any other disease. Of all the studies that
had investigated potential associations between PCB expo-
sure and increased risk of cancer, this study had the longest
latency. It also confirmed the results of four previous stud-
ies of this cohort of PCB-exposed workers. This study clearly
added to the weight of evidence (WoE) against a causal
association between PCB exposure and human cancer.
Nevertheless, in the 2000 version of the PCB Toxicological
Profile, the ATSDR did not cite Kimbrough et al. (1999) as
further support for its previous conclusion that “the weight
of evidence does not support a causal association for PCBs
and human cancer at this time” Instead, the ATSDR aban-
doned the WoE approach in favor of another methodology
not endorsed or used by any regulatory agency. As detailed
in the comprehensive review by Golden et al. (2003), this
methodology was based on a book chapter by Nicholson
and Landrigan (1994), in which the summed observed and
expected cancer mortality rates (for men and women com-
bined) from several capacitor-worker studies were tested
for statistical significance. This 1994 analysis provided
the basis for the ATSDR’s (2000) conclusion that there
was “some” or “meaningful” evidence of an association
between human PCB exposure and cancer, even though
the ATSDR did not determine if that conclusion held when
all relevant pre-1994 and post-1994 data were combined
in this way. As shown in Golden et al. (2003), none of the
cancers highlighted by the ATSDR (2000) was significantly
elevated when standardized mortality ratios (SMRs) using
all available data were tabulated as suggested by Nicholson
and Landrigan (1994).

The ATSDR (2000) evaluation of PCBs is the latest gov-
ernment review of the potential human carcinogenicity
of PCBs. However, the conclusions of this review were
clearly not based on a WoE review using all data available
at the time, or on the guidelines now recommended by
EPA (2005). It should also be noted that while the ATSDR
does not seem to have a document summarizing WoE
guidelines, this concept is embraced on their website
(www.atsdr.cdc.gov/HEC/CSEM/pediatric.appendixf.
html). Thus, the conclusions of the ATSDR (1999) as con-
firmed in Golden et al. (2003) stand as the most recent
evaluations regarding the human carcinogenicity of PCBs
based on the WoE. It does not appear that any other gov-
ernment agency is planning to address this issue in the
near future.!

Given that it has been almost 8 years since the last
government assessment of the human carcinogenicity
of PCBs, and 5 years since the last private assessment of
this issue, as well as the fact that additional relevant stud-
ies have been published in the interim, a re-evaluation of
the issue seems warranted. A re-evaluation also seems
appropriate since the EPA has finalized revised guide-
lines for carcinogen risk assessment (EPA, 2005). Some
key highlights from these guidelines should be noted. In
discussing the assessment of evidence of carcinogenicity

from human data, the EPA (2005) states: “All studies that
are considered to be of acceptable quality, whether yield-
ing positive or null results, or even suggesting protective
carcinogenic effects, should be considered in assessing
the totality of the human evidence. Conclusions about the
overall evidence for carcinogenicity from available studies
in humans should be summarized along with a discus-
sion of uncertainties and gaps in knowledge” Further, the
guidelines suggest that conclusions regarding the strength
of the evidence for positive or negative associations, as well
as evidence supporting judgments of causality, should be
clearly described. In assessing the human data within the
overall WoE, the guidelines stress that determinations
about the strength of the epidemiologic evidence should
clearly identify the degree to which observed associa-
tions may be explained by other factors, including bias or
confounding,.

The EPA guidelines also address statistical considera-
tions, stating that “the analysis should apply appropriate
statistical methods to ascertain whether the observed
association between exposure and effects would be
expected by chance” In particular, the issue of combining
statistical evidence across studies is addressed as follows:
“Meta-analysis is a means of integrating the results of mul-
tiple studies of similar health effects and risk factors. This
technique is particularly useful when various studies yield
varying degrees of risk or even conflicting associations
{negative and positive). It is intended to introduce consist-
ency and comprehensiveness into what otherwise might
be a more subjective review of the literature. The value of
such an analysis is dependent upon a systematic review of
the literature that uses transparent criteria of inclusion and
exclusion” (emphasis added).

In discussing evidence for causation, the EPA (2005)
guidelines embrace the well-known criteria described by
Sir Bradford Hill (1965), including strength of association,
consistency of association, biological plausibility, tem-
porality, and biological gradient (i.e. exposure-response
relationship). The systematic application of these criteria
is often referred to as a WoE evaluation. These ‘causation
criteria’ were explicitly followed in the review by Golden
et al. (2003). These guidelines are embraced not only by
the EPA (2005), but also by the ATSDR and International
Programme on Chemical Safety (IPCS, 1999). The Food
and Drug Administration (FDA, 1998) also applies simi-
lar guidelines for assessing the efficacy of new drugs that
embrace virtually all of these criteria. This is not surprising,
since the role of FDA is to determine if a new drug ‘causes’ a
beneficial health effect (i.e. whether it has efficacy).

The present review is intended to evaluate the WoE from
2003 onwards regarding the relationship, if any, between
human exposure to PCBs and cancer. While the WoE evalu-
ation process necessarily involves scientific judgment, the
goal of the present review (as well as that of the previous
review) is to be as transparent as possible, This includes
considering all available studies, applying clear weight-
ing procedures (e.g. follow-up studies vs. one-time-only



studies), evaluating confounding factors, and clearly
describing study deficiencies. Studies were identified using
PubMed searches both initially and throughout this evalu-
ation, as a number were published while this paper was in
preparation. Using the EPA (2005) guidelines as a founda-
tion, this review will separately address five factors: (a)
incidence studies reporting associations between environ-
mental PCB exposure and four types of cancer; (b) updates
of previously reported PCB occupational cohort mortality
studies; (c) a new PCB occupational cohort mortality study;
(d) an assessment of the WoE linking environmental and
occupational PCB exposure to breast-cancer risk; and (e)
the methodology using observed and expected mortality to
compute a summary SMR, because of its endorsement by
the ATSDR (2000).

General population exposure incidence
studies on specific types of cancer

A number of incidence studies published after 2003 have
reported the association of four types of cancer (i.e. prostate,
testicular, colon, and non-Hodgkin's lymphoma [NHL)) with
environmental exposure to PCBs. These studies are reviewed
below. However, because it is difficult to directly compare
incidence data with mortality data, and also because none
ofthese cancers have been reported as significantly elevated
in occupational mortality studies (see below for additional
discussion of prostate cancer), the WoE is evaluated sepa-
rately for each type of cancer.

Prostate cancer

Ritchie et al. (2003)

This small pilot study investigated the relationship between
organochlorine pesticides, PCBs, and prostate cancer in
58 prostate cancer patients and 99 controls. On the basis
of self-reported chemical exposures, it does not seem that
any cases had been occupationally exposed to PCBs or any
other organochlorine compounds. Gas chromatography
was used to measure 30 PCB congeners and 18 organo-
chlorine pesticides in serum. The magnitude of associa-
tion was assessed by multiple logistic regression analysis.
After adjustment for age, body mass index, and a history
of prostatitis, oxychlordane and PCB 180 were associated
with a significantly increased risk of prostate cancer. For
PCB 180, the risk of prostate cancer was statistically signif-
icantly increased (Odds ratio [OR] =3.13, 95%CI 1.33-7.34)
at the intermediate serum level (0.009-0.041pg/g), but
not significantly increased (OR=1.47, 95%CI 0.58-3.73) at
the highest serum level (>0.041 pg/g). Consequently, the
findings provided no evidence of a dose-response relation-
ship. All stages of disease were represented in the 58 cases
in this study (i.e. Gleason II, Ill, I[-IV and IV—severity
scores designed to measure disease progression). This
fact suggests that increased levels of organochlorine
compounds in cancer cases cannot be unequivocally
associated with disease incidence, since it may represent
redistribution from lipid stores due to disease-induced
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weight loss or treatment-related effects, both of which are
known to affect PCB serum levels (Gammon et al., 1996;
Baris et al,, 2000). The description of patient characteris-
tics did not seem to account for this possibility. As noted
by the authors, this study was small and designed to gen-
erate hypotheses. Furthermore, there was no significant
association between total PCB (2PCB; all 12 congeners)
and risk of prostate cancer. It is difficult, if not impossible,
to determine the etiological role that might be played by a
single PCB congener (e.g. PCB 180) and, indeed, no bio-
logically plausible explanation is offered by the authors.
Since no dose-response relationship was demonstrated
and many comparisons were made, this finding may rep-
resent a chance observation.

Ritchie et al. (2005)

This study was an extension of the Ritchie et al. (2003) study,
which explored associations between the same 58 cases of
prostate cancer and different groupings of 30 PCB congeners.
These groupings were based on known chemical and biolog-
ical properties of PCBs, including degree of chlorination (i.e.
low, moderate, or high), enzyme induction properties and
biological action (i.e. estrogenic or neurotoxic, antiestro-
genic [Ah-receptor agonists], and enzyme-inducing pheno-
barbital-type cytochrome P-450). Some of these groupings
have been used to assess potential risk of breast cancer (e.g.
weakly estrogenic PCBs); however, there is little, if any, bio-
logical basis for assuming that any of them might be etiologi-
cally associated with prostate cancer. Two PCB groupings,
moderately chlorinated and phenobarbital-type inducers,
were reported as having identical significantly increased ORs
and trends for prostate cancer (OR=2.44, 95%CI 1.01-5.90,
p=0.043). However, neither of these findings was significant
when the serum values were lipid adjusted.

The associations reported by Ritchie et al. in 2005 and 2003
are inconsistent with the results of several large occupational
cohort studies, in which exposure to PCBs was substantially
greater than the environmental exposures of the 58 cases
in this study (see comment below). There is no evidence of
any increased mortality risk of prostate cancer in the overall
results of any of these studies, None of these studies are men-
tioned by Ritchie et al. (2003, 2005).

Hardell et al. (2006a)

This was an incidence study involving 58 cases of prostate
cancer and 20 controls. Adipose-tissue samples were col-
lected from cases and controls and analyzed for 37 PCB
congeners), polybrominated diphenyl ethers, chlordane,
dichlorodiphenylethylene (DDE), hexachlorobenzene
(HCB), and lipid content. Prostate specific antigen (PSA)
level was also measured. All Gleason-score stages of dis-
ease were represented. As with previous incidence studies
of this type, the authors investigated associations between a
number of PCB-congener groupings (e.g. estrogenic, lower-
chlorinated, moderately chlorinated, higher-chlorinated,
enzyme-inducing, and toxicity equivalent [TEQ] group-
ings) and various PSA categories (<4, 4-10,>10, <16.5,
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and >16.5). There were no significant differences between
cases (PSA <16.5 or>16.5) and controls in adipose-tissue
concentrations of SPCB. However, there was a significant
difference (p=0.005) between cases with PSA>16.5 and
controls in tissue concentrations of PCB 153, In addition,
there were some seemingly random statistically significant
findings in cases with PSA>16.5 and congener groupings:
enzyme-inducing PCBs (OR=4.97, 95%CI 1.25-19.8), low-
er-chlorinated PCBs (OR=3.75, 95%CI 1.01-13.9), known
and predicted phenobarbital-type inducers (OR=4.97,
95%CI 1.25-19.8). There were also seemingly random
groupings in cases with PSA>10: enzyme-inducing PCBs
(OR=3.52, 95%CI 1.06-11.7) and known and predicted
phenobarbital-type inducers (OR=3.52, 95%CI 1.06-11.7).
Disease-induced weight loss was considered as a possible
explanation for higher concentrations in cases than con-
trols, but there were no significant differences in body mass
index at the time of disease diagnosis or one year before
diagnosis. Adjustments for age were also considered in the
analysis. There was no significant difference in 2PCB (ng/g
lipid) between cases (mean 1,087, min-max 230-2,574) and
controls (mean 1,121, min-max 447-4222), With respect to
PCB 153, other than its ubiquitous presence and ease of
detection, there was no biological basis offered by Hardell
et al. (2006a) for why this congener, or any of the conge-
ner groupings used in this study, might play an etiological
role in the development of prostate cancer. The fact that
2 PCB was not associated with increased risk at any PSA
level, as well as the wide confidence intervals for the few
significant findings, suggests that the data were unstable
and that observed associations could have been chance
observations,

Weight of evidence evaluation for prostate cancer

On the basis of the key causation criteria (i.e. strength of
the association, consistency of the association, dose-
response relationship, temporality, and specificity of the
association), the WoE from occupational cohort mortality
studies does not demonstrate that exposure to PCBs is a
risk factor for prostate cancer. While not all of the studies
reported prostate cancer as a separate cause of death, there
were at least seven that do. In those studies (i.e. three single
and four follow-up studies involving a total of more than
9,000 male workers) in which prostate cancer was listed
as a specific cause of death, no SMRs in the cohort were
significantly elevated for occupational exposure to PCBs
(Gustavsson and Hogstedt, 1997; Kimbrough et al., 1999,
2003; Charles et al., 2003; Ruder et al., 2006; Prince et al.,
2006a, 2006b). Given that these studies involved workers
subject to high-dose occupational exposure to PCBs, it is
biologically implausible that the background PCB-related
prostate-cancer cases in the incidence studies by Ritchie
et al. (2003, 2005) or Hardell et al. (2006) were etiologically
associated with exposure to PCBs. The study by Charles et
al. (2003; reviewed below with mortality studies), which
found no significant association between occupational
exposure to PCBs and increased risk of prostate cancer,

adds to the WoE that PCBs are not etiologically associated
with prostate-cancer risk.

As reported by Ritchie et al. (2003) and Hardell et al.
(2006), PCB 180, PCB 153, and various PCB congener
groupings were significantly associated with increased
incidence of prostate cancer. If any of these findings of
an association between PCBs (single congener or conge-
ner grouping) and increased risk of prostate cancer were
causal for prostate cancer, it is reasonable to expect an
even greater effect would have been reported in occupa-
tional mortality studies, all of which involved substantially
greater exposure to both PCB 153 and PCB 180, as well as to
the PCB congeners in the various groupings used by Richie
et al. (2003) and Hardell et al. (2006). Furthermore, the
congeners associated with prostate cancer in the Ritchie
et al. (2003) and the Hardell et al. (2006) studies differed,
and the confidence intervals were wide, suggesting either
an observation made by chance or a consequence of mul-
tiple comparisons. It should also be pointed out that these
studies are similar in concept to the early breast-cancer
studies. That is, both sets of studies measured serum
PCB levels in active cancer cases where serum levels can
be affected by weight loss or by chemotherapy, thereby
resulting in spurious associations (Gammon et al., 1996;
Baris et al.,, 2000). The results of the early breast-cancer
studies were invalidated in large part by an abundance of
prospective data (i.e. analysis of PCBs in serum collected
well before disease diagnosis) that demonstrated no asso-
ciation between PCB body burdens and increased risk of
breast cancer.

Itis often difficult to determine whether the criterion of
biological plausibility can be applied to a particular disease
outcome because of a lack of relevant data. However, pros-
tate-cancer data suggest that it is biologically implausible
that exposure to PCBs is etiologically implicated in this
disease. In what is generally recognized as the definitive
PCB cancer bioassay, male and female Sprague-Dawley
rats were exposed for 24 months to PCB Aroclors 10186,
1242, 1254, and 1260 (Mayes et al., 1998, 1999). While the
results showed increases in hepatic tumors, there were
striking decreases in extra-hepatic tumors, including a
marked decrease in prostate tumors from all Aroclors
tested. Consequently, the animal data suggest that it is not
biologically plausible that PCBs are a risk factor for pros-
tate cancer.

It is also important to consider how one (or a few) con-
geners in a complex mixture would be etiologically respon-
sible for causing a particular disease. With PCBs, it is now
clear that some congeners induce mixed-function oxidases
(MFOs), while other congeners suppress MFOs (Brown et
al,, 2007). Given the agonist-antagonist properties of PCB
mixtures, the only biologically plausible metric is SPCB,
since only this metric ‘integrates’ the mixture effects of
induction and suppression. Although both Ritchie et al.
(2003, 2005) and Hardell et al. (2006) implicated indi-
vidual PCB congeners or groupings of PCB congeners in
prostate-cancer risk, 2PCB was not significantly associated



with prostate cancer in either study. In addition, there is
no biological basis (and none is suggested by the authors)
for assuming that the moderately chlorinated congeners,
enzyme-inducing congeners, or phenobarbital-type con-
geners might have an etiological link with prostate cancer.
Once again, it should be noted that no occupational cohort
study reports an association between exposure to PCBs (i.e.
all congeners) and increased risk of prostate cancer. In all
of these studies, individuals were exposed to PCB 153 and
180, as well as to the PCB congeners that make up any of
the various groupings reported as associated with prostate
cancer. Finally, as reviewed in greater detail below for NHL
and breast cancer, it is becoming increasingly clear that
disease risk may be influenced by metabolic gene variants,
some of which may coincidentally affect the metabolism,
excretion, or retention patterns of PCBs, thereby leading
to non-causal associations between slightly elevated PCB
concentrations (all within the normal population back-
ground range) and increased risk. For prostate cancer, this
includes genetic polymorphisms of a number of genes,
many of which are involved in PCB metabolism (Yang
et al., 2006; Daly, 2006; Fukatsu et al., 2004; Suzuki et al,,
2003; Tanaka et al., 2002; Murata et al., 2001). In individuals
with one or more of these polymorphic genes, background
levels of PCBs (including individual congeners) might be
minimally elevated {or decreased) leading to spurious
associations with disease risk. Consequently, the WoE sug-
gests that exposure to PCBs is not associated with increased
risk of prostate cancer.

Testicular cancer

Hardell et al. (2003, 2004, 2006b)

While increased mortality from testicular cancer has
never been associated with exposure to PCBs, Hardell et
al. (2003, 2004, 2006b) report that prenatal exposure might
be a risk factor for testicular cancer as a consequence of
in utero exposure to PCBs. The hypothesis is that testicu-
lar cancer is initiated during the fetal period by exposure
to weakly estrogenic chemicals. The Hardell et al. (2003,
2004, 2006b) studies all report on the same 58 cases of
testicular cancer (seminoma representing =30-40% of all
cases and non-seminoma representing =60% of all cases)
and 61 age-matched controls, as well as 44 case and 45
control mothers. Blood was collected from all study
participants between 1997 and 2000 and frozen for later
analysis for 37 PCB congeners, DDE, HCB, and chlordane.
Since the mean age of case and control men at the time
they provided blood samples was approximately the same
(31 years), it seems that blood was collected from mothers
about30years after theywere pregnant with their sons. The
means, medians, and ranges of 2PCB in case and control
mothers were 859, 792, and 236-2114 ng/g lipid and 592,
563, and 141-1193 ng/g lipid, respectively, and were sig-
nificantly different (p=.0006). The reproductive histories
of case and control mothers were assessed by question-
naire and, as indicated in Hardell et al. (2003), there were
no significant differences between cases and controls in
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duration of breast feeding or birth order. There were no
significant differences between case and control men in
total serum PCB levels or various congener groupings.
However, case mothers had significantly increased serum
concentrations of ZPCB (OR=3.8, 95%CI 1.4-10.0), as
well as significantly increased concentrations of PCB con-
geners in two groups: enzyme-inducing PCBs (OR=2.6,
95%CI 1.03-6.50) and TEQ congeners (OR=3.3, 95%CI
1.3-8.4). Estrogenic PCBs were not significantly different
in case and control mothers (OR=2.4, 95%CI 0.95-6.00).
Adjustments were made for age and body mass index in
the analyses.

Weight of evidence evaluation for testicular cancer

The Hardell et al. (2003, 2004, 2006b) studies are based on
the hypothesis that in utero exposure to maternal levels of
PCBs, probably acting as weakly estrogenic substances,
initiates the onset of testicular cancer as a result of this
property. The authors cite a number of papers support-
ing the theory that in ufero exposure to weakly estrogenic
chemicals might be a contributing factor for testicular
cancer (e.g. Sharpe and Skakkebaek, 1993; Skakkebaek et
al., 2001), even though their results showed no association
between estrogenic PCB congeners and testicular cancer.
However, Hardell et al. failed to cite the key paper from the
same authors that largely retracted this hypothesis. In 1993,
Sharpe and Skakkebaek put forth the “estrogen hypothesis”
as a biologically plausible explanation for an apparent
increase in male reproductive-tract disorders, including
testicular cancer. They speculated that in utero exposure to
a number of weakly estrogenic compounds could explain
this phenomenon. In revisiting this hypothesis, Sharpe
(2003) noted that “.. all of the identified environmental
estrogens’ possess weak or very weak intrinsic estrogenic
activity when measured by conventional in vitro and in
vivo assays for estrogenicity... Based on estrogenic potency,
human exposure to the most potent environmental estro-
gens would need to be at least 1000-fold higher than this
level for adverse effects relevant to the human male to be
induced, and such levels of exposure are remote” Other
reviews have also concluded that the “estrogen hypothesis”
as it pertains to testicular cancer etiology (i.e. excess estro-
gen during gestation) is likely invalid (Hsieh et al., 2002;
Dieckmann et al., 2001).

With respect to two other PCB congener groupings
(enzyme inducing and TEQ) associated with testicular
cancer, there is no biological basis for speculating that in
utero exposure to either grouping plays an etiological role
in the development of testicular cancer. Indeed, Hardell
et al. did not provide any citations to studies that might
support a hypothetical etiological role in testicular cancer
for either enzyme-inducing PCBs or TEQ congeners. It is
questionable that the testes are a site for the development
of cancer due to PCB exposure, given that Mayes et al.
(1998) reported no increase in testicular cancer even at the
highest doses of Aroclors 1016, 1242, 1254, and 1260 in a
chronic cancer bioassay (although this study only involved
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postnatal exposure). The Aroclors used include all the
congeners in the various groupings assessed by Hardell et
al. (2003, 2004, 2006). In addition, there is little reason to
believe that the testes are a target organ for in utero PCB
exposure, with the exception of animal studies involving
exposures that are orders of magnitude greater than any
possible human environmental exposure (ATSDR, 2000).
Finally, the hypothesis that in utero exposure to weakly
estrogenic chemicals might be etiologically associated
with increased risk of testicular cancer is also refuted by
the extensive human data on diethylstilbestrol, which has
thousands of times more estrogenic activity than PCBs.
In the most recent follow-up of diethylstilbestrol-exposed
cohorts, 3,613 men whose in utero exposure to diethyl-
stilbestrol was known were assessed from 1978 to 1994.
Testicular cancer incidence in diethylstilbestrol-exposed
men was not significantly elevated when compared
with non-diethylstilbestrol-exposed controls (Strohsnitter
etal., 2001).

Because of the questionable biological plausibility of
the Hardell et al. findings compared with the results of the
effects of in utero exposure to diethylstilbestrol, no causal
association between maternal PCB serum levels and tes-
ticular cancer in later life can be assumed. PCB serum lev-
els in mothers whose sons later develop testicular cancer
may be hypothetically relevant if they were determined
during the pregnancy of the child who later developed
testicular cancer. However, PCB levels determined 30
years later are clearly of questionable relevance.

It is also difficult to explain or account for how or why
serum PCB levels in case mothers remained elevated
(albeit still in the normal range) 30 years after giving birth
to sons who later developed testicular cancer, or even to
determine whether their serum levels were elevated dur-
ing their pregnancies. The inference that the minimal
difference in serum PCB levels between case and con-
trol mothers was causal for testicular cancer is not bio-
logically plausible, particularly as a consequence of the
weakly estrogenic properties of some PCB congeners. Not
addressed by Hardell et al. (2003, 2004, 2006b) is the fact
that, while some PCB congeners are weakly estrogenic,
other congeners are weakly anti-estrogenic, thereby fur-
ther reducing the net estrogenic effects of the mixture.
Hardell et al. (2006b) speculate that a biological pecu-
liarity (e.g. polymorphism of CYP enzymes) might have
altered the metabolism of PCBs in case mothers, thereby
slightly raising background serum levels above levels in
controls. If this were the case, the minimally elevated PCB
levels in mothers whose sons developed testicular cancer
would not necessarily be etiologically linked to the dis-
ease. This would be similar to the CYPI1A1I polymorphism
that has been reported to be associated with increased
risk of breast cancer in conjunction with similarly elevated
PCB serum levels. However, as described below, this find-
ing is not causal, but rather the result of other factors that
produce this seemingly enigmatic finding. Consequently,
until the findings of Hardell et al. (2003, 2004, 2006b) are

confirmed in a more rigorous prospective study, the results
of a single questionable study are insufficient to conclude
that in utero exposure to PCBs is a risk factor for testicular
cancer.

Since the Hardell et al. (2003, 2004, 2006b) studies
report on a single cohort, the data are insufficientin them-
selves to establish a potential causal association between
PCB exposure and testicular cancer because they cannot
fulfill the WoE consistency criterion. Moreover, given the
lack of any plausible etiological role for PCBs in the devel-
opment of testicular cancer, the results of these studies
can only be considered as hypothesis generating pend-
ing completion of a long-term prospective study. This
is the only way to determine if in utero exposure is etio-
logically linked with the development of testicular cancer.
However, given the present, very low environmental PCB
exposures of the general population, such a study may not
be feasible. While none of the occupational cohort studies
have reported an increase in testicular-cancer mortality,
this is not surprising given that the incidence of testicu-
lar cancer peaks between the ages of 30 and 35 years and
would probably not be picked up in a mortality study of
older workers.

Finally, the key premise of this study—that in utero
exposure to weakly estrogenic substances is a risk factor for
testicular cancer—is refuted by the most recent data from
studies of diethylstilbestrol-exposed cohorts, which dem-
onstrate that testicular cancer is not significantly increased
following in utero exposure to this potent estrogen. In fact,
Hardell et al. specifically looked at possible associations
between weakly estrogenic PCB congeners and testicular
cancer risk and found none. While there is no known plau-
sible explanation for the findings reported by Hardell et al.
(2004), the available evidence suggests that PCBs are not a
risk factor for increased incidence of testicular cancer.

Intestinal cancer

Howsam et al. (2004)

In an incidence study, Howsam et al. (2004) reported an
association between colorectal-cancer risk in both men and
women and serum levels of several individual PCB con-
geners, particularly as a function of mutations at the K-ras
and p53 genes. In this study, lipid-corrected serum levels
of seven PCB congeners (28, 118, 52, 101, 138, 153 and 180)
were determined along with those of other organochlorine
compounds (HCH, HCB, DDT and DDE). All measurements
were conducted in active cases of colorectal cancer (57 men
and 43 women) and compared with those from a control
population similar to the cases in all respects, except that the
controls consumed significantly less ethanol. The authors do
not address this issue.

Howsam et al. (2004) reported significant associations
between colorectal cancers and exposure to PCB 28 (less
than the limit of detection) and between both K-ras wild-
type and mutated-form colorectal cancers and exposure to
PCB 28 (less than the limit of detection): OR=2.78, 95%CI
1.24-6.25 and OR=2.83, 95%CI 1.13-7.06, respectively).



The authors alsoreported a significant association between
exposure to PCB 118 (highest tertile) and K-ras wild-type
colorectal cancer (OR=2.27, 95%CI 1.04-4.96). In addi-
tion, PCB 118 (highest tertile) was significantly associated
in cases with mutated p53 (OR=2.79, 95%CI 1.22-6.37)

In discussing how these results might be biologically
plausible, Howsam et al. (2004) describe CYP1A and CYP2B
enzyme induction by PCB 118 and PCB 28, even though
their respective toxicity equivalency factors are 0.0001 and
0.0000 (van den Berg et al., 2006). It should also be noted
thatthereisnoevidence that CYP1A1 or CYP2Blisinduced
by PCB exposure, even in heavily exposed workers (Brown
and Lawton, 2001). Howsam et al. (2004} also imply that
exposure to these congeners might be responsible for K-ras
or p53 mutations, but provide no evidence that either con-
gener can produce this effect. Not considered or discussed
was the possible effect of chemotherapy, which is known
to affect serum PCB levels in cancer patients (Gammon
etal., 1996; Baris et al., 2000). In addition, from the way the
cases are described, it is not possible to determine if they
were all colon cancer cases or if some were rectal cancer.
This makes it difficult to compare these results with those
from studies that reported separate data for colon and rec-
tal cancer.

Weight of evidence evaluation for intestinal cancer

A significant association between occupational exposure
to PCBs and rectal-cancer mortality was reported by
Brown and Jones (1981), although this finding had disap-
peared by the first follow-up of this cohort (Brown, 1987).
The workers assessed in the Brown and Jones (1981) and
Brown (1987) studies were included in the Kimbrough et
al. (1999, 2003) studies and the Prince et al. (2006a, 2006b)
studies. In none of these studies was an association found
between PCB exposure and mortality from rectal cancer.
These studies involved prolonged occupational exposure
to all PCB congeners, including the seven individual PCB
congeners selected for investigation by Howsam et al.
(2004).

In the numerous occupational cohort mortality stud-
ies, a statistically significant increase in intestinal cancer
in women has been reported once in the total cohort by
Prince et al. (2006a, 2006b), and a similar, although non-
significantincreasewasreported byKimbrough etal. (1999,
2003). The workers in the Kimbrough et al. (1999, 2003)
studies were included in the Prince et al. (2006a, 2006b)
studies, as were the workers studied by Brown and Jones
(1981) and Brown (1987). The authors of these reports
emphasized the lack of evidence of an exposure-response
trend for intestinal cancer even in the most highly exposed
workers. No increased mortality from intestinal cancer has
been seen in any of the other PCB occupational mortality
studies. Howsam et al. (2004) considers virtually none of
these studies, which involved exposure to the same PCB
congeners—at substantially higher levels—and all the
other PCB congeners in the Aroclors to which the workers
were exposed.
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Other than their persistence and ease of detection,
Howsam et al. (2004) do not explain why only seven
PCB congeners were considered in their study and why
no results based on total PCBs were presented. It is now
known that a mixture of PCB congeners (i.e. Aroclors) has
both tumor-promoting and tumor-inhibiting properties, so
an analysis limited to individual congeners cannot account
for these interactive effects (Brown et al., 2007). The fail-
ure by Howsam et al. (2004) to provide analyses based
on 2PCB makes it impossible to account for such effects.
Finally, the authors’ hypothesis that mono-ortho PCBs, as
a consequence of their dioxin-like properties, might cause
intestinal cancer is not borne out by the dioxin epidemio-
logical data. Considering the little information provided
by Howsam et al. (2004) and the extensive occupational
cohort studies, which include greater exposure to all PCBs,
including mono-ortho PCBs, the WoE suggests that PCBs
are not causally associated with an increased risk of intes-
tinal cancer,

Non-Hodgkin’s lymphoma

De Roos et al. (2005)

On the basis of previous reports suggesting an association
between environmental exposure to PCBs and increased
incidence of NHL, De Roos et al. (2005) investigated a sub-
set of participants from a case-control study of NHL con-
ducted by the National Cancer Institute. Cases included
1,321 patients newly diagnosed with NHL and 1,057 con-
trols. Cases and controls were selected from four different
SEER (Surveillance Epidemiology and End Results) report-
ing regions. Plasma from 100 cases and 100 controls was
analyzed for 36 non-coplaner PCB congeners, coplaner
PCB congeners, dioxins, furans, and 13 organochlorine
pesticides. Care was taken to collect blood samples only
from patients who had not undergone chemotherapy,
since this is known to affect PCB serum levels (Baris et al.,
2000).

Primary emphasis was placed on investigating associa-
tions between individual PCB congeners and NHL. Of the
non-coplaner PCB congeners, two were significantly associ-
ated with NHL at the highest plasma concentration quartile:
PCB 180 (OR=3.5, 95%CI 1.34-9.15) and PCB 194 (OR=2.68,
95%CI 1.04-6.90). PCB 156 was not significantly associated
with NHL at the highest plasma concentration quartile
(OR=2.7, 95%CI 0.97-7.50). However, all three congeners
showed significant trends with exposure, albeit with wide
confidence intervals. When data were analyzed by total
non-coplaner PCBs, the association with NHL was not sig-
nificant (OR=1.85, 95%CI 0.67-5.14) nor was the trend with
exposure (p=0.24),

None of the coplanar PCBs were significantly associated
with NHL. When stratified by degree of chlorination, the
highest quartile ofhighly chlorinated PCBs was significantly
associated with the presence of NHL (OR=2.68, 95%CI
1.04-6.90) with a significant trend (p=0.04). However, it
seems that this group only contained a single detectable
congener (PCB 194). The data were not analyzed on the
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basis of ZPCB. Finally, there was no significant association
or trend between PCB TEQ and NHL, even in the highest
quartile of exposure.

Engel et al. (2007a)
In this prospective study involving three cohorts of individu-
als with NHL, specific PCB congeners were evaluated for
associations with disease incidence (Engel et al., 2007a).
The Janus cohort consisted of ~87,600 Norwegian men and
women. This group comprised 190 individuals who had
developed NHL before 1999. The entire cohort had provided
blood samples during a routine health examination between
1972 and 1978. Serum from these samples was frozen and
later analyzed for DDE and 36 PCB congeners. The CLUE 1
cohort consisted of 23,938 residents of Washington County,
MD, USA who had participated in the Campaign Against
Cancer and Stroke in 1974. At this time, a blood sample was
collected and the serum was separated and stored for later
analysis. The serum samples from NHL cases were ultimately
analyzed for DDE and 28 PCB congeners. The cases from this
group were 74 individuals who had developed NHL between
January 1975 and May 1994. The Nurses Health Study began
in 1976 and involved 121,700 registered nurses who com-
pleted health-related questionnaires every 2 years. Between
1989 and 1990, 32,826 participants provided a blood sample
from which serum was separated and stored. The samples
from NHL cases were ultimately analyzed for DDE and 21
PCB congeners. In total, 33 women were diagnosed with
NHL between the date they provided a blood sample and
May 1994. Because the three cohorts differed in the timing
of blood-sample collection, types of samples analyzed, and
analytical methods, exposure-disease associations were
assessed separately. All measurements were lipid corrected.
The basic tinding from the Engel et al. (2007a) study was
evidence of statistically significant correlations between
increased risk of NHL and high serum concentrations of
PCB congeners 118, 138, and 153, with a concentration-
response trend most apparent in the CLUE I cohort. There
was a significant concentration-risk trend in the CLUE I
cohort, but not in the Janus cohort, suggesting an associa-
tion between SPCB and increased risk of NHL. In all three
cohorts, concentration-risk correlations were strongest
in the periods closest to the time that blood samples were
collected, with weaker and non-significant correlations in
later periods. Table 1 illustrates the ORs and trends based on
quartiles (or tertiles for the Nurses Health Study) of concen-
trations of PCB 118, 138, and 153, XPCB, and DDE during

the earlier follow-up periods. As shown in Table 1, while
there are a number of significant findings regarding concen-
tration quartiles, the confidence intervals for most are very
wide, which substantially undermines the precision of the
estimates. Concentration of PCB congener 180 was related
to significantly increased risk of NHL in the Janus cohort,
but not in the other two cohorts. It should be noted that
the median levels (ng/g lipid) for either PCB congeners or
2PCB in the various concentration quartiles were approxi-
mately doubled from the lowest to the highest quartiles in
all cohorts. In addition, the median PCB levels in NHL cases
were only a few percent higher than in controls.

Thus, the increased risks of NHL associated with being
in the highest quartile (or tertile) of PCB concentrations,
reported as ORs in the range 2.5-14.2 (Table 1), were associ-
ated with lipid-based PCB concentration increases of only
about 1 ppm on a lipid basis and less for individual conge-
ners. The observation of a statistical association between
two parameters does not indicate which parameter (or its
covariant) is the cause and which is the consequence. In
this case the observed correlations indicate that either (a)
the adipose PCB concentrations were increasing the risk of
NHL or else (b) NHL, or its underlying biochemical or physi-
ological preconditions, were coincidentally also causing
small decreases in PCB clearance rates, thereby resulting in
slightly increased serum concentrations.

Arguing for the first alternative, Engel et al. (2007a) and
others have suggested mediation of NHL by PCB-induced
immunosuppressive effects. The biggest problem of this
interpretation, however, is that there were very small differ-
ences between PCB serum concentrations in cases and con-
trols. To overcome this finding would require the potency
of PCBs as inducers of NHL to be enormous, with 1ppm
in serum lipids causing several-fold increases in NHL inci-
dence. This is at odds with data for occupationally exposed
workers with PCB serum concentrations up to hundreds of
times larger. There were no significant increases in NHL in
these cohorts (Table 2).

The second alternative, however, is fully compatible
with the data in Tables 1 and 2. Variations in chronic PCB
concentrations within populations sharing a common
background exposure are heavily influenced by variations
in PCB clearance rates. Human PCB clearance is known to
be largely metabolic (Brown, 1994) and mediated by P450
cytochromes that are constitutive rather than PCB-induced
(Brown and Lawton, 2001). For example, in healthy humans,
the mean clearance half-times for PCB congeners 118, 138,

Table 1. Odds ratios (ORs) for risk of non-Hodgkin's lymphoma in relation to quartiles and tertiles of individual PCB congeners, total PCBs ($PCBs )

and dichlorodiphenylethylene (DDE).

Exposure Janus study OR {95% CI) CLUE I study OR (95% CI) Nurses Health Study OR (95% CI)
PCB118 5.3 (1.5-18.8)" 13.0(1.6-106.8)* 3.3(0.9-12.4)*

PCB 138 2.5(0.9-7.1)% 7.8(1.8-34.6)" 3.8(1.1-13.6)*

PCB 153 3.6 (1.3-9.9) 2.7(0.7-9.8)° 3.2(0.9-11.8)

S,PCBs 2.9 (1.0-8.2) 14.2 (2.2-91.0) 4.7(1.2-18.9)

DDE 4.3 (1.2-15.0)* 2.1(0.7-6.3) 2.0(0.7-6.1)
“P_..4<0.05;°P __ <0.005. Adapted from Engel et al. (2007a)
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Table2, Observed and expected cancer mortality from lymphatic, hematopoietic cancer and non-Hodgkin’s lymphoma in male and female workers

occupationally exposed to PCBs.

Lymphatic and
hematopoietic cancer

Non-Hodgkin's
lymphoma®"

Study (n) Observed Expected® SMR(95% CI) Observed Expected* SMR(95% CI) Sexof participants ICD codesused D-R trend analysis
Tironi et al., 4 2.3 1.77(0.48-1.53) NR NR NR Female 1CD 200-202 NR
1996 (1,556)
Loomis et al., 439 532 0.82 (0.75-0.91) 69 90 0.77 (0.6-0.97) Male 1CD 200-208; NR
1997 (138,905) 200;
176 170 1.04 (0.89-1.2) 202-203
Kimbrough 25 25 1.0 NR NR NR Male and ICD 200, 202, NR
et al., 2003 female 203
(7,075)
Ruder et al., 20 19 1.08(0.7-1.7) 9 7.3 1.23(0.6-2.3) Male and 1CD 200-208; NR
2006 (3,569) female; 200, 202
Prince et al., 22 20 1.09 (0.68-1.65) 10 7.6 1.31(0.63-2.41) Male and ICD 200-208; No significant
2006a (2,588) fermale 200, 202 trend
Prince et al., 99 94 1,05 (0.85-1.28) 35 36 0.98 (0.68-1.36) Male and 1CD 200-208; No significant
2006b (14,458) female 200, 202 trend

Note: ICD, International Classification of Diseases; NR, not reported; SMR, standardized mortality ratio.

“When only observed reported expected approximated by O/SMR.

*When non-Hodgkin's lymphoma (ICD 200 and 202) is reported separately or if ICD coding permits an approximation of likely cases,

and 153 are 5.9, 7.9, and 12.8 years, respectively (Brown,
1994); congener-specific and intra-individual variations
in clearance rates over the decades of exposure involved
can have sizeable effects on residual PCB concentrations.
In the data shown in Table 1, the differences in congener
and ZPCB concentrations in the individuals who subse-
quently developed NHL were modest—generally under
20%. However, the methodology used in the calculations
seems to have transformed small differences between
the mean PCB levels in the patients and non-patients into
large values for the apparent OR. This occurred because the
overall distributions of PCB levels in the entire populations
were quite narrow, meaning that those for PCB levels in the
patient and non-patient sub-populations would have been
narrower still. As a result, even a modest shift between the
mean values for the PCB distributions in the patient versus
non-patient sub-populations means that the upper quartile
of the entire distribution can contain mostly patients and the
lower quartile mostly non-patients. This means that the ratio
of patient counts in the two quartiles (i.e. OR) can be quite
high, and the apparent potency of the PCBs (ORs divided by
the very small difference between upper and lower quartile
PCB levels) can be enormous.

Thus, the surprising values for the ORs and the implied
potency as indicated by the data in Table 1 are fully consist-
ent with the second alternative—that the minor increase in
PCB levels in the NHL population is simply a biochemical
marker for a rather small decrease in the activity of the con-
stitutive PCB-metabolizing P450 cytochromes, which in turn
leads to a slight increase in PCB concentration, although still
in the normal range.

The control of constitutive P450 expression in humans
does not seem to have attracted much study; however,
from rat and mouse studies it is now well established that

both the constitutive P450s and the insulin-like growth
factors (IGFs; IGF 1 and IGF 2) are regulated in parallel by
neuroendocrine factors, including the level and timing of
growth-hormone release from the pituitary, and that such
factors can increase the expression of some P450s while
decreasing that of others (Waxman and O’Connor, 2006).
Such findings suggest that increased risk of NHL may be
related to some type of neuroendocrine signaling thatleads
to increased production of growth factors such as growth
hormone and the IGFs, along with a net suppression of
P450 activity (Keller et al., 2005; Mauras et al., 1988). This
interpretation is consistent with several reports indicating
that polymorphic variants of certain CYP genes, including
those involved in PCB metabolism, can have the effect of
slightly altering background PCB serum levels, (see below
in the discussion of breast cancer) resulting in non-causal
associations between minimally elevated PCB levels and
disease. In this regard, it has been reported that NHL risk
may be associated with a number of metabolic gene vari-
ants in CYPIBI (De Roos et al., 2006), CYP17A1 (Skibola et
al., 2005), GST (Kerridge et al., 2002), and CYP2E1 (Soucek
et al,, 2002). Consequently, the first alternative interpreta-
tion described above for the data in Table 1—that trivial
PCB concentrations increase NHL risk—can be unequivo-
cally rejected on the basis of the data summarized in
Table 2.

In attempting to explain the data in Table 1, which are
consistent with previously reported case-control incidence
studies of NHL (Hardell et al., 2001; De Roos et al., 2005), and
also why the concentration-risk correlations were strongest
in the period closest to the time that blood samples were
collected, Engel et al., (2007a) suggested an etiological role
for immunosuppression. In support of this role, they cited
the immunosuppressive effects of anti-rejection drugs used
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in organ transplants (a median time from transplant to NHL
of 1-5 years) and AIDS-related lymphoma (a median time
from HIV infection to NHL diagnosis of 6-8 years). Engel
and colleagues then noted that many of the PCB conge-
ners associated with increased risk of NHL in this study
have been proposed to be immunotoxic (citing Wolff et al.,
1997), to alter immune function (citing Tryphonas, 1994),
and that the Epstein-Barr virus may potentiate the effects of
PCBs (citing Rothman et al., 1997 and Hardell et al., 2001),
so that any role of PCBs in the etiology of NHL may be
mediated through immunotoxic mechanisms (citing Vineis
etal., 1992). However, there is no evidence to support PCB-
induced immunotoxicity, particularly clinical immunosup-
pression in humans, as an explanation for the reported
findings. Wolff et al. (1997), in a non-peer reviewed letter,
propose that PCB congeners be grouped into categories
according to their biological function. While PCB 118 and
138 are proposed for Group 2 (potentially antiestrogenic
and immunotoxic), PCB 153 is in Group 3 (phenobarbital-
like, CYP1A/B inducers, persistent) and is not suggested to
be immunotoxic. No data are cited in support of the pos-
sibility that PCBs have the ability to clinically suppress the
immune system in humans, particularly at background
exposure levels.

The Tryphonas (1994) review of the immunotoxicity
of PCBs summarizes information available up to the date
of that study, including the hypothesis that the immuno-
toxic effects of some dioxin-like PCBs are likely mediated
via the AhR and that other PCBs would be antagonistic to
the effects of individual congeners. No data reviewed by
Tryphonas (1994) suggest that PCBs have been associated
with clinical immunosuppression in humans. While the
immunosuppressive effects of anti-rejection drugs used in
organ transplants and HIV or AIDS are well established as
risk factors for NHL, the suggestion that background PCB
levels in blood would have similar effects is unwarranted
and unsupported by any data. If this were the case, it is
reasonable to expect that workers occupationally exposed
to PCBs would have demonstrated not only increased
mortality from NHL, but would also have exhibited clini-
cal findings consistent with immunosuppression. No such
findings have been reported. Finally, the review by Vineis
et al. (1992) does not mention PCBs as possible etiological
factors in the development of NHL.

Cocco et al. (2008)

Finally, in a recent case-control study involving cohorts
from Spain, France, and Germany with a total of 174 cases
of NHL, plasma samples were collected and analyzed for
17 organochlorine pesticides, HCB, chlordane, aldrin, diel-
dren, endrin, mirex, DDT, and 9 PCB congeners (28, 52, 101,
118, 138, 153, 1709, 180, and 194; Cocco et al., 2008). Results
were presented according to the major NHL subtypes (dif-
fuse large B-cell lymphoma and chronic lymphatic leuke-
mia), and the various PCB congener groupings typically
used (pseudo-estrogens 28, 52, and 153, highly chlorinated
anti-estrogens 170, 180, and 194, phenobarbital-inducing

101, 153, and 180, mixed PC/MC-inducing 118, 138, and
170, and immunotoxic PCBs 138, 153, 180). Risk of NHL (or
any subtype) was not significantly increased with exposure
to any individual PCB congener, congener grouping, or
2PCB, nor were there any significant trends based on PCB
plasma levels.

Weight of evidence evaluation for NHL

The study by De Roos et al. (2005) begins by saying that
“Several studies have suggested a role of the polychlorin-
ated biphenyls (PCB) in development of non-Hodgkin’s
lymphoma” Cited in support of this statement are three
studies: Hardell et al. (1996), Rothman et al, (1997), and
Laden et al. (2000). The studies by Hardell et al. (1996)
and Rothman et al. (1997), each of which reported a
significant association between PCBs and incidence of
NHL as a consequence of environmental exposure, have
methodological limitations, as reviewed by Golden et al.
(2003). Subsequently, Engel et al. (2007a) also reported
significant associations between selected PCB congeners
and increased risk of NHL. The study by Laden et al. (2000)
is an abstract and, without any details, cannot be afforded
any weight. Moreover, a similar incidence study by several
of the same authors (Quintana et al., 2004) found no asso-
ciation between NHL and total adipose-tissue PCB con-
centration (SMR=1.05, 95%CI 0.63-1.76 and SMR=1.08,
95%CI 0.40-2.92 for 1-3ppm and >3 ppm, respectively).
Since none of the large occupational cohort studies, with
much greater PCB exposures than any of these studies,
have reported a significant association between PCB
exposure and NHL incidence (Table 2), it is unwarranted
to conclude that environmental exposure to PCBs is caus-
ally related to NHL. In addition, it is biologically implausi-
ble that PCBs would play a role in NHL etiology, since no
lymphohematopoietic malignancies of any kind have been
reported in any of the high dose PCB bioassays conducted
in rodents (e.g. Mayes et al., 1998).

Neither De Roos et al. (2005) nor Engel et al. (2007a)
offer a biologically plausible explanation for why certain
PCB congeners (i.e. those with higher degrees of chlorina-
tion such as 118, 138, or 153) would be etiologically impli-
cated in increased risk of NHL when higher exposure to the
same congeners in occupational studies does not result
in significantly increased risk of NHL. The suggestion by
Engel et al. (2007a) that environmental exposure to PCB
congeners 118, 138, or 153 produces immunosuppression
similar to that produced by known risk factors for NHL (i.e.
immunosuppressant drugs or HIV/AIDS) is not biologically
plausible, nor are any data cited suggesting this capability.
All the occupational studies (many of which involve exten-
sive follow-up of the same cohorts) involved prolonged
occupational exposure to all PCB congeners, including the
same individual PCB congeners selected for analysis by De
Roos et al. (2005) and Engel et al. (2007a). While De Roos
et al. (2005) acknowledge the possibility of chance asso-
ciations due to multiple comparisons, they do not discuss
their findings in the context of the lack of similar findings



in occupational studies. Engel et al. (2007a), however,
acknowledge the discrepancy between the lack of findings
in occupationally exposed cohorts and the associations
reported as a consequence of environmental exposures in
the general population, suggesting that this needs further
exploration before conclusions can be drawn. Finally, the
suggestion that PCB exposure closer to disease onset may
be more etiologically important than exposure more distant
from disease onset, is not supported by the occupational
cohort data. If this hypothesis were correct, the initial stud-
ies reported by Brown (1981) and Bertazzi et al. (1981)
should have detected this ‘early onset’ effect, but neither
study reported such an effect. This hypothesis is also incon-
sistent with the fact that there is a latency period between
the onset of exposure and cancer induction. Therefore, can-
cer latency should be longer at lower exposure and certainly
greater than 1-2 years.

All studies suggesting an association between environ-
mental blood levels of PCBs and an increased risk of NHL
were reviewed by Engel et al. (2007b). This review noted the
contrast between these studies and the occupational cohort
mortality studies that have shown no association between
exposure to PCBs and increased risk of NHL. The authors
also noted that risk of NHL (in the environmental exposure
studies) is elevated primarily in the time period closest to
sample collection and disease diagnosis suggesting consist-
ency with other established risk factors for NHL (i.e. inten-
tional clinical immunosuppression following organ trans-
plants and HIV/AIDS). However, there is no evidence, and
indeed none is offered by Engel et al. (2007b), that exposure
to PCBs (particularly at background levels) induces clini-
cal immunosuppression comparable to that produced by
immunosuppressive drugs or HIV/AIDS. Furthermore,
comprehensive reviews of PCB immunotoxicity do not doc-
ument the type of immunosuppression known to be associ-
ated with increased risk of NHL (ATSDR 2000). If PCBs were
capable of producing this degree of immunosuppression,
it should have been observed in the numerous studies on
PCB-exposed workers,

Engel et al. (2007b) also acknowledge the possibility that
PCB levels measured in the blood of individuals diagnosed
with NHL may reflect not only cumulative environmental
exposure, but also endogenous processes that might affect
storage, dilution, or elimination. However, on this key
point Engel et al. (2007b) acknowledge neither the grow-
ing body of evidence on gene variants of the types likely to
minimally affect PCB metabolism and thereby background
serum concentrations nor the association between addi-
tional gene variants and risk of NHL, some of which could
also affect PCB metabolism and serum concentrations, as
described above.

Finally, as previously noted, there is no evidence that
occupational exposure to PCBs is associated with increased
risk of NHL. Table 2 summarizes the available occupa-
tional studies of PCB-exposed workers. While it is difficult
to directly compare all studies because of the manner in
which data on various lymphohematopoietic malignancies
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are reported (i.e. ICD codes), it is clear that occupational
exposure to PCBs is not associated with increased mortal-
ity from NHL or with lymphohematopoietic malignancy
in general. If the results reported by Engel et al. (2007a)
are attributable to immunosuppression from background
PCB levels in blood leading to the development of NHL,
one might logically expect to see much larger effects from
PCB blood levels—effects approximately 100 times greater.
The conspicuous lack of such effects at substantially greater
exposure levels suggests that PCBs are not etiologically
linked to NHL.

The hypothesis that either 2PCB or certain PCB conge-
ners may contribute to increased NHL risk cannot be recon-
ciled with the fact that much greater occupational exposures
to XPCB or the same individual congeners have not been
demonstrated to lead to an increased risk of NHL. In addi-
tion, the large study by Cocco et al. (2000), demonstrating
no association between increased risk of NHL and 3PCB,
individual congeners, or groupings of congeners, adds to
the WoE suggesting that PCBs have no role in NHL etiology.
There also seems to be an unexplained inconsistency in the
associations with individual PCB congeners, with De Roos
et al. (2005) reporting significant associations between and
trends with NHL and PCB 156, 180, and 194, Engel et al.
(2007a) reporting significant associations and trends for
PCB 118, 138, and 153, and Cocco et al. (2000) reporting no
associations with any of these congeners. This would sug-
gest that factors other than a causal association (e.g. meta-
bolic differences between different study populations lead-
ing to non-causal differential serum concentrations of PCB
congeners) are a more likely explanation for the reported
findings. In other words, the findings in all of the studies
reporting significant associations between background lev-
els of different PCB congeners and increased risk of disease
are most plausibly explained as resulting from NHL rather
than causing it. Consequently, at present, the WoE suggests
that PCBs are not a risk factor for NHL. Finally, since the
effects of different congeners vary among the studies, the
association between NHL and specific congeners may have
occurred by chance.

New occupational-exposure cohort mortality
studies since 2003

The studies reviewed below were all published in or after
2003, most of them occupational mortality studies. Following
a presentation of the results of each study, a comment is
presented if issues exist pertaining to interpretation of the
data in the context of a WoE evaluation. It should be noted
that these workers had much higher PCB exposures than
the general population, as they produced capacitors and
transformers that were filled with PCBs from about 1938,
1946, and 1951 to 1977 in the different plants studied. No
exposure information is available for the workers from these
plants in the early years, since analytical methods for PCB
measurements were not available until the late 1960s. For
example, in several plants, PCB area and personal air levels
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in 1975 ranged 227-1,500 pg/m?, while in 1977, when PCBs
were being phased out, levels had dropped to 170-576 pg/
m?®, with air levels of 3-50 ug/m? in areas where PCBs were
not used. Reductions in air concentrations resulted after the
filling operation of capacitor canisters had been automated
and ventilation systems had been improved (Kimbrough et
al., 2003). Similar air levels were also found in other plants
studied (Brown and Jones, 1981). Wolfe et al. (1982) reported
in 290 self-selected employees PCBs serum levels on a
wet-weight basis that ranged from 6 ng/mL to 2,530 ng/mL
(ppb) for the lower chlorinated congeners and from 1ng/
mL to 546 ng/mL for the higher chlorinated PCB congeners,
whereas the general population had average PCB serum
levels of 5-7ng/mL. Lawton et al. (1985a, 1985b) found
similar high levels of serum PCBs in a cohort of 190 workers.
Since these studies were performed when PCBs were being
phased out, it is reasonable to assume that earlier PCB levels
were even higher.

Charles et al. (2003)

Charles et al. (2003) conducted a mortality study to inves-
tigate an association between occupational exposure to
electromagnetic fields or PCBs and prostate cancer among
US electric-utility workers. As part of the rationale for this
study, the authors note that PCBs are among the envi-
ronmental factors that have been suggested as possible
causes of prostate cancer, although no relevant citations
to any literature are provided. While the hypothetical etio-
logical role of melatonin is mentioned, no relevant data
(e.g. either from occupational mortality studies or animal
studies) are provided suggesting that PCBs might play a
plausible etiological role in the development of prostate
cancer.

Participants were current and former employees of five
large US electricity companies. Data on participants had
been collected during 1987-1994, with mortality of the
cohort followed up to 1988. This nested case-control study
consisted of 387 cases of prostate cancer and 5 controls
for each case. PCB exposure was estimated based on an
analysis of job/exposure potential by a panel of industrial
hygienists and others familiar with the use of PCBs in the
electric utility industry—actual PCB measurements were
not taken. While workers categorized in the highest 10% of
electromagnetic-field exposure were twice as likely to die
from prostate cancer as those exposed to electromagnetic
fields atlower levels, the OR for PCB exposure and prostate-
cancer mortality was not significant (OR=1.47, 95%CI 0.97-
2.24) after adjustment for suspected confounding factors.
When exposure to PCBs was stratified according to cumu-
lative exposure, there was no significant association with
prostate cancer mortality even at the highest exposure level
(i.e.>2800h, OR=1.16, 95%CI 0.78-1.74). There was also
no significant increase in prostate cancer after a 5-year lag
period at the highest total PCB exposure (OR=1.14, 95%CI
0.76-1.71). Finally, as noted by the authors, “several studies
have investigated or reviewed the incidence of other can-
cers in workers exposed to PCBs, and our literature review

found no consistent evidence that occupational exposure
to PCBs was related to an increase in mortality from one or
more cancers”

Mallin et al. (2004)

This was a mortality study of 2,885 white workers employed
between 1944 and 1977 at an electrical capacitor manu-
facturing plant where PCBs and chlorinated naphthalenes
were used as dielectric fluids and various other chemicals
were also used. Because PCBs were not used at this plant
between 1944 and 1952, there was substantial exposure
to chlorinated naphthalenes alone for 8 years and some-
what lesser exposure to these chemicals through to 1977.
Since there were no measurement of PCB or chlorinated-
naphthalene levels in the plant, it is not possible to associ-
ate findings exclusively with either group of chemicals. It
is important to note that 20% of the cohort worked only 3
months or less at this facility between 1944 and 1977; an
additional 30% of the cohort worked at the facility for only
60-90 days during this period. Consequently, fully 50% of
the entire cohort worked at this facility for significantly less
than 1 year. Additionally, 32% of the entire cohort (19%
of men and 40% of women) worked at this facility before
PCBs were introduced. Moreover, as noted by the authors
“males were more likely to have been exposed to PCBs
than females, and females were more likely to have been
exposed to chlorinated naphthalenes than males”.

After adjustment for age and gender, SMRs for total
mortality and all-cancer mortality were similar to expected
rates for both men and women. For women, the only sig-
nificant finding in the total cohort was for liver and biliary
cancer (SMR=2.27, 95%CI 1.04-4.31). In women employed
10 or more years, there was a significant increase in liver
and biliary cancer (based on four cases; SMR=6.2, 95%CI
1.70-15.92). Intestinal cancer was significantly elevated
in women employed for 5-9 years (SMR=3.69, 95%CI
1.19-8.62), but not 10 or more years. In men, stomach
cancer {SMR=2.2, 95%CI 1.03-4.27) and thyroid cancer
(SMR=15.2, 95%CI 3.14-44.50) were significantly elevated
in the total cohort, although there were no significant
effects on stomach-cancer when analyzed by duration of
exposure. When analyzed by duration of employment, liver
and biliary cancer in men (based on three cases) was sig-
nificantly increased for 1-4 years’ employment (SMR=6.02,
95%CI 1.24-17.59) but not for 5-9 years’ or>10 years’
employment. Consequently, there was no evidence for a
significant exposure-response mortality trend for stomach,
liver and biliary, or intestinal cancer in either women or
men in the cohort.

A separate analysis was conducted on a subset of
workers who worked anytime during 1952-1977 or 5 or
more years during 1952-1977, which is the time period
that PCBs were used in this facility (even though many
of these workers began work at this facility well before
1952). There was a significant increase in stomach cancer
(SMR=2.82, 95%CI 1.13-5.80) in women who worked any
time within 1952-1977 and intestinal cancer (SMR=2.25,



95%CI 1.03-4.27) and liver and biliary cancer (SMR=5.57,
95%CI 1.52-14.25) in women who worked 5 or more years
in 1952-1977. However, it is important to note that most
of the workers in this sub-analysis were also exposed to
chlorinated naphthalenes, with women far more likely to
have been exposed than men. For example, since at least
four of the five cases of liver/biliary cancer in this sub-
cohort were exposed to chlorinated naphthalenes prior to
the introduction of PCBs, the meaning of this association
is uncertain.

Comment
While data were analyzed and presented on the basis of 5
or more years’' employment during 1952-1977, it seems that
many of, or perhaps all, the cancer cases in this study were
individuals employed prior to 1952—that is, during the time
when chlorinated naphthalenes were the only dielectricfluid
used. Consequently, it is not possible to ascertain whether
findings reported from 1952 to 1977 could have been attrib-
utable to exposures prior to 1952. For example, with respect
to liver and biliary cancer in women, of the nine cases, four
worked at this facility for 60 days or less, thus undermining
an association with a chronic occupational exposure at this
facility. Additionally, of the nine cases, all but one worked at
the facility during the time when chlorinated naphthalenes
were in use. Chlorinated naphthalenes have been associ-
ated with substantial hepatic toxicity, including cirrhosis
of the liver (a recognized precursor for liver cancer) in
both men and women (World Health Organisation [WHO],
2001), and cirrhosis was significantly more common in men
in the total cohort. Therefore, it is not possible to conclude
that any of the effects reported were due to PCBs alone,
chlorinated naphthalenes alone, or a combination of these
or other chemicals. Given the documented hepatotoxicity
of chlorinated naphthalenes, it is not possible to rule out a
possible etiologic role in the increased liver and biliary can-
cer in ‘women. It should also be noted that exposure to chlo-
rinated naphthalenes has been associated with increased
mortality from cancers of the stomach, rectum, trachea,
esophagus, bronchus, and lung after relatively short expo-
sure to these compounds for most of the cohort (Ward et al.,
1994). Because of the mixed nature of the exposures in the
Mallin et al. (2004) study (particularly to chlorinated naph-
thalenes during 1944-1952), it is impossible to attribute the
findings exclusively to PCBs. Consequently, the strength of
the associations reported in this study is undermined by
probable confounding from exposure to other chemicals
with recognized hepatotoxicity. However, even with the
confounding due to the presence and probable previous
exposure to chlorinated naphthalenes, the lack of a signifi-
cant exposure-response trend for any of the reported can-
cers (i.e. stomach, liver and biliary, or intestinal) in either
women or men in the cohort undermines an association
with any exposure.

Finally, the probable confounding by substantial expo-
sures to chlorinated naphthalenes in Mallin et al. (2004)
makes it impossible to determine the extent to which PCBs
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might have played an etiologic role in the reported results.
While the authors describe the resuits of a small 1994 study
on PCB serum levels in 60 former workers, there is no dis-
cussion of or any attempt to characterize potential exposure
to or effects from chlorinated naphthalenes. Since 32% of
the cohort (i.e. 918 employees) worked at this facility in
1944-1951, with exposure exclusively to chlorinated naph-
thalenes, the mortality experience of these workers would
have permitted a determination of potential effects with-
out confounding by simultaneous exposure to PCBs. The
authors missed the opportunity to evaluate this confounder
and it is not known why this was not done, as there are many
cohort studies with far less than 918 individuals, particularly
since the average latency in these workers was on the order
of 40-50 years.

Prince et al. (2006a, 2006b)

Two overlapping studies by Prince et al. (2006a, 2006b) are
follow-ups of cohorts from two electrical capacitor plants
in New York (Plant 1) and one in Massachusetts (Plant
2) in the US. Workers from these plants were studied by
Brown and jones (1981) and Brown (1987). Plant 1 work-
ers were also studied by Kimbrough et al. (1999, 2003) in
separate follow-ups. The Prince et al. studies are reviewed
separately below, followed by a comment on their reported
findings.

As reported by Brown and Jones (1981), excess mortal-
ity (in men and women combined) was observed for rectal
cancer (SMR=336, 95%CI 92-860) and liver and biliary
cancer (SMR =280, 95%CI 58-820), although neither find-
ing was statistically significant. The only statistically sig-
nificant finding occurred in women (based on three cases)
from Plant 2 for rectal cancer (SMR=336, p<0.05). In the
follow-up study (Brown, 1987), the total-cohort SMR for
rectal cancers decreased from 336 to 211, and although the
SMR for rectal cancer in women at Plant 2 remained higher
than at Plant 1, the difference from normal values was no
longer statistically significant. However, there was a sig-
nificant excess when liver, biliary, and gall-bladder cancers
were grouped together, although one case was metastatic
disease and should not have been counted as a primary
liver cancer. These studies are reviewed in detail in Golden
et al. (2003).

In the study by Prince et al. (2006a), mortality was
updated through to 1998 for 2,572 workers. These workers
were employed for at least 90 days in electrical-capacitor
manufacturing at Plant 1 and 2 and were selected because
they held jobs identified as having the highest and most
direct exposure to PCBs. These workers had been studied
earlier by Brown and Jones (1981) and Brown (1987). There
was a significant excess in the total cohort (Plants 1 and 2
combined) when liver, biliary, and gall-bladder cancers
were grouped together (SMR=2.11, 95%CI 1.05-3.77), but
rectal cancer was not significantly increased (SMR=1.47;
95%CI 0.54-3.21). One of the liver cancers of a female
worker in Plant 2 was metastatic disease rather than a pri-
mary liver cancer (Brown, 1987). The only other significant
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finding was in women from both plants combined, where
mortality from intestinal cancer was significantly higher
than normal (SMR=1.89, 95%CI 1.21-2.82). Also of inter-
est was the finding of a statistically significant decrease
in breast-cancer mortality in the total cohort (SMR=0.59,
95%CI 0.33-0.98). Three duration-of-employment group-
ings were used as a proxy for exposure to permit compari-
sons with results from previous studies of this cohort (i.e.
employment for <5, 5-9, and > 10 years). Cancer mortality
was not associated with duration of employment for any of
the reported increases noted above or for breast or prostate
cancer, myeloma, or NHL.

Prince et al. (2006b) is a much larger cohort mortality
study of 14,458 workers who had worked 290 days at Plants 1
or 2, Estimated cumulative PCB exposure was assessed using
a semi-quantitative job-exposure matrix. Plant-specific PCB
air-concentration data were used to assign values to the
combined qualitative inhalation and dermal exposure rat-
ings (high, medium, low, background). In the total cohort,
no cancers of a priori interest (i.e. all cancers, cancer of the
liver, intestine, stomach, breast, prostate, brain, melanoma
or NHL) were significantly elevated. However, there was a
statistically significant increase in intestinal cancer mortality
in women (SMR=1.31, 95%CI 1.02-1.66), and a statistically
significant decrease in mortality from cancers of the tra-
chea, bronchus, and lung in men (SMR=0.78, 95%CI -0.65
to 0.93). There was also a significant increase in myeloma
mortality in all workers (SMR=1.85, 95%CI 1.23-2.67), in
men (SMR=2.31, 95%CI 1.32-3.76), and in all Plant 1 work-
ers (SMR=2.02, 95%CI 1.13-3.34).

When the data were analyzed by internal cumulative
exposures (i.e. exposure-response for no lagging, 10-year
lagging, and 20-year lagging) the trends for no lag and 10
year lag were statistically significant for total cancers and
stomach cancer in men. There was also a significant trend
with no lag for “other/unspecified parts of the uterus” and
significant trends for no lag, 10-year lag, and 20-year lag for
prostate cancer. For cancer of the liver and biliary passages
or gall-bladder there was a significant exposure-response
trend with a 20-year lag, but not with no lag or a 10-year
lag. There were no significant exposure-response trends for
cancer of the intestine, rectum, breast, brain, melanoma,
myeloma, or NHL.

Comment

In the introductions of both of the Prince et al. studies,
which are clearly focused on occupational exposure and
mortality risks, the authors describe the goals of the stud-
ies by citing previously reported mortality excesses for a
variety of cancers, either in these cohorts or in cohorts
from other studies. In particular they note “other a priori
outcomes of interest’; citing examples that either were not
confirmed in follow-up studies (none of which were cited)
or had never been reported in an occupational-exposure
study. For example, they noted increased all-cancer mor-
tality by citing Bertazzi et al. (1987), but omitted Tironi et
al. (1996), who did not confirm this in a follow-up study of

the same cohort. They noted NHL, citing two non-occu-
pational incidence studies by Rothman et al. (1997) and
Hardell et al. (2001), even though NHL has never been sig-
nificantly elevated in an occupational mortality study, and
breast cancer, citing a single, largely irrelevant incidence
study (Falck et al., 1992), while ignoring the fact that breast-
cancer mortality has never been significantly elevated in
any occupational cohort study and in fact was found to be
significantly decreased in Prince et al. (2006a).

On the basis of 11 cases (some of which may have been
metastases), mortality from liver, biliary, and gall-bladder
cancers (as a group) was found to be significantly elevated
in the total cohort in Prince et al. (2006a), but there was no
exposure-response trend. In Prince et al. (2006b), on the
basis of 21 cases (some of which may have been metas-
tases), there was no significant elevation in mortality in the
total cohort, although a significant trend with a 20-year lag
was found. As detailed in Golden et al. (2003), there is no
biological basis for grouping cancers of the liver, biliary pas-
sages, and gall bladder together, given that each has differ-
ent etiologies and risk factors (DeVita et al., 1993). In agree-
ment with this interpretation, it is noteworthy that in the
International Agency for Research on Cancer (IARC, 2000)
publication on the pathology of digestive system tumors,
tumors of the liver and intrahepatic bile ducts are addressed
in one chapter, while tumors of the gall-bladder and extra-
hepatic bile ducts are considered in a different chapter. It
should also be noted that Brown (1987; Table 8) provided
details of the liver or gall-bladder and biliary-tract cancer
deaths on the basis of an analysis of death certificates and
pathology reports, revealing that some of the cancers had
metastasized from other sites. Given the uncertainty sur-
rounding this issue, it is not unreasonable to expect that
Prince et al. (2006a, 2006b) would have discussed this or
conducted a sensitivity analysis similar to what was done
by many of the same authors for brain cancer (e.g. Ruder et
al., 2006). This could be important if the same proportion
of the cases reported by Brown (1987) were questionable
as to their origin in the liver, as in the present studies. As
noted by the ATSDR (2000), if the metastatic liver cancer
from Brown (1987) is not included in the analysis, the SMR
for the combined liver-biliary-gall-bladder cancers in the
whole cohort is no longer statistically significant. Finally, as
acknowledged by Prince et al. (2006b), ethnic differences in
Plant 2 as a consequence of a large population of workers of
Cape Verdean and Portuguese descent (who have a recog-
nized increased risk of liver cancer) may further confound
any potential association with PCBs.

There also seems to be a disparity between the two stud-
ies by Prince et al. (2006a, 2006b). In the smaller study of the
most highly exposed workers, when the SMRs for selected
causes of death were stratified by duration of employment
(i.e. a proxy for exposure), none of the trends for any can-
cer were statistically significant, including all cancers (as
a group), cancer of the intestines, liver, biliary passages,
or gall-bladder, breast, prostate, NHL, and myeloma.
However, in the larger cohort study, there was a significant



mortality trend for all cancers and stomach cancer in men
with no lag and 10-year lag, for liver, biliary-tract, and gall-
bladder cancer with 20-year lag, and for prostate cancer
with no lag, 10-year lag, and 20-year lag. Since the subset
of workers in the smaller study (Prince et al., 2006a) was
the most highly exposed, it is difficult to reconcile these
differences even after recognizing the greater statistical
power of the larger study. Since mortality from all cancers
and liver, biliary, and gall-bladder, prostate, or stomach
cancer were not elevated in the cohort, it is puzzling as to
how these findings should be interpreted. One possible
explanation is the conundrum of multiple comparisons.
For example, in Table 3, there are three lagged analyses for
15 cancer outcomes with three exposure categories com-
pared with the reference group for each relative risk (RR)
estimate. Excluding the trend tests, this means that there
are 3x15x3 comparisonsin this table (a total of 135 RR esti-
mates), which, on the basis of a 95%CI approach, means
that approximately seven estimates should be significant.
Setting aside the two significant trends for all cancers
combined (since there is no biologically plausible basis for
assuming that exposure to PCBs would be a cause of every
kind of cancer), there are seven significant trends. In addi-
tion, while the RR estimates based on the internal analysis
in Prince et al. (2006b) show a trend for increased cancer
mortality with exposure, the external analysis shows no
increase in prostate-cancer mortality. Since both of these
findings can’t be correct, and given the fact that no other
studies (including Prince et al., 2006a) have corroborated
this finding, it seems reasonable to conclude that prostate
cancer is not a consequence of exposure to PCBs.

In their conclusion, Prince et al. (2006a) note that “Our
results are consistent with previous studies of this cohort
which also reported significantly elevated mortality from
liver cancers which was not found to be associated with
length of employment.” However, while liver, biliary, and
gall-bladder cancer was questionably elevated (see above)
in the Plant 2 cohort, as reported by Brown (1987), it has
never been elevated in the Plant 1 cohort, despite several
follow-up studies (e.g. Kimbrough et al., 1999, 2003). With
respect to the significant finding of increased levels of
intestinal cancer in women in the total cohort, as noted
by Prince et al. (2006a), this finding was probably due to
intestinal-cancer deaths among women at Plant 2 in the
updated time period, and may have been influenced by
the known increased incidence for intestinal cancer in
the Northeastern portion of the US, which is also greatly
influenced by ethnicity (Howe et al., 2001; Schottenfeld
etal., 1996). In addition, neither of the Prince et al. studies
(2006a or 2006b) reported a significant exposure-response
trend for intestinal cancer. As this is the only report of sig-
nificantly increased mortality from intestinal cancer in
the total cohort in any of the numerous studies of occu-
pationally exposed workers, and was not significant when
stratified by either duration of employment or cumulative
exposure, it is not plausible that this isolated finding was a
consequence of exposure to PCBs.
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Ruder et al. (2006)

The study by Ruder et al. (2006) is an update of Sinks
et al. (1992), which reported significantly increased mor-
tality from melanoma and non-significant increases in
brain cancer. The present study added 14 years of latency
to the cohort of 3,643 capacitor workers (833 women and
2,706 men). In the overall cohort, the only significant find-
ing was increased mortality from melanoma (SMR=2.43,
95%CI 1.1-4.6). However, there was no evidence of a dose-
response relationship for melanoma, with the highest mor-
tality in the lowest tertile of exposure (SMR=3.72, 95%CI
1.2-8.7) and no significant excess in the middle and highest
tertiles. Similarly, when analyzed by estimated cumulative
exposure to PCBs, only in the lowest cumulative-exposure
group (<11,000unit/days) was there a significant increase
(SMR=3.72, 95%CI 1.2-8.7). Cumulative exposure in the
middle (11,000-89,999unit/days) and highest (> 90,000unit/
days) groups was not significantly associated with increased
mortality from melanoma.

Itshould alsobenoted thatone of the cases of melanoma
was diagnosed two months prior to employment at this
facility and one case originated in the gall-bladder and
should not have been coded as a skin tumor. Exclusion
of these cases could have changed the mortality figures
(Sinks et al.,, 1989). In addition, there was no informa-
tion on exposure to sunlight, the major risk factor for this
disease.

On the basis of 12 cases, brain-cancer mortality was not
found to be significantly elevated in the cohort (SMR=1.91,
95%CI 1.0-3.3). A sensitivity analysis of brain-cancer
deaths indicated that two cases were likely to be metas-
tases, and that, after omitting these two deaths, the already
non-significant risk was further decreased (SMR=1.59,
95%CI 0.8-2.9). No other cancers, including lymphatic
and hematopoietic (including NHL), rectal, pancreatic,
prostate, breast, and liver, biliary-tract, or gall-bladder,
were significantly elevated in this cohort. As noted by the
authors, “..melanoma mortality was not associated with
estimated cumulative PCB exposure, and for brain can-
cer, the association between mortality and estimated PCB
cumulative exposure did not demonstrate a clear dose-
response relationship”

Yassi et al. (2003)

This study by Yassi et al. (2003), while not mentioning
PCBs, is interesting nevertheless, as it is a follow-up of a
previous study (Yassi et al., 1994) of the same cohort, which
did consider PCB exposure. Yassi et al. (2003) is an exten-
sion of the same authors’ analysis of cancer incidence and
mortality in a cohort of 2,222 men who worked at a trans-
former-manufacturing plant with extensive use of mineral-
oil transformer fluid and minimal exposure to PCBs. In the
first study, despite the fact that exposure was predomi-
nantly to mineral oils, it was concluded that PCBs played
some etiological role in the significantly increased mortal-
ity from pancreatic cancer observed in the study. This study
had numerous limitations, which are described in detail in
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Golden et al. (2003). As in the previous study, there was a
statistically significant increased risk of pancreatic cancer.
However, unlike in the previous study, Yassi et al. (2003)
makes no mention of PCBs as playing any etiological role
in the development of pancreatic cancer or any other
cancers. Instead, as noted by the authors, “This study con-
tributes further evidence to the growing body of literature
indicating the carcinogenic properties of mineral oils used
in occupational settings, in particular those used prior to
1970s.” As Yassi et al. (1994) was the only study thatimplied
an association between PCB exposure and increased risk of
pancreatic cancer, the determination by Yassi et al. (2003)
that PCBs played no role in disease etiology is further con-
firmation that pancreatic cancer is not causally linked with
exposure to PCBs.

Pavuk et al. (2004)

In this population-based, cross-sectional (i.e. ecological)
study, Pavuk et al. (2004) measured serum levels of 15 PCB
congeners and three organochlorine pesticides (DDT, DDE,
and HCB) in residents of two districts in eastern Slovakia.
The population considered ‘exposed’ lived in an area with
extensive environmental contamination from a former PCB
production plant. This population was compared with a
population matched on the basis of geography, but with low
serum levels of the compounds studied. The age-adjusted
geometric means for the sum of 15 measured PCB conge-
ners (as well as DDT and DDE) were statistically signifi-
cantly higher in subjects from the exposed area versus the
background area.

The study compared cancer incidence in these two areas
from 1985 to 1994. Standardized incidence ratios and 95%
Clsfor each area and cancer type were calculated. In exposed
(but not background-area) men, there was a significant
increase in the incidence of cancer of the tongue, pharynx,
and lung. In exposed (but not background-area) women,
there was a significant increase in the incidence of cancer
of the lip and stomach. In background (but not exposed)
women, there was a significant increase in the incidence of
cancer of the kidney and thyroid.

The authors speculate that their results “...raise the
possibility that high environmental exposure to organo-
chlorines in the [exposed] district may be associated with
higher rates of certain cancers, particularly stomach and
lung cancer”. However, it is well established that ecologic
studies, by their very nature, are incapable of establishing
causal associations (Gordis, 2000; Rothman and Greenland,
1998). Given the large number of carefully conducted
cohort studies (particularly follow-up studies) on occupa-
tionally exposed populations, it would be inappropriate to
use the results of Pavuk et al. (2003) in a WoE evaluation.
At best, ecologic studies are hypothesis-generating studies.
The fact that none of the cancers reported by Pavuk et al.
(2003; i.e. tongue, pharynx, and lung in men and lip and
stomach in women) have ever been reported in the occu-
pational cohort studies suggests that they are most likely
not etiologically associated with exposure to PCBs, Finally,

it may be noteworthy that most of the cancers reported by
Pavuk et al. (2003) have been associated with smoking and
alcohol consumption. While a superficial analysis suggests
that both populations were similar in this regard, ecologic
studies cannot account for these potential confounding
factors.

Bosetti et al. (2003; review)

As noted in Golden et al. (2003), as well as in the ATSDR
(1999), numerous independent reviews of the PCB occu-
pational cohort studies have concluded that the WoE
does not support a causal association between exposure
to PCBs and cancer. Bosetti et al. (2003) is another such
review that reaches a similar conclusion. This review was
conducted with support from the Italian Association for
Cancer Research and the Italian League Against Cancer.
The review considers many of the studies summarized in
Golden et al. (2003) and relies on a methodology simi-
lar to that endorsed by the ATSDR (2000): summing the
observed and expected mortality figures from studies
which report effects on liver, gall-bladder, and biliary-
tract, lymphatic and hematopoietic, and breast cancers,
and all cancers combined. The authors came to the fol-
lowing conclusions: “Overall, no excess for all cancer
mortality was observed in the six studies providing infor-
mation (573 cancer deaths versus 630.4 expected, corre-
sponding to a standardized mortality ratio (SMR) of 91).
Among neoplasms potentially related to PCB exposure,
there were 12 deaths from liver cancer compared with 9.5
expected (SMR =126). No excess was found for cancers of
the breast (40 observed versus 47.4 expected, SMR=84)
and of the lymphatic and haematopoietic system (51
observed versus 53.2 expected, SMR=296). Therefore,
studies on occupational exposure to PCBs do not show
any excess in all cancer mortality, or in mortality for spe-
cific cancer sites of interest.”

Although Bosetti et al. (2003) obviously could not con-
sider the relevant post-2003 studies, it nevertheless adds
to the list of independent analyses of the available data by
suggesting that occupational exposure to PCBs is not etio-
logically associated with increased risk of cancer. While
relying on essentially the same methodology as used by
the ATSDR (2000), Bosetti et al. (2003) considered all avail-
able data in support of their conclusions, while the ATSDR
(2000) did not.

Weight of evidence evaluation for occupational
cohort mortality studies published after 2003
(Excluding breast-cancer related studies)

As detailed by Golden et al. (2003), the WoE, consider-
ing the mortality studies published at that time, did not
support a causal association between exposure to PCBs
and increased risk of cancer. This conclusion was based
on a detailed analysis of the extent to which each of the
causation criteria were satisfied by all the available data
on PCBs at that time (see Table 2 in Golden et al., 2003).



As described above, the six occupational mortality stud-
ies published since that time are by Charles et al. (2003),
Prince et al. (2006a, 2006b), Ruder et al. (2006), Yassi et al.
(2003), and Mallin et al. (2004). Only Mallin et al. (2004)
studied a cohort not previously investigated. In addition,
there are several incidence studies that have reported
associations between PCBs and several types of cancer.
As discussed above, the incidence studies do not change
the WoE conclusion reached in 2003: that PCBs are not
causally associated with increased risk of cancer (prostate,
testicular, intestine, or NHL). The lack of causality in these
studies is underscored by the fact that none of the cancers
reported in these incidence studies have been found to be
significantly elevated in the occupational cohort mortal-
ity studies. The following narrative considers whether the
six most recent mortality studies are consistent with the
conclusion reached in 2003, or if that conclusion should
be modified.

As discussed above, the findings in the study by Mallin
et al. (2003) are substantially confounded by both prior
exposure to chlorinated naphthalenes and simultaneous
exposure to chlorinated naphthalenes and PCBs. Thus,
the increase in cancer mortality reported is difficult, if not
impossible, to associate with PCB exposure. The principal
findings of this study—that liver and biliary cancer and
digestive-organ cancer in women and stomach cancer
in men are increased, with no evidence of an exposure-
response relationship—are difficult to compare with those
of other studies. Particularly with respect to liver and bil-
iary cancer, the probable heavy exposure to chlorinated
naphthalenes cannot be ruled out as either a contributory
or sole causal factor, given that chlorinated naphthalenes
have been associated with substantial hepatic toxicity,
including cirrhosis of the liver {a recognized precursor for
liver cancer; WHO, 2001). Indeed, it seems that many, or
perhaps all, of the cancer cases in this study occurred in
individuals employed prior to 1952 (i.e. during the time
when chlorinated naphthalenes were the only dielectric
fluid used). In addition, of the nine cases of liver or biliary
cancer in women, four were employed for two quarters or
less, making it unlikely that exposure to chlorinated naph-
thalenes or PCBs was etiologically involved. As a result of
this confounding, the results from the study by Mallin et al.
(2003) cannot contribute meaningfully to the overall WoE
and, therefore, are not used for this purpose.

The study by Ruder et al. (2006) demonstrated no statisti-
cally significant increases in mortality from liver, biliary, or
gall-bladder, intestine, stomach, prostate, or brain cancer in
the capacitor-worker cohort. While there was a significant
increase in melanoma mortality in the lowest tertile of expo-
sure, there was no evidence of an exposure-response trend.
This finding, together with the fact that one melanoma
was diagnosed pre-employment and one originated in the
gall bladder, and also because there was no information
on potential exposure to sunlight, suggests that there is no
causal association between exposure to PCBs and increased
risk of melanoma or any other cancer.
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The two studies by Prince et al. (2006a, 2006b) are per-
haps the most difficult to reconcile with the findings from
previous studies particularly with respect to liver, biliary,
and gall-bladder cancer mortality. While this grouping of
cancers was significantly elevated in Prince et al’s (2006a)
total cohort, consisting 0f2,572 ofthe mostheavily exposed
workers, there was no exposure-response trend, thereby
undermining the likelihood of a dose-response relation-
ship. By contrast, in the expanded cohort of 14,458 work-
ers, there was no significant increase in the total cohort,
but a significant exposure-response trend with 20-year
lag. However, the liver, biliary, and gall-bladder findings
are based on only 21 cases in the expanded cohort, and
there was no consideration by Prince et al. (2006b) of
the likelihood that some of these cases may have been
metastatic from other sites. Consequently, this finding is
questionable as to an association with exposure to PCBs.
It is noteworthy that, when the ATSDR (2000) eliminated
the metastatic liver, biliary, and gall-bladder cases from
the SMR analysis, the findings were no longer signifi-
cant. Because Prince et al. (2006a, 2006b) was an update
of Brown (1987), which provided a detailed description
of the liver, gall-bladder and biliary-tract cancer deaths
(i.e. dates and length of employment, cause of death
notation on death certificate and hospital or pathology
report) in the cohort, itis not unreasonable to expect that
similar care would have been taken to address this key
issue in the updated study. While intestinal cancer was
significantly increased in the Prince et al. (2006a) study
in the most highly exposed female workers, there was no
indication of an exposure-response relationship, thus
undermining a possible causal association. Similarly, this
cancer was significantly increased in women in the larger
study (Prince et al., 2006b), but also with no evidence of
an exposure-response trend, thereby also undermining
a causal association. Because intestinal-cancer was not
statistically significantly increased in Ruder et al’s (2006)
study or any previous studies of PCB-exposed workers,
the WoE suggests that intestinal cancer is not associated
with exposure to PCBs. Neither was prostate cancer sig-
nificantly elevated in the most heavily exposed workers
(Prince et al., 2006a) or in the expanded cohort (Prince
et al, 2006b). The finding of a significant exposure-
response trend in the later cohort is unexplained, par-
ticularly since no other study of PCB-exposed workers
has reported increased mortality from prostate cancer.
While the trend analysis, according to the authors, was
corrected for age, information on how this was done was
not provided. Consequently, despite this isolated finding,
the WoE suggests that prostate cancer is not etiologically
associated with exposure to PCBs.

The conclusion in 2003 was that the WoE did not sup-
port a causal association between exposure to PCBs and
increased risk of cancer, and the findings from the six stud-
ies conducted subsequently do not change that conclu-
sion. While liver, biliary, and gall-bladder cancer continues
to be sporadically reported, there is uncertainty regarding
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this grouping, as liver, biliary and gall-bladder cancer each
has its own etiology and risk factors (DeVita et al., 1993),
and as some proportion of these cases may be metastases
rather than primary tumors. Of the six studies published
in or after 2003, one (Mallin et al., 2004) is so confounded
that the results are not useful for causal inference, another
(Yassi et al., 2003) does not mention PCBs, and yet another
(Ruder et al., 2006), while reporting an equivocal (i.e. no
exposure-response relationship) mortality finding for
melanoma, reported no significant increases in morality
from any other cancer. The results of the two studies by
Prince et al. (2006a, 2006b) are inconsistent. In applying
the causation criteria to the findings from all studies con-
ducted to date, several conclusions, outlined below, can
be reached.

Extent to which the causation criteria are fulfilled by the
available data on PCBs

Consistency of the observed association

As noted by the EPA (2005), “An inference of causality is
strengthened when a pattern of elevated risks is observed
across several independent studies. The reproducibility
of findings constitutes one of the strongest arguments
for causality.” On the whole, the cohort mortality data on
PCB-exposed workers demonstrate a striking lack of con-
sistency with respect to key findings, with seemingly ran-
dom associations appearing and disappearing in different
studies. With the large number of studies conducted to
date on highly exposed worker cohorts, including many
follow-up studies of the same cohorts, it is reasonable
to expect that some consistency in the reported associa-
tions would have emerged if PCBs were causally related to
increased cancer risk.

Strength of the observed association

As described by the EPA (2005), “The finding oflarge, precise
risks increases confidence that the association is not likely
due to chance, bias, or other factors. A modest risk, how-
ever, does not preclude a causal association and may reflect
a lower level of exposure, an agent of lower potency, or a
common disease with a high background level.” For liver,
biliary, and gall-bladder cancer mortality, the findings from
the studies by Ruder et al. (2006) and Prince et al. (2006b)
do not approach statistical significance (cohort SMRs of
0.51 and 0.89, respectively), whereas the mortality finding
in the first study by Prince et al. (2006a) barely does (cohort
SMR=2.11, 95%CI 1.05-3.77). The likelihood that this asso-
ciation was influenced by the possible inclusion of meta-
static cases also weakens this finding. Mortality from intesti-
nal cancer in the total cohort was not significantly increased
in the study by Ruder et al. (2006; SMR=1.43), was clearly
increased in women in the first study by Prince et al. (2006a;
SMR=1.89), and only just significantly increased in the sec-
ond study Prince et al. (2006b; SMR=1.31,95%CI 1.02-1.66).
No other mortality studies in PCB-exposed cohorts have
reported this finding. For increases in stomach-cancer inci-
dence, which was aweakly significant finding in the study by

Mallin et al. (2004; SMR=2.25, 95%CI 1.03-4.27), which as
noted above has been reported as associated with exposure
to chlorinated naphthalenes, mortality from this cancer has
not been reported as significantly increased in any other
studies. For melanoma, other than the equivocal finding
reported by Ruder et al. (2006; SMR=3.72), no studies have
reported a statistically significant finding. Prostate-cancer
mortality was not significantly elevated in the total cohorts
in either study by Prince et al. (20064, 2006b; SMR=1.14 and
1.04, respectively) or in any other studies. While multiple
myeloma was significantly elevated in one of the studies by
Prince et al. (2006b; SMR =1.85) it did not approach signifi-
cance in the other (Prince et al.,, 2006a; SMR=2.11, 95%CI
0.84-4.34) and has not been reported in any other studies.
It should also be noted that no specific chemical exposure
(including PCBs) has been etiologically implicated as a risk
factor for multiple myeloma. Overall, the elevated SMRs
for specific cancers show a doubling at most, with most
not achieving statistical significance, suggesting that occu-
pational exposure to PCBs is not a risk factor for increased
cancer mortality.

Specificity of the observed association

This criterion was originally intended to judge if one cause
was associated with a single effect or disease; that is, that
a finding from one study could be used to predict the out-
come of other studies. As noted by the EPA (2005), “Based
on our current understanding that many agents cause
cancer at multiple sites, and many cancers have multiple
causes, this is now considered one of the weaker guidelines
for causality.” However, because PCB exposure produces
essentially only liver tumors in chronic bioassays (Mayes
et al., 1998) with notable decreases in tumors at other sites,
there is no biological basis for inferring that PCB exposure
causes cancer at multiple sites in humans. Overall, the data
do not support the notion that PCB exposure increases all-
cancer mortality. Consequently, though a weaker guideline
for causality, the seemingly random reports of different
cancers in different cohorts, which typically disappear on
follow-up, suggests that this criterion is not fulfilled by the
available data.

Temporal relationship of the observed association
Clearly, substantial exposure to PCBs is known to have pre-
ceded the findings reported in the numerous occupational
cohort studies. Indeed, the extensive follow-up of some
cohorts (e.g. Bertazzi et al.,, 1981 and Tironi et al., 1996;
Brown and Jones, 1981 and Kimbrough et al., 2003; Prince
et al,, 2006a and 2006b) attests to the study of temporal
relationships over time. While this is “among the strongest
criteria for an inference of causality’, the failure to satisfy the
other criteria undermines the weight that can be placed on
the fulfillment of this criterion.

Biological gradient (Exposure-response relationship)
As noted by the EPA (2005), “A clear exposure-response
relationship (e.g., increasing effects associated with greater



exposure) strongly suggests cause and effect, especially
when such relationships are also observed for duration of
exposure (e.g., increasing effects observed following longer
exposure times).” As described by Golden et al. (2003), there
was no exposure-response relationship for any of the ran-
domly occurring cancers in any of the occupational cohorts
reported to that time. Subsequently, as described in this
review, the results of six additional mortality studies have
been published. The study by Mallin et al. (2004) is not con-
sidered, as exposure was confounded by previous exposure
to chlorinated naphthalenes. Ruder et al. (2006) did not find
a significant exposure-response relationship for all cancers,
melanoma, or brain cancer (the only cancers assessed).
Prince et al. (2006a), in >,2500 of the most heavily exposed
workers, did not find a significant exposure-response
relationship for all cancers, liver, biliary or gall-bladder
cancer, or any other type of cancer including intestine, rec-
tum, breast, and prostate cancer. By contrast, Prince et al.
(2006b) reported a significant exposure-response trend for
liver, biliary or gall-bladder cancer for no lag and 10-year
lag, but not for 20-year lag. With respect to the reported
exposure-response trend for liver and biliary cancer, this is
not supported by the most recent follow-up of the Yucheng
cohort. This poisoning incident involved simultaneous
ingestion-based exposure to high levels of PCBs and PCDFs
(polychlorinated dibenzofurans) from contaminated cook-
ing oil. The spectrum of toxic effects that resulted from this
exposure (as well as the Yusho poisoning incident) is gen-
erally acknowledged to be predominantly due to the PCDF
components of this mixture, and not to PCBs. For example,
when reviewing the data for an earlier PCB toxicologi-
cal profile, the ATSDR (1997) stated that “The effects from
these incidents are not reviewed in this profile because
CDFs appear to be the main causal agent” Additionally, the
Japanese government has concluded that PCDFs, and not
PCBs, as had been previously believed, were the causative
agent responsible for the symptoms of the rice-oil poison-
ing incident, noting that “The Health, Labor and Welfare
Ministry determined today that the cause of mass poisoning
from cooking oil in the Kyushu region during the late 1960s
to early 1970s was a type of dioxin contained in the prod-
ucts” (Japanese Health, Labor and Welfare Ministry, 2002).
The 24-year follow-up study reported by Tsai et al. (2007)
involved 1,823 Yucheng subjects. Liver and bile-duct cancer
was not significantly increased (SMR=0.7, 95%CI 0.3-1.4)
and there was no indication of a morality trend based on
years since first exposure (i.e. latency). These data suggest
that this exposure was not a risk factor for liver cancer.

For prostate cancer mortality, while not significant in
the total cohort, there was a significant trend whether lag-
ging for 0, 10 or 20 years, although this is the only study
which has reported this finding. In addition, while age was
corrected for according to the authors, it is uncertain if this
procedure was adequately conducted. On the basis of the
experience of one of the authors of this review article (RK),
the mean age at death for all workers (other than those
who died from prostate cancer) in Kimbrough et al. (2003)
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was approximately 64 years, while the mean age of workers
who died from prostate cancer was 74 years. There were no
exposure-response trends across lag categories for stom-
ach, intestine, rectum, breast, or brain cancers, melanoma,
or myeloma. Taking into account all the reported findings
(some of which are contradictory) on exposure-response
relationships, the WoE suggests that this criterion has not
been satisfied.

Biological plausibility and analogy

As noted by the EPA (2005), “An inference of causality
tends to be strengthened by consistency with data from
experimental studies or other sources demonstrating plau-
sible biological mechanisms,” and “Similarly, information
on mode of action for a chemical... can inform decisions
regarding likely causality.” As stated in most of the occupa-
tional cohort morality studies on PCB-exposed workers in
which the grouping ofliver, biliary, and gall-bladder cancers
was reported as significantly elevated, the biological plau-
sibility of the finding is hypothetically supported for liver
cancer (but not gall-bladder cancer or cancers at any other
sites) by the numerous animal studies showing increased
liver tumors in PCB Aroclor-dosed rats (e.g. Mayes et al,,
1998). This is a correct interpretation based on the clear
qualitative similarities between animals and humans—for
example, both accurmulate PCBs, have the same xenobiotic
receptors, such as arylhydrocarbon hydroxylase receptor,
constitutive androstane receptor, and pregnane X recep-
tor, and many similar MFO enzymes. However, the analogy
breaks down when quantitative differences between ani-
mals and humans are considered. The recent determina-
tion of the probable mode of action (MOA) by which PCB
Aroclors 1016, 1242, 1254, and 1260 promote increased
liver tumors in male and female Sprague-Dawley rats now
suggests that it is biologically implausible that occupa-
tional exposure to PCBs would produce even liver cancer
in humans, much less cancer at any other site (Brown et al.,
2007), because of the fact that liver tumors (predominantly
infemalerats)were only observed after tissue accumulation
of ZPCB far greater than any known human exposure had
been achieved in the Aroclor-dosed animals. Furthermore,
as reviewed below in regard to breast cancer, induction of
the various MFOs, such as CYPIAI, ultimately responsible
for PCB-promoted tumors in rats simply does not accur in
humans, even at occupational-exposure levels. Moreover,
in vitro data demonstrate that human liver cells are many
orders of magnitude less responsive to Aroclor 1254-in-
duced CYPIAI induction than ratliver cells (Silkworth et al.
2005). The fact that CYPIAI induction is the first key event
in the MOA for PCB-promoted tumors in rats suggests that
humans would not be susceptible to PCB-induced liver
tumors. In addition, as documented in Brown et al. (2007)
Aroclor-dosed animals showed significant decreases in
several types of extrahepatic tumors including those of
the pituitary, mammary gland, adrenals, prostate, and
pancreas. On the basis of knowledge of PCB levels in occu-
pationally exposed workers, there is no evidence that body
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burdens sufficient to approach the PCB levels required to
produce tumors in animals have ever been achieved in
humans. For example, rats fed a diet containing 100 ppm
PCB would receive a daily dose of PCBs of 4-5mg/kg
body weight, which would be equivalent to a daily dose of
approximately 280-350mg for a 70kg human. The yearly
equivalent human exposure would be between 102,000 and
127,000 mg/person. However, even during occupational
exposure, humansreceive daily PCB doses onlyin pgram/kg.
This further illustrates the biological implausibility that
occupationally exposed humans would accumulate body
burdens even remotely close to the PCB body burdens in
rats that develop liver tumors. Consequently, on the basis
of the recently elucidated mode of action of PCB-promoted
tumors in rodents, it is quantitatively biologically implau-
sible that PCBs would be carcinogenic in the human liver,
or any other site in the human body.

There is also another important consideration pertain-
ing to biological plausibility. Target-organ specificity is a
key concept that must be addressed when assessing PCB
mortality studies. Studies have shown time and again that
human responses to exposures to carcinogens are consist-
ent (i.e. of the same type or nature), although the magni-
tude of effect might vary among individuals or populations.
There are no data suggesting that people with different lev-
els of exposure to the same chemical will develop different
types of cancers. It is well known that virtually all chemical
carcinogens display striking target-organ specificity (e.g.
cancer chemotherapy, aflatoxin, vinyl chloride, benzene,
asbestos). This specificity is attributable to the fact that
different tissues and organs have different metabolizing,
detoxification, and DNA repair processes. Consequently,
these organ-specific factors respond to carcinogen expo-
sure in different ways. Carcinogen target-organ specificity,
therefore, renders the striking lack of consistency for tumor
types among PCB studies much more likely to be the result
of random findings than of causal associations. Simply
stated, there is no biologically plausible explanation for
how PCBs could cause increases in the incidence of differ-
ent kinds of cancer in different cohorts, or for why these
chemicals would behave differently to other chemicals that
have been causally associated with increases in the inci-
dence of specific kinds of cancer. In corroboration of the
above, even high-dose cancer bioassays have not shown
that PCB Aroclors are capable of causing tumors in mul-
tiple target organs. In fact, as noted above, in the Mayes et
al. (1998) study, PCBs were associated with increased inci-
dence of liver tumors only, and with decreased incidence
of tumors in other organs.

Breast cancer and environmental exposure
to PCBs

While breast cancer was not the focus of the Golden et al.
(2003) review, the findings of numerous breast-cancer stud-
ies were briefly summarized. These studies fall into several
different categories. The early (generally pre-1994) studies

involved few cases of breast cancer, their results were sub-
ject to considerable chance variation, and often known risk
factors for breast cancer were not taken into account. In
addition, the data in these studies were derived from active
cases of breast cancer, in which disease-induced weight loss
may have contributed to spurious elevations of PCB levels in
breast tissue and serum. Moreover, PCBs and other chlorin-
ated compounds tend to have a longer half-life in persons
with greater body mass (Brown and Lawton, 2001), so that
studies in which body mass was not accounted for could
have produced skewed results. Critical reviews of the litera-
ture available up until about 1994 have concluded that there
is no association between environmental exposure to PCBs
and increased risk of breast cancer (Key and Reeves, 1994;
Adami et al., 1995).

Virtually none of the numerous large studies conducted
subsequently detected a statistically significant increased
risk of breast cancer associated with PCB exposure. Many
of these studies were prospective in design, thereby elimi-
nating the possible confounding effects of disease-related
alterations in PCB serum levels. While a few studies did
report a significant association between PCBs (or individ-
ual PCB congeners, see below) and breast cancer in some
population subgroup (e.g. postmenopausal women who
had never lactated), the results of these studies have largely
not been replicated. In a comprehensive review of environ-
mental risk factors and breast cancer, Laden and Hunter
(1998) concluded that “In summary, most of the recent
large studies have not found evidence of increased breast
cancer risk associated with blood levels of DDE or total
PCBs. The possibility that a positive association might be
limited to women with particular reproductive characteris-
tics [e.g., women who have never breast fed, as observed by
Moysich] should be examined carefully in the large ongoing
studies. Nevertheless, it appears that these environmental
exposures are unlikely to be responsible for rising breast
cancer rates”

One of the largest studies, by Zheng et al. (2000), con-
cluded that “...the results do not support the hypothesis that
DDE and PCBs increase the risk of breast cancer as encoun-
tered through environmental exposure” Likewise, Demers
et al. (2000) concluded that “ ... taken together, results from
six large epidemiological studies reported during the last 2
years, including our own, provide little indication that orga-
nochlorine exposure is a risk factor for [breast cancer]” In
another review, Laden et al. (2001) summarized the results
of five of the largest studies, noting: “Combined evidence
does not support an association of breast cancer risk with
plasma/serum concentrations of PCBs or DDE. Expasure to
these compounds, as measured in adult women, is unlikely
to explain the high rates of breast cancer experienced in the
northeastern United States”

In addition, the IPCS published the comprehensive
Global Assessment of the State-of-the-Science of Endocrine
Disruptors (2002). This assessment considered the issue
of endocrine-active compounds and the strength of the
evidence that exposure to weakly estrogenic substances



might be etiologically associated with breast cancer in
women. The emphasis was on weakly estrogenic organo-
chlorine compounds such as PCBs and DDT. In assessing
the likelihood that breast cancer might be associated with
exposure to endocrine-active compounds, the IPCS (2002)
concluded that “Although numerous human epidemio-
logical studies have been conducted to determine whether
environmental EDCs may contribute to an increased risk of
breast cancer, the results remain inconclusive. Overall, the
current scientific evidence (from human and animal stud-
ies) does not support a direct association between expo-
sure to environmental EDCs and increased risk of breast
cancer.

Subsequent to the above-described studies, a number
of additional studies have been published that address
whether PCB exposure may be a potential risk factor
for breast cancer. None of these studies demonstrated a
significant association between serum XPCB levels and
increased risk of breast cancer. However, several studies
have reported significant associations between individual
PCB congeners or specific genetic polymorphisms (e.g.
CYP1A1I) and increased risk of breast cancer. These studies
are reviewed below.

Some of the more recent studies involved active cases
of breast cancer. As noted above, these studies have been
shown to be of questionable value compared with pro-
spective studies. However, most of the more recent studies
have been prospective in nature. These studies are briefly
reviewed below. Howevery, it is appropriate to address one
key issue before turning to the studies. Most of the earlier
studies sought associations between risk of breast can-
cer and body concentrations of total PCBs (i.e. 2PCB). In
some of the more recent studies, mainly case-control stud-
ies, the authors have sought associations between various
outcomes (e.g. breast-cancer risk, estrogen-receptor status,
survival) and concentrations of individual PCB congeners.
Rubin et al. (2006) suggested that future research should
consider the effects of individual PCB congeners, even
while correctly noting that congener-specific effects can
vary from estrogenic to anti-estrogenic effects. Seeking
associations between breast cancer risk and individual
PCB congener concentrations, rather than XPCB, is likely
to generate results that are misleading and, frankly, useless.
Suggesting that researchers use PCB congeners rather than
2PCB as exposure metrics ignores a large body of data on
receptor-mediated effects that demonstrates that competi-
tive binding to the estrogen receptor by estrogenic (agonist)
and anti-estrogenic (antagonist) substances determines the
net effect. Because some PCB congeners exhibit estrogenic
effects, while others exhibit anti-estrogenic effects, using
2PCB as the exposure metric is the only way of ensuring
that net effects are properly integrated and are representa-
tive of what humans are exposed to.

For example, several studies single out PCB 180 as a risk
factor for breast (or other types of ) cancer. However, PCB 180
has no known distinctive toxicological activity (and none is
cited in studies in which this congener is suggested as having
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a putative role in breast-cancer etiology), other than being
highly resistant to MFO-mediated metabolism. Among the
more persistent PCB congeners, the activity of PCB 180
toward the Ah receptor is less than that of PCB 126 or 156,
and it does not have a toxicity-equivalency-factor value. If
PCB 180 happens to correlate with some response, but PCB
156 or PCB 187 (both of which are almost as persistent as PCB
180) do not, it is likely that the correlation occurred either
by chance or as a consequence of differential metabolism
as described below in the section on PCBS as a risk factor
for breast cancer through CYP1AI genetic polymorphisms.
It should also be noted that numerous studies (e.g. Mayes et
al., 1998) demonstrate that chronic exposure to PCB Aroclors
produces a decreased incidence of mammary tumors in rats,
which also suggests that the effect of the mixture (i.e. 2PCB)
is the proper metric.

Pavuk et al. (2003)

Pavuk et al. (2003) conducted a case-control study involv-
ing 24 active cases of breast cancer (diagnosed between
1997 and 1999) and 88 controls. This study was designed
to investigate possible associations between PCBs, DDT,
DDE, and HCB exposure and risk of breast cancer in an
area of high environmental exposure in eastern Slovakia.
Levels of 15 individual PCB congeners, DDE, DDT, and
HCB were measured in the serum of the breast-cancer
patients and population controls. Known risk factors for
breast cancer were considered in the analysis. The median
serum levels of SPCB were similar in cases and controls.
When PCB congeners were divided into groupings of
estrogenic, anti-estrogenic, and enzyme-inducer PCB
congeners, median serum concentrations of all groupings
were lower in cases than in controls. However, the risk of
breast cancer decreased with increasing serum levels of
all congeners and groupings. This study provides no sup-
port for an association between PCBs and increase risk of
breast cancer.

Hoyer et al. (2000a)

In a study designed to investigate whether organochlorine
exposure (i.e. PCBs, dieldrin, DDT, DDE, and HCB) had an
effect on breast cancer survival, Hoyer et al. (2000a) exam-
ined 195 breast-cancer cases in which serum concentrations
of these substances had been determined in 1976-1978 and
1981-1983. Known risk factors for breast cancer were con-
sidered in the analysis. There were no differences between
the first and second measurements of serum organochlorine
compounds and no effect of ZPCB on tumor characteristics
or survival was observed.

Hoyer et al. (2000b)

Hoyer et al. (2000b) conducted a study on the same cohort
(Hoyer et al., 2000a), which involved 155 breast cancer
cases and 274 matched controls with the goal of evaluat-
ing if repeated measurements of organochlorine exposure
would provide a more precise measure of breast cancer
risk. Blood donated in 1976-1978 and 1981-1983 was
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analyzed for SPCB (118, 138, 153, and 180), DDT, dieldrin,
and B-HCH. Known risk factors for breast cancer were
considered in the analysis. Breast-cancer risk was not
significantly associated with 2PCB or any individual con-
gener taken over the course of two measurement periods.
However, using data from the second sampling period, the
concentration of one congener (PCB 118) in the second
exposure quartile was significantly associated with breast
cancer (OR=1.9, 95%CI 1.1-3.1). There was no attempt
to explain how this congener might have played a role in
breast-cancer etiology.

Woolcott et al. (2001)

In a similar case-control study, Woolcott et al. {2001) meas-
uredlevels of 14 PCB congeners, DDT, DDE, HHCB, chlordane,
and B3-HCH in breast adipose tissue from 217 cases of active
breast cancer and 213 biopsy controls to investigate possible
associations between organochlorine concentrations and
cancer risk by estrogen-receptor and progesterone-receptor
status, tumor size, and tumor grade. There were no signifi-
cant associations between >PCB and estrogen-receptor or
progesterone-receptor status, tumor size, or tumor grade.
There were, however, two significant associations between
the middle tertiles of exposure: PCB 156 was associated with
estrogen-receptor-negative tumors and PCB 180 was associ-
ated with progesterone-receptor-negative tumors. Given the
high number of comparisons made in this study, aswell as the
biologic implausibility of these middle tertile associations,
these findings are likely to have occurred by chance given
that multiple comparisons were made. Moreover, although
the study accounted for known risk factors for breast cancer,
it suffers from the same problem as most of the earlier stud-
ies on PCBs as potential risk factors for breast cancer—tissue
samples were collected from active cases of breast cancer,
resulting in uncertainty regarding whether observed asso-
ciations were a cause or a result of the disease.

Rusiecki et al. (2004)

A more recent case-control study with 266 breast-cancer
cases and 347 benign-breast-disease controls was con-
ducted in India to investigate possible associations
between breast cancer risk and combined estrogen-recep-
tor/progesterone-receptor status (Rusiecki et al., 2004).
Serum and breast-adipose-tissue levels of 9 PCB conge-
ners were determined in cases and controls. There were no
significant associations between joint estrogen-receptor/
progesterone-receptor status and SPCB (i.e. 9 congeners)
or any specific congeners or congener groupings (i.e.
estrogenic, anti-estrogenic/dioxin-like, or phenobarbital-
like). The authors concluded that “these results confirm
previous findings in the literature of no positive associa-
tion between environmental exposure to PCBs and risk of
breast cancer”.

Laden et al. (2001)
In an expanded follow-up of a previously reported
study (Hunter et al., 1997), Laden et al. (2001) added an

additional 143 cases of invasive postmenopausal breast
cancer (a total of 381 cases). Plasma concentrations were
determined for four PCB congeners (118, 138, 153, and
180) and DDE from 1 month to 4 years prior to disease
diagnosis. There was no significant association between
breast-cancer incidence and lipid-adjusted plasma levels
of DDE, 3PCB, or any of the individual congeners. The
authors concluded that “overall, our results do not support
the hypothesis that exposure to DDT and PCBs increases
the risk of breast cancer”.

Rubin et al. (2006)

Rubin et al. (2006) conducted a retrospective case-control
study involving 63 women who developed breastcancerand
63 age-matched controls. Banked serum collected between
1981 and 1987 was available for analysis of PCBs (28 con-
geners), DDT, DDE, and 13 other organochlorine com-
pounds. Most risk factors for breast cancer were accounted
for in the analysis. Mean and median SPCB concentra-
tions, as well as mean and median serum concentrations
of individual congeners, were significantly lower in cases
than in controls. The study found a significantly decreased
risk for breast cancer across tertiles of XPCB in a univariate
analysis, although the trend was no longer significant in a
multivariate analysis. Overall, there was no indication that
PCBs were associated with increased risk of breast cancer.

Gammon et al. (2002}

In a study of breast-cancer risk in relation to serum orga-
nochlorine levels (DDE, dieldrin, and 24 PCB congeners),
Gammon et al. (2002) used blood samples from 646 cases
of in situ or invasive breast cancer and 429 controls from
a population-based case-control study on Long Island.
Known risk factors for breast cancer were considered in
the analysis. Potential breast-cancer associations were
restricted to the sum of the concentrations of the four most
prevalent congeners or “peak-4 PCBs” (i.e. 118, 138, 153,
and 180), which represented approximately 50% of the 24
congeners measured. Risk of breast cancer was not signifi-
cantly associated with peak 4-PCBs or any other congener
groupings. There were also no significant associations
between pealk 4-PCBs and parity, breastfeeding, menopau-
sal status, body mass index, tumor stage, or estrogen-recep-
tor/progesterone-receptor status. The authors concluded
that “these findings, based on the largest number of sam-
ples analyzed to date among primarily white women, do
not support the hypothesis that organochlorines increase
breast cancer risk...”

Negri et al. (2003)

Finally, in a recent quantitative review of the WoE concern-
ing possible associations between environmental expo-
sure to PCBs and risk of breast cancer, Negri et al. (2003)
assessed the epidemiologic evidence on environmental
exposure to PCBs and breast-cancer risk. This review was
conducted with support from the Italian Association for
Cancer Research and the Italian League Against Cancer. In



this review, ecological studies and studies with less than 50
cases of breast cancer were not considered. The majority
(i.e. WoE) of both prospective and retrospective studies did
not find any association between total PCB serum or plasma
concentrations and breast-cancer risk. Furthermore, no
association was found for congeners in Group [ (poten-
tially estrogenic) and Group III (biologically persistent
phenobarbital-type cytochrome P450 inducers), according
to the PCB-congener classification proposed by Wolff et al.
(2000). Less consistent results were reported for Group II
(potentially anti-estrogenic, immunotoxic, and dioxin-like)
congeners. The authors concluded that “the epidemiologi-
cal evidence does not support the hypothesis of an asso-
ciation of environmental exposure to PCBs in adulthood in
the general population and risk of breast cancer” While the
authors noted some uncertainties for selected subgroups of
women (e.g. women who had never lactated) or individual
PCB congeners, these findings were based on a very small
number of cases. Importantly, Negri et al. (2003) also cited
the lack of increased risk of breast cancer in female work-
ers occupationally exposed to PCBs as strengthening a
conclusion that there is no association between PCBs and
increased risk of breast cancer,

Breast cancer and occupational exposure
to PCBS

In virtually all the studies in which breast-cancer risk has
been investigated in conjunction with environmental
exposure to PCBs, there is no mention of the findings from
the occupational mortality studies. These data demonstrate
unequivocally that PCBs are not etiologically associated
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with increased risk of breast cancer. As described in Golden
etal. (2003) and augmented by the additional occupational
studies described in the present review, there is no evi-
dence that occupational exposure to PCBs is associated
with increased risk of breast-cancer mortality. In general,
the occupational studies (now involving>8,600 women
exposed to elevated levels of PCBs) have reported a deficit
in breast-cancer mortality, with the study by Prince et al.
(2006a) demonstrating a statistically significant decrease
in breast-cancer mortality. The results of all occupational
mortality studies that reported breast-cancer mortality are
summarized in Table 3. This table illustrates that occupa-
tional exposure to PCBs is not associated with increased
risk of breast cancer with an overall summary SMR of =0.84.
It should be noted that Table 3 is simply a compilation of
results from individual studies, many of which are follow-
ups of the same cohort, and is intended only to illustrate the
consistent lack of increased mortality from breast cancer in
the numerous occupational cohort mortality studies.
Finally, in a recent incidence study of breast cancer in
5752 occupationally exposed women employed at least one
year in one of three capacitor manufacturing facilities, the
overall breast cancer standardized incidence ratio (SIR) was
0.81 (95% CI 0.72-0.92, n = 257), and regression modeling
showed litde effect of employment duration or cumulative
exposure (Silver et al. 2008). When broken down by race,
in white women the SIR = 0.80 (95% CI 0.70-0.90, n = 244)
while in women identified as non-white the SIR = 1.94 (95%
CI0.77-3.99, n = 7) was non-significantly elevated. However,
in these cases there were positive, statistically significant
associations with employment duration and cumulative
exposure with only smoking, birth cohort, and self or proxy

Table 3. Occupational exposure levels to PCBs and breast-cancer mortality ratios.

Study Description Standardized mortality ratio 95% CI

Brown (1987) Retrospective cohort mortality study of 1,318 women employed 0.77 0.35-1.46
in capacitor manufacturing plants in New York (NY) and
Massachusetts (MA).

Nicholson et al. (1987) Retrospective cohort mortality study of 521 women employed in 1.33 0.43-3.10
capacitor manufacturing plants in NY.

Taylor et al. (1988} Retrospective cohort mortality study of 2,691 women employed in 0.84 0.45-1.44
capacitor manufacturing plants in NY.

Sinks et al. (1992)¢ Retrospective cohort mortality study of 846 women employed in 0.51 0.06-1.85
capacitor manufacturing plants in Indiana.

Kimbrough et al. (1999) Retrospective cohort mortality study of 2,544 women hourly 0.82 (hourly) 0.53-1.21
workers and 469 salaried workers employed in capacitor 1.04 (salaried) 0.34-2.44
manufacturing plants in NY.

Kimbrough et al. (2003) Retrospective cohort mortality study of 2,544 women hourly 0.88 (hourly) 0.60-1.24
workers and 469 salaried workers employed in capacitor
manufacturing piants in NY,

0.87 (salaried) 0.31-1.89

Ruder et al. (2006) Retrospective cohort mortality study of 852 women employed in 0.83 0.4-1.6
capacitor manufacturing plants in Indiana.

Prince et al. (2006a) Retrospective cohort mortality study of 1,325 highly exposed 0.59 0.33-0.98
women workers employed in capacitor manufacturing plants in
NY and MA.

Prince et al. (2006b) Retrospective cohort mortality study of 7,772 women workers 0.95 0.78-1.15
employed in capacitor manufacturing plants in NY and MA.

Summary standardized mortality ratio 0.84

#Breast-cancer mortality rate not reported in original study, obtained from Adami et al. {1995).
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questionnaire completion having statistically significant
explanatory power in conjunction with exposure metrics.
While interesting, the exposure-related risk elevations
observed among non-white workers are difficult to interpret
given the small number of cases.

PCBs as a risk factor for breast cancer through
CYPI1A1 genetic polymorphisms

The WoE supports the conclusion that neither environ-
mental nor occupational exposure (both reviewed above)
to PCBs is a risk factor for breast cancer. However, several
recent studies have reported potential interactions between
PCBs and CYPIAI polymorphisms that seem to be associ-
ated with increased risk. The underlying biological basis for
associating PCB exposure, CYPIAI polymorphisms, and
breast-cancer risk involves estrogen as a primary risk factor
for breast cancer. Indeed, most of the known endogenous
risk factors for breast cancer are in essence surrogates for
internal lifetime estrogen exposure (e.g. age at menarche,
parity, lactation, age at menopause). However, estrogen
per se is not believed to be the active molecular form that
causes breast cancer. Rather, estrogen metabolites pro-
duced by a number of estrogen-metabolizing P-450 CYP
enzymes have been implicated. Phase 2 enzymes (e.g. glu-
tathioneS-transferase, GST, UDP-glucuronosyltransferases,
UGTs, and catechol-O-methytransferase, COMT) also play
key roles in the metabolism and excretion of estrogen
metabolites. Oxidative metabolism of estrogens, mainly by
hydroxylation, is mediated primarily by CYP1A1 (produc-
ing primarily 20H-estradiol). The catechol estrogens that
are formed are intermediates for the generation of reac-
tive quinones and semiquinones, which have both been
hypothesized to have the ability to damage DNA through
redox cycling and generation of reactive oxygen species
(Bolton, 2002; Jefcoate et al., 2000; Liehr 1997; 1999, 2001;
Yao et al., 2003).

At least four genetic polymorphisms of CYPIAI have
been studied for potential relationships with breast-cancer
risk. Many of these are prevalent with different frequencies
in Caucasian, African-American, and Asian women. The
four allelic changes are termed ml, m2, m3 and m4 (also
referred to as CYPIAI*2A, CYPI1AI1*2B, CYPIAI*3, and
CYP1AI1%*4, respectively) with the ‘wild-type’ designated
as CYPIAI*1. (Wormhoudt et al., 1999). The m2 variant
encodes an isoleucine (Ile) > valine (Val) substitution at
exon 7 (i.e. heterozygous Ile:Val; homozygous Val:Val).
Whileithas been reported that the allelic variants can affect
the inducibility of the P-450 isoform, the evidence is mixed
on this phenomenon (Landi et al., 2005; Wormhoudt et al.,
1999). This is particularly true since all of the data are from
in vitro studies and it is unknown whether there is a func-
tional change in vivo. Some studies have reported that the
lle->Val substitution affected the catalytic properties of the
enzyme (Kiyohara etal., 1996), while others have reported a
significant effect on EROD metabolism, but no effect on the
hydroxylation of benzo[a]pyrene (Zhang et al., 1996). In a

study of metabolic activity toward B{a]P, CYP1A1*1 showed
the highest total metabolism, with CYP1A1*2 at =50% and
CYPIAl*4 at =70% (Schwartz et al., 2001). Other studies
have reported increased inducible enzyme activity of the
CYP1A1*2B variant in human lymphocytes, as measured
by EROD assay, when compared with CYP1A1*. However,
this has been seen only in 3-methylcholanthrene-induced
lymphocytes and not in basal values of CYP1Al activ-
ity {Cosma et al,, 1993; Crofts et al., 1994). Other studies
have failed to confirm a clear association between poly-
morphisms of CYP1A1 and increased enzyme induction
as measured by EROD metabolism (Kyohara et al., 1996;
Jacquet et al., 1996; Smith et al., 2001).

On the basis of in vitro data suggesting that polymorphic
forms of CYPIAI are more inducible, it has been hypoth-
esized that there could be an interactive effect between
PCB body burdens and certain P4501A1 polymorphisms to
increase breast-cancer risk. Moysich et al’s (1999) was the
first study to report that, in women with serum PCB levels
above the median of the distribution in the control group
and with at least one variant CYPIAIm?2 allele {Ile:Val or
Val:Val), there was a significantly increased risk of post-
menopausal breast cancer (OR=2.93, 95%CI 1.17-7.36, 19
cases). In this study, blood was collected for PCB analysis
(73 congeners) from 154 women with postmenopausal
breast cancer after disease diagnosis, but prior to chemo-
therapy treatment and the presence of the CYPIAI m2
polymorphism was determined. Known risk factors for
breast cancer were considered in the analysis, although
it is not clear whether post-menopausal use of hormone-
replacement therapy (HRT) was considered. There was no
association between the CYPIAI m2 genotype and breast-
cancer risk in women with PCB levels below the median of
controls. The low and high PCB groups were 0.75-3.72ng/g
and 3.73-19.04ng/g, respectively. Breast-cancer risk was
significantly increased in women with elevated PCB body
burden and a CYPIAl polymorphism with a history of
smoking (OR=7.74, 95%CI 1.12-53.90), but not in women
who had never smoked (OR=1.43, 95% CI 0.53-3.87). As in
other studies, there was no increase in breast-cancer risk
based on XPCB body burdens alone, with the suggestion
that this may have been attributable to the fact that only a
small fraction of the populations studied were susceptible
to the effects of PCB exposure (i.e. those with a CYP1Al
polymorphism).

Layden et al. (2002) also studied breast-cancer risk
with respect to potential interactions between CYP1Al
polymorphisms and PCBs. In this study, plasma PCB con-
centrations (21 congeners) and the CYP1Al ml and m2
polymorphisms were determined in 367 breast-cancer
case-control pairs (293 postmenopausal pairs) from the
Nurses Health Study. Blood was collected for PCB analysis
well before disease diagnosis, thereby avoiding possible
disease-related or chemotherapy-related effects on serum
levels. Knownriskfactors for breast cancerwere considered
in the analysis, although it is not clear whether post-men-
opausal HRT was considered. There was no independent



association of either of the CYPIAI variants or lipid-ad-
justed ZPCB with breast-cancer risk. However, based on
19 cases, there was a borderline significant interactive
relative risk of post-menopausal breast cancer (RR=2.78,
95%CI 0.99-7.82) associated with plasma %PCB levels in
the highest tertile of the distribution (0.67-1.99ug/g) and
at least one m2 variant allele compared with women with
the wild-type allele and SPCB levels in the lowest tertile of
exposure. There were no significant associations between
post-menopausal or all breast cancer and a CYPIAI mli
polymorphism and plasma ZPCB levels. As noted by the
authors, because of the small number of cases (and the
consequent wide CI), the finding of an increased risk
of post-menopausal breast cancer in women with the
CYP]AI m2 polymorphism and the highest PCB exposure
warrants further study.

In a similar study, Zhang et al. (2004) investigated asso-
ciations between serum PCB levels and CYP1A1I polymor-
phisms in 374 cases of breast cancer and 406 non-cancer
controls, Measurements of serum PCBs (9 congeners)
and genotypes of CYPIAI ml, m2, and m4 were deter-
mined. Blood for PCB analysis was collected following a
diagnosis of breast cancer and, therefore, measured levels
are subject to possible disease-related effects. In addition,
the extent to which chemotherapy-treatment-related
effects on PCB serum levels might have influenced the
results is unknown, since this potentially confounding
issue was not addressed. Because variant alleles in the
CYPI1A1 gene vary widely in frequency by race, the analy-
sis was restricted to white participants, since there were
few non-white participants in the total cohort. Known risk
factors for breast cancer were considered in the analysis,
althoughitis not clear whether post-menopausal HRT was
considered. Lipid-adjusted serum 3PCB levels were char-
acterized as low (310-610 ng/g) and high (611-2600 ng/g).
There were no significant independent effects on breast-
cancer risk when assessed using XPCB. However, on
the basis of analysis of the 40 cases in the total cohort,
there was a significantly increased risk of breast cancer
(OR=2.1, 95%CI 1.1-3.9) in women with the CYPIAI m2
variant (one variant allele or homozygous alleles), which
Increased in post menopausal women (OR=2.4, 95%CI
1.1-5.0). A significant interactive effect (OR=4.3, 95%CI
1.6-12.0) in post-menopausal women (21 cases) was also
observed between high serum PCB levels and the CYP1A]
mZ2 variant. As noted by the authors, because of the rela-
tively low prevalence of the variant genotypes (i.e. 6% of
the m2 genotype in the control population), it was not pos-
sible to stratify the data by potentially major confounders
such as lactation and menopausal status, despite the size
of this study.

In the latest study of this type, Li et al. (2004) conducted
a case-control study involving 612 breast cancer cases
(242 African-American and 370 white) and 599 controls to
investigate possible interactions between CYPIAI poly-
morphisms and XPCB. In all cases and controls, plasma
concentrations of PCBs were determined in addition to
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genotyping for CYPIAI ml, m2, m3, and m4 alleles. Blood
for PCB analysis was collected following a diagnosis of
breast cancer and, therefore, the measured levels are subject
to possible disease-related effects. In addition, the extent
to which chemotherapy treatment might have influenced
PCB serum levels, and therefore study results, is unknown,
since this potentially confounding factor was not consid-
ered. Because plasma % PCB levels were higher in African-
American women than in white women, the analysis was
conducted based on ZPCB concentrations of <0.430ng/ml
and 20.430ng/ml (lipid adjusted) for the former and SPCB
concentrations of 0.349 ng/ml and 20.349 ng/ml for the latter
groups of breast-cancer cases. Known risk factors for breast
cancer were considered in the analysis, including the use of
HRT or oral contraceptives,

Lietal. {2004) found no evidence ofjoint effects between
ml genotypes and ZPCB in either African-American or
white women. There were also no significant interactive
effects between XPCB and any m2 variant in African-
American or whitewomen, any m4 variantin white women,
or any m3 variant in African-American women. Greater
than additive joint effects were reported between the m2
genotype and 2PCB in the total cohort with an interac-
tion contrast ratio > 0 with p=0.03. Although this statistic
was not used in previous studies, which reported greater
effects in post-menopausal women, the joint effects were
stronger in pre-menopausal (n=14) than in post-meno-
pausal (n=12) women. However, with respect to calculat-
ing additive interactions, it should be noted that, because
the calculations were based on ORs, substituting ORs for
risk ratios may result in misleading conclusions (Kalilani
and Atashili, 2006).

In the first three of the above-described studies, the
proposed mode of action for the effects reported was sug-
gested on the basis of the hypothesis that polymorphic
forms of CYP1A1I were more inducible by PCBs (albeit with
no direct in vivo evidence of this effect) with the increased
induction leading to enhanced metabolism of estrogen
to potentially toxic metabolites (which is biological plau-
sible). However, the study by Li et al. (2004) proposes a
different mode of action, suggesting instead that PCBs are
metabolized by CYP1A1 to produce free-radical-induced
oxidative DNA damage in breast tissue. As support for this
hypothesis, Li et al. (2004) cite a single in vitro study that
reported that PCB dihydroxy metabolites are activated by
enzymatic and non-enzymatic mechanisms (not involving
CYPI1AL1) to reactive intermediates that produce oxidative
DNA damage (Oakley et al., 1996). The authors did not
consider the fact that while PCB-derived quinones formed
DNA adducts in vitro, no DNA-adduct formation has been
detected in PCB-dosed animals (Schilderman et al., 2000;
Whysner et al., 1998). Furthermore, in an extensive analy-
sis of the probable mode of action for PCB-induced promo-
tion of hepatic tumors, the extent of PCB metabolism was
not correlated with the development of tumors, implying
that PCB metabolites did not contribute to tumor develop-
ment (Brown et al., 2007).
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Comment
Three of the studies summarized above suggest that there
might be an interactive effect between the CYP1AI m2 vari-
antand both 2 PCB serum levels and increased breast-cancer
risk, predominantly in post-menopausal women. The fourth
study suggested that the risk was greater for pre-menopausal
women. Although all four studies, at least superficially, seem
to satisfy the causation criterion of consistency and, perhaps,
strength of association, there is uncertainty with respect
to the dose-response criterion and, most importantly, the
criterion of biological plausibility. However, because the
results of these studies are based on small sample numbers
and rather wide confidence intervals, the strength of asso-
ciation is weakened. It also should be noted that several
comprehensive reviews have concluded that there is no
independent association between breast-cancer risk and
the CYP1A1 m2variant (Agundez, 2004; Masson et al., 2005;
Li et al., 2005). While this does not eliminate the possibility
of interactive effects with PCBs, it does illustrate the burden
placed on the hypothetical role of PCBs, as these compounds
are far from unique in the specific property (i.e. induction of
CYP1A1) proposed as the key event in explaining the results
of the four studies. This issue is reviewed in detail below.
Several other methodological issues also call into ques-
tion the reported findings. One of the studies (Laden et al.,
2002) was conducted in a cohort where blood specimens
were collected prior to disease diagnosis, while three of the
studies (Lietal., 2004; Moysich et al., 1999; Zhang et al., 2004)
involved active cases of breast cancer with PCB levels meas-
ured in serum collected after breast cancer was diagnosed.
Therefore, these three studies may very well suffer from the
same problem as the early studies that used the same meth-
odology—possible disease-induced redistribution of PCBs
from breast tissue into the blood, particularly in the event
that weight loss occurred. While the authors correctly note
that current levels may not represent levels present when
disease developed, they still fail to acknowledge the possibil-
ity of disease-related effects on current PCB levels. Related
to this problem is the known effect of chemotherapy on PCB
serum levels. Gammon et al. (1996) demonstrated that PCBs
can be mobilized by treatment, and concluded that “the
use of blood samples collected after treatment, rather than
before treatment, for characterizing PCB levels may lead to
misclassification of exposure” The studies by Zhang et al.
(2004) and Li et al. (2004) did not address this possibility.
Moysich et al. (1999) collected blood samples prior to initia-
tion of chemotherapy, but still after disease diagnosis. The
extent to which the disease and chemotherapy treatment of
the disease might have altered PCB serum or plasma con-
centrations, thereby leading to spurious interactive relation-
ship with CYP1AI polymorphisms, is unknown.

Biological plausibility

The principal explanation for the findings in the above stud-
ies is that the CYP1Al m2 allele is more inducible by PCBs
based on data derived from a variety of in vitro test systems.
By contrast, human data on the differential metabolism

of PCB congeners in Aroclors 1242 and 1254 indicate that
CYPI1ALl is not induced in humans at PCB serum levels
resulting from occupational, much less environmental
exposures. While a PCB metabolism pattern consistent with
induction of CYP1Al is readily induced in rats (Mayes et al.,
1998; Brown et al., 2007), a similar pattern is not induced in
humans (Brown and Lawton, 2001). This was confirmed in a
study of 48 occupationally exposed capacitor workers with
mean lipid PCB levels of 195ppm (range 37-1035ppm),
in which there was no indication of a decrease in serum
levels of the specific PCB congeners that are known to be
metabolized by CYP1Al (Brown and Lawton, 2001). That
is, PCB congeners 28, 74, and 118 were not reduced in
concentration due to increased metabolism resulting from
CYPI1Al induction. As noted by Brown and Lawton (2001),
“the absence of P450 1A induction by Aroclors in the work-
ers (or mice) could reflect either a lower responsiveness of
the human (or mouse) Ah-receptor to PCBs, or the known
tendency of non-coplanar PCBs to inhibit P450 1A1 induc-
tion (van der Plas et al., 1998), or both” While occupational
exposure to PCBs was not sufficient to induce CYP1A1, pla-
centas from women poisoned from the accidental ingestion
of PCBs and polychlorinated dibenzofurans as a result of the
Yu-Cheng incident demonstrated CYP1ALl catalytic activity
increased approximately 100-fold, compared with control
placenta (Lucier et al., 1987). These placentas contained
50-892 times more dioxin-equivalent chemicals than are
present in background levels. By contrast, placentas from
Inuit women from southern Quebec with mean blood TEQ
levels approximately five times greater than those of controls
showed no evidence of increased CYP1Al activity (Pereg
et al., 2002). Collectively, these data demonstrate that PCB
serum levels achievable by environmental exposures are not
sufficient to induce CYP1AL.

The above discussion illustrates that, while it is unlikely
that CYP1ALl is induced in humans by exposure to PCBs
alone, particularly from environmental exposures, sufficient
exposure to TEQ can have this effect. This poses an inter-
esting biological conundrum pertaining to the four breast
cancer studies reviewed above: how could the CYP1A1 m2
polymorphic form be induced by PCBs at environmental
levels while CYPIAI is not induced by PCBs even at occupa-
tional-exposure levels? It is biologically implausible that the
m2 variant (i.e. either heterozygous or homozygous) would
essentially change the functionality of the CYPIAI gene
from non-inducible at occupational PCB levels to inducible
by environmental PCB exposure levels. While the results of
these studies seem to be in agreement, there remains consid-
erable uncertainty whether the explanation for the reported
findings is as simple as an interactive effect between the
presence of a CYPIAI m2 variant and minimally elevated
serum PCB levels, all of which are in the normal background
range.

Finally, with respect to biological plausibility, the
female occupational-exposure data are perhaps the most
compelling. As reviewed above, these data demonstrate
unequivocally that PCBs are not etiologically associated



with increased risk of breast cancer. These data, from > 8,600
women exposed to elevated levels of PCBs, take on addi-
tional importance with the publication of the studies
reviewed above, suggesting an increased risk of breast
cancer in women with a CYPIAI m2 polymorphism and
environmental exposure to PCBs. While none of the occu-
pational studies considered CYPIAI polymorphisms, it can
only be concluded that if the mode of action by which the
findings in the above four studies is hypothesized to occur
(i.e. greater induction of the CYPIAI m2 allele leading to
increased production of potentially DNA-damaging estro-
gen metabolites as a consequence of background exposure
to PCBs), then this would have occurred to an even greater
extent in occupationally exposed women. For example,
approximately 12% of women carry the m2 allele (Zhang et
al., 2004) which means that ~1000 of the women exposed in
the occupational cohort studies would have been far more
susceptible to PCB-induced breast cancer if the findings in
the above four studies were actually due to the hypothesized
events. This would have resulted in greatly increased breast-
cancer mortality in this subset of women, with an overall
SMR in excess of 100 instead of the observed SMR of 94, as
shown in Table 4.

Given the unequivocal evidence that occupational
exposure to PCBs is not associated with increased risk
of breast cancer, the seemingly enigmatic covariance of
slightly elevated background PCB serum levels with can-
cer risk in a CYPIA- m2-bearing subpopulation suggests
an interesting biological paradox caused by two seemingly
contradictory facts. The first is that the CYPIAI m2 variant
is very similar in enzymatic activity to other CYPIA1 types
(Zhang et al., 1996; Schwartz et al., 2001), but is approxi-
mately three times more easily induced by the classi-
cal AhR agonist, 3-methylcholanthrene (Cosma et al.,
1993; Crofts et al., 1994). The second is that, as described
above, increased induction of CYP1Al (or any other PCB-
metabolizing CYP) could not be detected even in occupa-
tionally exposed capacitor workers with 100-fold higher
levels of PCBs than those in the background-exposed
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study populations (Brown and Lawton, 2001). In an in
vitro study, induction of CYP1Al in human hepatocytes by
Aroclor 1254 also required far greater PCB concentrations
compared with in induction in rat or monkey hepatocytes
{Silkworth et al,, 2005). Therefore, even allowing for a
threefold greater responsiveness of the m2 variant, there
is simply no conceivable way that PCBs at serum levels in
the normal background range (i.e. ng/ml) could cause any
induction of CYPIAI m2. Consequently, it is necessary to
explore an alternative explanation for the enigmatic corre-
lation between increased breast-cancer risk in individuals
with the CYPIAI m2 variant and slightly elevated back-
ground serum PCB levels,

It is well known that correlation does not necessarily
equal causation. In the case at hand, it seems more likely
that minimal CYP1A1 induction (not due to PCBs) is causing
slightly increased PCB serum levels rather than the opposite.
This is likely due to the following three inter-related factors:

Aithough background PCB serum levels are clearly not
sufficient for CYP1A1 induction, other CYP1A1 inducers are
likely to be present in the study population (e.g. smoke from
cigarettes and other combustibles, cruciferous vegetables,
tryptophan metabolites, certain dietary flavonoids). Thus,
some induction of CYPIAI isozymesis occurringin the study
population, particularly in individuals with the m2 allele.

A general peculiarity of CYP induction is that agents
that induce one type of CYP are often inhibitors of another
{(Waxman and O’Conner, 2006). For example, it has been
found that CYPIA1 inducers can decrease expression of
CYP2C and CYP3A isozymes in rodents {Shaban et al., 2005;
Lee et al., 2006), and that similar effects occur in humans
(Brown, 1989). Thus, cigarette smoke, which increases
expression of CYPs IAIl and IA2, decreases expression
of those in the CYP3A family, CYPs 344, 3A5, 3A7, 3A43
(Raunio et al., 2005). Yu-Cheng patients, who ingested PCBs
contaminated with the strongly CYP1Al-inducing PCDFs,
exhibited not only increased clearance of mono-ortho PCB
congeners, known to be associated with CYP1A1/2 induc-
tion (Brown et al., 2007), but also reduced clearance of the

Table4. Observed and expected cancer mortality and standardized mortality ratios from studies of 19,825 capacitor manufacturing workers

occupationally exposed to PCBs.

Standardized mortality Standardized

Type of cancer Observed mortality Expected mortality ratio? p value® mortality ratio®
All cancer 1241 1252 100 0.83 88
Liver, biliary, or gall-bladder 24 28 86 0.58 76
Intestine 121 107 113 0.35 97
Stomach 36 32 113 0.63 72
Rectum 22 21 105 0.88 81
Skin 28 19 147 0.19 110
Breast 119 127 94 0.77 -
Prostate 39 42 93 0.74 90
Lymphatic and hematopoietic 138 126 110 0.46 88
Non-Hodgkin's lymphoma 44 43 102 0.91 102

“p values are two-sided for capacitor-worker summary standardized mortality ratios

*Standardized mortality ratios based on Gustavsson and Hogstedt (1997), Tironi et al. (1996), Ruder et al. (2006), and Prince et al. (2006b)

*Standardized mortality ratios include studies in footnote b, plus observed and expected mortality data from Loomis et al. (1997).
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di-ortho PCB congeners (Brown et al., 1989). This indicates
suppression of the constitutive oxidase activity (e.g. CYP
3A4/5) normally involved in their metabolism.

Most of the PCBs present in human tissue residues
consists of di-ortho-substituted and tri-ortho-substituted
species (e.g. congeners 99, 138, 153, 170, 180, 187) that are
slowly metabolized by the CYP3A, but are not metabolized
by the CYP1A oxidases (Brown, 1994).

On the basis of simple pharmacokinetic considerations
(Brown, 1994), individuals in a population with chronic
exposure to PCBs at background levels will attain steady-
state PCB levels that are inversely proportional to PCB
clearance rates, which, in turn, are primarily determined
by CYP-mediated metabolism. Thus, in individuals where
CYPI1AI activity has been somehow induced, which would
be slightly more common in the 10-15% of the population
with the CYPIAI m2 allele, there will be a concomitant
suppression of CYP3A activity and consequent increase in
steady state blood levels of di-ortho and tri-ortho PCB con-
geners. As a result, there will be an observable correlation
between PCB levels (albeit in the background range) and
cancer risk in the m2 subpopulation, This occurs because
low-level PCB exposure can serve as a biomarker for CYP
induction and inhibition by other agents, even though it
cannot produce observable CYP induction in humans.

Association between occupational exposure
to PCBs and increased risk of cancer based on
ATSDR methodology

As described in the introduction, the ATSDR (2000) did
not rely on a WoE approach when evaluating the occu-
pational cohort PCB mortality data, but rather used the
meta-analysis-type methodology used by Nicholson and
Landrigen (1994). Using this methodology, the summed
observed and expected cancer mortality rates (for men
and women combined) from five studies were tested for
statistical significance. Importantly, this analysis only
included data available up to 1994, even though the ATSDR
acknowledged that additional data were available. Table 4
uses the same methodology as described by Nicholson
and Landrigen {1994) and combines the data from all of
the capacitor-worker occupational cohort mortality stud-
ies published to date. For the purposes of this analysis,
mortality statistics for men and women are combined
and, when more than one study has been conducted on
the same cohort, only the most recent study is included to
avoid double counting (i.e. Ruder et al., 2006 rather than
Sinks et al., 1992, Prince et al., 2006b rather than Brown et
al,, 1987 or Kimbrough et al., 1999 or 2003, and Tironi et
al., 1996 rather than Bertazzi et al,, 1987). Consequently,
the data from the following four studies are summarized
in Table 4: Gustavsson and Hogstedt (1997), Tironi et al.
(1996), Ruder et al. (2006), and Prince et al. (2006b). Data
from Mallin et al (2004) are not included in Table 4, since,
as discussed above, the reported effects were predomi-
nantly from exposure to chlorinated naphthalenes and

not PCBs. When only observed mortality is reported, the
expected mortality is calculated by dividing the observed
mortality by the SMR.

In contrast to the data relied on in the ATSDR (2000)
analysis, involving approximately 5386 workers, Table 4
includes mortality data on almost 20,000 PCB-exposed
workers. The summary SMRs for each cancer were tested
for statistical significance from a Poisson distribution as
described by Nicholson and Landrigan {1994). As shown
in Table 4, based on the insignificant p-values, none of the
SMRs for all cancers or any specific cancer is significantly
elevated. In addition, the right column of Table 4 has been
added to incorporate the data from Loomis et al. {1997) into
the SMR analysis. While the almost 139,000 individuals in
this study were male electrical-utility workers, with prob-
ably lower exposure to PCBs than capacitor workers, there
were approximately 20,000 workers with between 1,000 and
10,000 cumulative hours of exposure to PCBs. As shown in
the right column of Table 4, the summary SMRs are further
decreased and none are statistically significantly elevated.
The above discussion demonstrates that the methodology
relied upon by the ATSDR (2000), while not following any
recognized guidelines, reaches the same conclusions about
cancer risk in PCB-exposed cohorts as the WoE approach
used in this review—that there is no evidence of a causal
association between exposure to PCBs and increased risk of
any type of cancer. :

Overall conclusions

None of the studies published since the previous review
(i.e. Golden et al., 2003) change the conclusions of that
review (i.e. “The weight of evidence does not support a
causal association for PCBs and human cancer”). This
pertains to all cancer combined, as well as to the specific
cancers that have been sporadically reported as elevated
in incidence in the occupational cchort mortality studies.
Special emphasis should be placed on the issue of PCBs
as a risk factor for breast cancer. While the WoE support-
ing the conclusion that environmental exposure to PCBs is
not etiologically implicated in breast-cancer risk is com-
pelling, it is nonetheless surprising that virtually none of
the breast-cancer studies mention the consistently nega-
tive findings for increased breast-cancer mortality in the
occupational studies. These data, now including almost
9,000 women occupationally exposed to PCBs, show no
evidence whatsoever of increased breast-cancer mortality.
Similarly, virtually none of the incidence studies reviewed
above, in which PCB background levels are reported to be
associated with increased risk of NHL and prostate, testic-
ular, and intestinal cancer, cite the conflicting results from
the occupational cohort studies. Because the occupational
studies involve PCB exposure far in excess of environmen-
tal exposures, this discrepancy should be acknowledged in
future incidence studies. In addition, the possibility that
serum PCB levels (all of which are in the normal popula-
tion range) in such studies can be influenced by disease or



its treatment also needs to be considered. Finally, lacking
any relevant or persuasive supporting evidence, there does
not seem to be any bioclogically plausible basis for con-
cluding that either a particular PCB congener or grouping
of congeners is etiologically implicated with a particular
cancer.

While the ATSDR (2000) did not follow the principles
endorsed by the EPA (2005) for evaluating a body of epi-
demiological data, the conclusions of that document—that
there is either “some evidence” or “meaningful evidence”
that PCBs are carcinogenic in humans—are not supported
even when the methodology employed by the ATSDR (2000)
is applied to all relevant data. Notwithstanding, because of
the substantial limitations of this methodology, it is sug-
gested that this kind of procedure not be relied upon for
critically evaluating epidemiological data.

All relevant data published since 2003 were evaluated in
the present review with careful reliance upon and consid-
eration of the WoE criteria established by the EPA (2005)
for evaluating epidemiological data. When these criteria
are followed, it can only be concluded that exposure to
PCBs, whether environmental or occupational, does not
increase cancer risk in humans. In another recent critical
evaluation of most of the same studies considered in the
present review or in previous reviews, Shields (2006) con-
cluded as follows:

“The epidemiologic evidence fails to establish PCBs as
human carcinogens. This has been an extensively studied
topic in the occupational setting, and more recently in the
general population. There are reported positive associations
in some studies, but the literature fails to identify a consist-
ent target organ and the animal studies do not indicate that
PCBs are multiorgan carcinogens. Some cancer relation-
ships from environmental studies are not consistent with
studies of highly exposed workers.”

The above conclusions are now also supported by
the recent elucidation of the mode of action by which
PCBs cause liver tumors in rats (Brown et al., 2007). This
study, based on the Mayes et al. (1998) chronic bioassay
of Aroclors 1016, 1242, 1254, and 1260, described the key
events underlying the mode of action for PCB-promoted
liver tumors in Sprague-Dawley rats. Most important,
from the standpoint of the present review, is the fact that
none of the key events in the mode of action occurred
until substantial amounts of ZPCB or TEQ had accumu-
lated in hepatic tissues. The relevance of these findings to
the human epidemiological data is that even prolonged
occupational exposure to PCBs has never resulted in PCB
burdens even approaching the levels required to initiate
the sequence of events required for the development of
tumors in rodents.

Finally, it should be noted that the few positive findings
sporadically reported in the numerous studies of PCB-
exposed workers (i.e. the conspicuous lack of consistency
of association) can be more logically explained based on
the principle embodied by Occam’s razor. This is often par-
aphrased as ‘all things being equal, the simplest solution
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tends to be correct’; that is, that the explanation that intro-
duces the fewest assumptions and is dependent upon the
fewest hypothetical entities is most likely to be correct.
This is particularly the case now that the mode of action
for PCB-promoted liver tumors in rats has been elucidated,
with the strong likelihood that, because of substantial spe-
cies differences, humans are unlikely to be susceptible to
PCB-caused cancers. Consequently, for liver, biliary, and
gall-bladder cancer, rather than assuming that this was due
to PCB exposure, a less complex (and more biologically
plausible) explanation for the isolated reported findings
would involve the following: (a) the inappropriate group-
ing of these cancers to achieve statistical significance; (b)
metastasis from other sites; (c) undocumented alcohol
consumption; or (d) ethnic factors. For melanoma, this
would include exposure to sunlight or misclassification.
Other findings, such as prostate cancer, are even less likely
to be due to PCB exposure.
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End note

1 Although PCBs are on the list of substances the EPA intends to reevaluate
as part of the Integrated Risk Information System, there is no indication that
this will be done anytime soon. The most recent Integrated Risk Information
System evaluation of PCB carcinogenicityis current to 1996, reviews only three
studies (Bertazzi et al., 1987; Brown, 1987; Sinks, 1992) and also cites (with
no review) NIOSH (1977), Gustavsson et al. (1986), and Shalat et al. (1989),
Clearly, this does not qualify as a WoE assessment. Similarly, PCBs are noton
the National Toxicology Program candidate list of chemicals for considera-
tion in the 12th Annual Report on Carcinogens. With respect to international
bodies, the International Agency for Research on Cancer (IARC) updated its
PCB evaluation in 1987, citing a total of five studies (Brown and jones, 1981;
Brown, 1987; Bertazzi et al,, 1981, 1987; Gustafasson et al,, 1986). This also
cannot be considered a WoE assessment and, indeed, the IARC typically
does not conduct these types of assessments. The evaluation by the WHO
through the International Programme on Chemical Safety (IPCS) is current
as of 1993 and cites the same studies as the IARC (1987). Finally, the IPCS,
in its Concise International Chemical Assessment Document series (2003),
also reviewed the potential human carcinogenicity of PCBs, concluding that
“Epidemiological studies suggest exposure-related increases in cancers of the
digestive system, especially liver cancer, and malignant melanoma. However,
the limitations of exposure information, the inconsistency of the results,
and, in some cases, the presence of confounding exposures preclude a clear
identification of an exposure-response relationship” While some 50 studies
were considered in the IPCS evaluation, and although the conclusions seem
correct, they were not based on a formal WoE process. This is true despite the
existence of explicit IPCS guidelines for evaluating bodies of epidemiological
data using a WoE processes (IPCS, 1999).
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2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) and related chem-
icals induce cytochrome P450 1A (CYPIA) gene expression and,
at sufficient exposures, cause toxicity. Human health risks from
such exposures are typically estimated from animal studies. We
tested whether animal models predict human sensitivity by
characterizing CYPIA gene expression in cultures of fresh
hepatocytes from human donors, rats, and rhesus monkeys and
HepG2 human hepatoma cells. We exposed the cells to three aryl
hydrocarbon receptor (AhR) ligands of current environmental
interest and measured 7-ethoxyresorufin-O-deethylase (EROD)
activity and concentrations of CYP1A1 and CYP1A2 mRNA. We
found that human cells are about 10-1000 times less sensitive to
TCDD, 3,3',4,4',5-pentachlorobiphenyl (PCB 126), and Aroclor
1254 than rat and monkey cells, that relative potencies among
these chemicals are different across species, and that gene
expression thresholds exist for these chemicals. Newly calculated
rat~-human interspecies relative potency factors for PCB 126 were
more than 100 times lower than the current rodent-derived value,
We propose that human-derived values be used to improve the
accuracy of estimates of human health risks.

Key Words: polychlorinated biphenyls; PCB; TCDD; dioxin;
dioxin equivalents; TEQ; relative potency factors; human hepato-
cytes; HepG2 cells; cytochrome P450 1A; CYP1A1; CYP1A2; risk
assessment.

Polychlorinated dibenzo-p-dioxins, dibenzofurans, and
PCBs comprise a group of highly regulated environmental
contaminants of global concern. A subset of these compounds
can bind to, and activate, a natural cellular receptor, the aryl
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hydrocarbon receptor (AhR), which is a transcription factor
(Carlson and Perdew, 2002; Nebert et al., 1993). This can result
in the up-regulation of many genes (Boutros er al., 2004; Okey
et al., 1994), including those encoding metabolic enzymes such
as the cytochrome P450 (CYP) isozymes (Rowlands and
Gustafsson, 1997). The induction of CYP1A1 correlates well
with exposure in animals (Tritscher et al., 1992; Vanden
Heuvel et al., 1994) and is used as an important basis for
estimating human health risk (Birnbaum and DeVito, 1995).
The World Health Organization (WHO) has established toxic
equivalency factors (TEFs) for each of 29 AhR ligands,
including 7 dioxins, 10 polychlorinated dibenzofurans, and
12 PCBs. Because 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
is the highest affinity ligand for the AhR, and by far the most
potent at eliciting biologic responses, it was assigned a
TEF of 1. TEFs for other chemicals are based on relative
potency (REP) values relative to that of TCDD using both
in vivo and in vitro animal studies, and it is assumed that these
TEFs (WHO98 TEFs) are appropriate for use in human risk
assessment (van den Berg er al, 1998). We tested this
assumption by comparing the responses of fresh hepatocytes
from rats, rhesus monkeys, and human donors, and also
a human-derived tumor cell line, HepG2, to TCDD, PCB 126
(3,3',4,4',5-pentachlorobiphenyl), and Aroclor 1254, a com-
mercial mixture of PCBs. PCB 126 has a TEF of 0.1. Aroclor
1254 has a calculated WHO9S8 toxic equivalency (TEQ) of
0.000047 (Mayes et al., 1998), largely contributed by PCB 126.

Studies that compared CYP1A1 induction in mammalian
cells or cell lines suggest that humans are less sensitive than
rats to TCDD. Some studies measured TCDD-induced 7-
ethoxyresorufin-O-deethylase (EROD) activity in the human
HepG2 cell line (Lipp et al., 1992), while other studies
measured EROD activity in primary human hepatocytes
(Schrenk et al., 1995). When the EC50s calculated in these
studies were compared to those of an earlier study with rat
primary hepatocytes and H4IIE cells (Schrenk et al., 1991), the
human cells were found to be 8~19 times less sensitive than the
rat cells to TCDD. Wiebel et al. (1996) compared TCDD-
induced CYPIA activity in human HepG?2 cells and rat H41IE
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cells and found that the human cells were 20 times less
sensitive. Xu et al. (2000) demonstrated that primary human
hepatocytes were less sensitive to TCDD than primary rat
hepatocytes and also reported species differences in the
expression of CYP1A1 and CYP1A2 mRNA.

Few studies have measured CYP1A induction by TCDD and
PCB 126 in more than one species using the same methodology.
Vamvakas et al. (1996) tested TCDD and several PCB congeners
in the HepG2 and MCF-7 human cell lines and in the rat H41IE
cell line. Zeiger et al. (2001) compared the induction by TCDD
and several PCB congeners in primary rat hepatocytes and the
rat H4IIE and human HepG2 cell lines. Recently, Peters et al.
(2004) reported the induction of EROD activity by TCDD and
PCB 126 in human MCF-7 and HepG2 cells and in rat H4IIE
cells. Each of these studies showed that the human cells were
less sensitive to TCDD and PCB 126 than rat-derived cells.

In addition to understanding the relative sensitivity between
species to these chemicals, it is also important to determine if
the REPs among these chemicals are consistent across species,
especially if REPs derived from data for one species are used to
extrapolate effects to other species. In fact, studies with mice
(DeVito et al., 2000) and human-derived cells (Zeiger et al.,
2001) have suggested that the REPs for several PCB congeners
were inconsistent with their current WHO98 TEFs. More
studies are needed to characterize how human responses to
AhR ligands differ from the responses of other species while
also characterizing the consistency of the relative potencies of
AhR ligands across species.

Thus, to evaluate species differences in the CYPLA
responses to TCDD, PCB 126, and Aroclor 1254, and to
determine the REPs for PCB 126 and Aroclor 1254 in each
species, we compared the responses of all cells under identical
conditions. This included the use of a single lot number of each
test chemical throughout the study and the preparation of only
one or two stock solutions. Because immortal cell lines may
not accurately reflect responses of normal human hepatocytes,
we tested both fresh human hepatocytes and the HepG2 cell
line. Use of donor cells also permitted an evaluation of
differences among five humans. Fresh rat hepatocytes and
HepG2 cells were tested to compare our methodology and
results with earlier work (Lipp et al., 1992; Schrenk et al.,
1995; Zeiger et al., 2001). Hepatocytes from rhesus monkeys
(Macaca mulatta) also were included, since both reproductive
and immunological effects have been reported for this primate
following exposure to PCBs (Amold et al., 1995). All four of
these cell types are known to express an AhR (Roberts ef al.,
1985, 1989, 1990). To sample the diversity of humans, we
tested hepatocytes from five organ donors, two Caucasians of
each gender and one African-American male.

Cells were treated over a wide concentration range of each
chemical in serum-free culture medium (Hestermann et al.,
2000). CYPIA induction was determined after 48 h of
exposure by measuring EROD activity and CYP1A mRNA.
EROD activity was not obtained for one of the five donors due
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to experimental error. CYPIAl and CYPIA2 mRNAs were
measured in two to seven experiments for each species. Species
differences were evaluated by comparing thresholds, EC50s,
and maximal responses for each chemical. The potencies of
PCB 126 and Aroclor 1254, relative to TCDD, were calculated
for each measurement and compared across species to derive
interspecies relative potency factors.

MATERIALS AND METHODS

Chemicals. TCDD (molecular weight = 322) was obtained from Accus-
tandard (New Haven, CT; catalog no. D404N; CAS no. 1746-01-6; Lot no.
970401R-AC; 99.1% pure). The single contaminant was a pentachloro-
hydroxydiphenyl ether by GC/MS.

PCB 126 (molecular weight = 326.4) was obtained from Accustandard
(Catalog no. C-126N; CAS no. 57465-28-8; Lot no. 081699MT-AC; 99.2%
pure). The single contaminant was identified as a tetrachlorobiphenyl by
GC/MS.

Aroclor 1254, lot no. 122-078 (molecular weight = 326.2) was from the
same lot of material used in an earlier chronic bioassay conducted for General
Electric Company (Mayes et al., 1998). The calculated WHO98 TEQ (i.e., the
toxic equivalency to TCDD found by summing the products of the toxic
equivalency factor of each of the 12 PCB congeners with an assigned TEF
multiplied by its respective measured concentration) is 47 ppm.

Hepatocyte sources. Human hepatocytes were prepared from nontrans-
plantable human tissue acquired after informed consent for use in research by
In Vitro Technologies, Inc. (IVT). An external FDA-certified Institutional
Review Board approved the use of nontransplantable human tissue for ADME-
Tox research at IVT. Donor 1, (IID), IVT Lot MHU-L-012303, was a 66-year-
old Caucasian male who died from an intracranial hemorrhage. Donor 2,
(KZO), IVT Lot FHU-L-020203, was a 42-year-old Caucasian female who died
from a cerebrovascular accident. Donor 3, (WRG), IVT Lot MHU-L-052004,
was a 41-year-old Caucasian male who died from an astrocytoma. Donor 4,
(RFA) IVT Lot FHU-L-072004, was a 56-year-old Caucasian female who died
from a cerebrovascular accident. EROD data were not collected for this donor
because of experimental error but CYP1A mRNA data were obtained. Donor 5,
(ZYZ) IVT Lot MHU-L-0730044, was a 46-year-old African-American
male who died from anoxia. Serologies for all donors were negative for HIV,
HBYV, and HCV, but positive for cytomegalovirus. Urinalyses and blood
chemistries for all donors were within normal limits. See www.invitrotech.
com/characterizationtab.cfm for additional donor information.

Rhesus monkey hepatocytes were isolated from liver tissue from a single
chemically naive young adult female for each of three trials. The tissue was
purchased by IVT from approved sources that comply with all appropriate laws
and guidelines.

Rat hepatocytes were isolated by IVT, from two rats (Female Crl:CD®
(SD)IGS BR, Charles River Laboratories, Wilmington, MA) and pooled for
each of five experiments. Rats were treated in accordance with the Animal
Welfare Act.

The HepG2 human hepatoma cell line was obtained from the American
Type Culture Collection, Manassas, VA.

Hepatocyte cultures. Hepatocytes were isolated according to the two-step
collagenase perfusion procedure of Li er al. (1992). Isolated hepatocytes were
counted using Trypan blue exclusion to determine yield and viability. Only
hepatocyte preparations with >70% viability were used. Freshly isolated
hepatocytes from rat, monkey, or human donors were plated, in triplicate, onto
collagen-coated 24-well plates at a cell density of 3.5 X 10° cells per well in
Plating Medium (Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with bovine serum albumin, fructose, HEPES, sodium bicarbonate, L-glutamine
(2.4 mM), hydrocortisone (2.38 pM), insulin (135 nM), MEM nonessential
amino acids (1.2%), amikacin, penicillin (200,000 U/1), streptomycin (200 mg/),
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gentamycin, and Fungizone®). Fungizone® was excluded from HepG2 cell
Plating Medium. Cultures were placed in a 37°C/5% CO incubator for 2 days
before use to establish the primary hepatocyte and HepG2 cell monolayers.
Confluency was visually checked each day of the culture period and was
generally 90-100%, except for Donor 1, for which it was 75-90%.

Chemical treatments. Each test chemical was prepared in dimethyl
sulfoxide (DMSQ) at 200 times (200X) the final concentration and diluted
with incubation medium to the required concentrations. TCDD was soluble in
DMSO at 60 1M, but not 200 pM. PCB 126 was soluble in DMSO at 2000 uM,
but not 6000 pM. Aroclor 1254 was soluble in DMSO up to at least 60 mM.
Two 200X stock solutions were prepared for TCDD and PCB 126. Eleven
concentrations were used for each trial, in addition to the vehicle control.
TCDD was used at 0.00001, 0.0001, 0.001, 0.003, 0.01, 0.03,0.1,0.3, 1, 10, and
100 nM. PCB 126 was used at 0.001, 0.01, 0.03, 0.1, 0.3, 1, 3, 10, 100, 1000,
and 10,000 nM. Aroclor 1254 was used at 1, 3, 10, 30, 100, 300, 1000, 3000,
10,000, 30,000, and 300,000 nM.

Established primary hepatocyte and HepG2 cell cultures were treated with
500 pl of serum-free Incubation Medium (Plating Medium without serum)
containing TCDD, PCB 126, or Aroclor 1254. Serum-free medium was used,
since serum can significantly reduce the cellular uptake of these compounds
(Hestermann et al., 2000). The final concentration of DMSO in the incubations
was 0.5%, consistent with previous studies with these chemicals and cells
(Hestermann et al., 2000; Lipp et al., 1992; Zeiger et al., 2001). There were no
visible indications that any chemicals (or any subsets of congeners in the
Aroclor 1254) had precipitated at any of the incubation concentrations, but this
was not analytically confirmed. Cuitures were incubated at 37°C/5% CO, with
test chemicals for a total of 48 h. The incubation medium containing the test
chemical was replaced at 24 h.

Culture viability was assessed in a replicate set of cultures for each cell type
and chemical treatment by measuring the metabolic conversion of 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) to the formazan
product in triplicate wells (Mosmann, 1983). TCDD and PCB 126 did not affect
culture viability at any concentration tested. Aroclor 1254 reduced MTT
conversion in rhesus cells to approximately 50% of control levels at concen-
trations =107 M. At 3 X 10™* M, Aroclor 1254 reduced MTT conversion to
<2%, 41%, 2%, and 26% in rhesus, rat, HepG2, and 1 donor, respectively. Three
donors were not affected at this concentration (data not shown).

CYPIA enzyme activity assay. EROD activity was determined using
modifications of the methods of Burke e al. (1985) and Donato er al. (1993).
Medium containing the test chemical was removed from the culture plates and
replaced with 300 pl of Krebs-Henseleit buffer (supplemented with amikacin,
calcium chloride, gentamicin, heptanoic acid, N-(2-hydroxyethyl)piperazine-
N’-(2-ethanesulfonate), and sodium bicarbonate) containing 10 uM ethoxy-
resorufin and 3 mM salicylamide. Cultures were incubated at 37°C/5% CO, for
30 min. Incubations were terminated by removing the supernatant and adding it
to 300 pl of methanol containing 2% DMSO. The amount of resorufin formed
in the incubations was quantitated against a standard curve of resorufin as
measured by a fluorometric assay (excitation: 530 nm; emission: 590 nm;
Wallac Victor? plate reader, Perkin Elmer). The quantitation limit was 0.1 pmol
resorufin/(min X mg protein).

Protein concentrations of the cultures were determined using a BCA protein
assay kit (Pierce Chemical Co., Rockford, ILL). Cells were lysed by adding
200 pl of 0.1 N NaOH and incubating at 37°C/5% CO, for 30 min. Cell lysates
were scraped and harvested. Ten microliters of each cell lysate was mixed with
200 pl of BCA working reagent (reagent A:reagent B (49:1)) and incubated for
30 min at 37°C. Protein concentrations were quantified against a standard
curved using absorbance at 572 nm (Wallac Victor? plate reader) and were
generally about 0.1 mg protein/culture well.

RNA isolation. Medium containing the test chemical was removed from
each well, and cultures were washed with 500 pl of phosphate buffered saline.
Phosphate buffered saline was then replaced with 200 pl of TRIzol reagent
(Invitrogen, Carlsbad, CA). Hepatocytes were scraped from each well with
a wide-bore pipette tip, and homogenized by gently pipetting up and down. Cell

homogenates were transferred to microcentrifuge tubes, and 200 pl of
chloroform was added to each tube. Tubes were mixed for 15 s. Homogenates
were placed on ice for 5 min and then centrifuged at 12,000 X g for 15 min at
4°C. The aqueous layer was carefully removed and transferred to a fresh
microcentrifuge tube, and 200 ul of phenol:chloroform:isoamyl alcohol
(25:24:1) was added. Tubes were mixed for 15 s. Mixtures were placed on
ice for 5 min and then centrifuged at 12,000 X g for 15 min at 4°C. The aqueous
layer was removed to a fresh microcentrifuge tube. RNA from the aqueous
layer was precipitated by adding 200 pl of isopropanol and placing the tubes
at —20°C overnight. Following overnight precipitation, the tubes were stored
at —70°C until analysis.

RNA quantitation. The RNA samples were centrifuged at 12,000 X g for
15 min. Supernatants were decanted, and the RNA pellets were washed with
70% ethanol in Tris EDTA buffer. Samples were centrifuged at 12,000 X g for
30 min. Supernatants were decanted, and the pellets were allowed to air dry.
RNA pellets were reconstituted with 50 pl of TE buffer. RNA was quantitated
using a Ribogreen RNA quantitation kit (Molecular Probes, Eugene, OR). In
brief, 5 pl of each RNA sample was diluted 50-fold with TE buffer. A 100-pl
aliquot of the diluted RNA was mixed with 100 pl of the diluted RNA
quantitation reagent and incubated for 5 min at room temperature. RNA in the
samples was quantitated against a standard curve using fluorometric assay
(excitation; 485 nm; emission: 535 nm; Wallac Victor? plate reader).

Quantitation of specific mRNA—RNA Invader® invasive cleavage
assay. The RNA Invader® invasive cleavage assay is an invasive cleavage
amplification assay developed by Third Wave Technologies, Inc., Madison, WI
(Burczynski et al., 2001; Hall et al., 2000). In this method, two oligonucleo-
tides, an upstream oligonucleotide and the probe, anneal to the target sequence.
The probe contains both a target-specific and a noncomplimentary region.
When the probe overlaps the upstream oligonucleotide a reporter sequence can
be cleaved. The rapid turnover and production of the cleaved sequence permits
a secondary reaction and the linear amplification of a fluorescent signal. This
method has the ability to discriminate between two highly homologous
sequences such as found with the P450s (Eis et al., 2001). Total RNA isolated
from each triplicate culture for each concentration and for each species was
hybridized against human/rat CYP1A1 (WrCYP1A1) or h/rCYPIA2 probes.
CYP1A1 probes targeted human GeneBank Accession no. K03191 sequence
(5'-CCTGATTGAGCACTGTCAGGA-3') and rat GeneBank Accession no.
NM_012540 sequence (5'-CCTCATTGAGCATTGTCTGGA-3'). CYP1A2
probes targeted human GeneBank Accession no. MS55053 sequence (5'-
AGGAGCACTATCAGGACTTTGACAAG-3") and rat GeneBank Accession
no. K02422 sequence (5'-AGGAACACTATCAAGACTTCAACAAG-3"). The
human CYP1A1 probe was also used with rhesus hepatocytes because these
two species share a consensus sequence at the targeted region. The human
CYPIA2 probe could not be used for the rhesus hepatocytes because the
targeted sequence is not shared, as we confirmed. CYPIA] and CYPIA2
mRNAs are expressed as amol (107'8 moles) specific mRNA/ng total RNA.
Human and rat GAPDH mRNAs were also measured, as reference mRNAs, and
found to be consistently expressed for each chemical, all treatment concen-
trations, and all species (data not shown).

Each RNA sample was diluted to a maximum concentration of 10 ng/ul. If
the sample concentration was below 10 ng/pl, it was used without further
dilution. The amount of specific mRNA in each RNA sample was quantified
using Invader® assay kits (1A1, 1A2, hGAPDH, positive control sequences,
and generic reagent kits from Third Wave Technologies, Inc., Madison, WI).
Specific RNA in the samples was quantified against standard curves generated
using the Invader® oligo sequence test probes against positive control
transcripts that included the targeted sequence in rats and humans. Fluores-
cence was measured as described above.

Dose-response modeling. Freshly isolated hepatocytes from the three
species or the human-derived HepG2 hepatoma cell line were treated in vitro
for 48 h. The dose-responses for EROD activity and CYPIA mRNA were
modeled by combining unsummarized triplicate culture data across all experi-
ments for each cell type at each concentration tested using the variable slope

$107 ‘¢ Joquiardeg uo g7 unsny AS[pIg 18 /B0 sjeurnofpIoyxo-1asxoy/:diy wolj papeojumoq



HUMAN SENSITIVITY TO DIOXIN

sigmoid Hill equation (GraphPad, 2005). We defined threshold as the
concentration at which the response first exceeds the model’s estimated
constitutive or background expression level. We estimated the threshold for
each curve by determining the concentration at which a line tangent to the
modeled dose-response curve at the EC05 intersects the bottom of the modeled
dose-response curve, as determined by the Hill equation (Fig. 2) (GraphPad,
2005). This is an objective method to quantify the dosage at which the curve is
no longer attached to its lower asymptote (i.e., the constitutive expression
level). The EROD ECS0 is the concentration at which the induced enzyme
activity is halfway between the calculated bottom and top of each dose-
response curve (GraphPad, 2005).

RESULTS

EROD Activity

EROD dose-response curves are shown in Figure 1. Species
differences for each chemical are clearly evident (Fig. 1A). We
conducted additional analyses of the modeled curves by
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FIG. 1.

511

examining three features of each curve: the threshold, the
EC50, and the maximal response. The threshold and EC50
provide complementary information on cell sensitivity, whereas
the maximal response provides information on efficacy.

For TCDD, we found the lowest thresholds in fresh rat and
rhesus liver cells. Thresholds in both fresh human liver cells
(p £ 0.05) and HepG2 cells (p < 0.05) (Fig. 2) were about 10
times higher than in rat and rhesus liver cells. Thus, both
human cell types were about 0.1 as sensitive to TCDD as were
rat and rhesus cells. The EC50s show that the human cells were
about 0.10 to 0.27 as sensitive to TCDD as either rat or rhesus
cells (Table 1). These observations are contrary to the
assumption normally used in risk assessment that humans are
more sensitive than experimental animals. They also indicate
that the current application of factor multipliers to compensate
for uncertainties regarding species sensitivities may result in
overestimating human risk by several orders of magnitude.

B Individual donors
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6 -5 -4
O Dponor 1 -
150 P
A Donor 2 - PCB 126
125 4 7 Donor 3 i
100 4 [0 DonoraNodata,” /-~ _ _.
& Donor 5 )
75 4
Rat (3
50 4 3)
25
0 -
-1
150 { © Donor1 Aroclor 1254
A\ Donor 2
125 1 V Donor 3 ‘
/
100 4 [ Donor 4 No data /,
75 . < Donor 5
50
25 A
0 -

14-13-12-11-10 9 -8 -7 -6 5 -4
Concentration (Log M)

Induction of CYP1A enzyme activity (EROD) in three species. (A) Dose-response showing that human cells are 10 to 100 times less sensitive than

rhesus and rat cells to each chemical and that there are disproportionate changes in the potencies of these chemicals across species. Dashes represent 95%
confidence limits. Parenthetical values indicate number of trials combined. (B) Responses of each donor compared to rat modeled in A showing general similarities

of donors.
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Species EROD thresholds
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FIG. 2. Estimated thresholds for EROD induction in three species. Thresholds are estimated for TCDD, PCB 126, and Aroclor 1254 for each species by
determining the concentration at which a line tangent to the fitted model curve (Fig. 1) at the ECOS5 response intersects the model’s constitutive or background
activity level (insert). Based on their statistically distinct dose-response curves, the estimated thresholds indicated that rhesus and rat cells were significantly (p <
0.05) more sensitive than human donors and the human HepG2 cell line for each chemical. Parenthetical values indicate number of combined trials. Donor 3,
omitted from the modeled response in Figure 1, had a similar threshold for TCDD as the other donors and HepG2 cells but one higher for PCB 126 and one not

reached for Aroclor 1254.

The maximal heights of the TCDD response curves, which
measure the ability of an AhR ligand to elicit a full response,
were similar for all three species (i.e., within a factor of three).
This suggests that the sensitivity for EROD induction, mea-
sured by either threshold or EC50, differentiates well among
species while the maximal enzyme activity level does not. This
also suggests that measures of sensitivity, because they are very
different among species, are more important than maximal
activity levels in estimating risk across species. Because the
concentrations at which thresholds, EC50s, and the maximal
responses occur are similar for HepG2 and donor cells, we
suggest that either type of human cells can be used to study
interspecies sensitivities to chemicals, but fresh human cells
have the added advantage of providing information on the
extent of individual variability.

Even more pronounced differences between human cells and
both rat and rhesus cells were seen when the PCB 126 EROD
dose responses were compared. Rhesus cells responded in
a manner more similar to rats than human cells (Fig. 1A). The
thresholds and ECS50s indicated that both donor and HepG2
cells were between 0.01 and 0.001 as sensitive to PCB 126 as
were rat and rhesus cells (Fig. 2, Table 1). Similar species
differences were observed with Aroclor 1254, Donor and
HepG2 cells were <0.01 as sensitive to Aroclor 1254 as were
rhesus and rat cells, based on either thresholds (Figs. 1A and 2)
or estimated EC50 values (Table 1), although precise EC50s
could not be calculated.

By comparing the heights of the PCB 126 response curves
with those of TCDD, we see that PCB 126 is about 0.9 and 0.8
as efficacious as TCDD in rhesus and rat cells, respectively, but
only 0.5 (p < 0.05) and 0.6 (p < 0.05) as efficacious as TCDD
in HepG2 and donor cells, respectively. This suggests that there

are species-dependent factors other than those that determine
sensitivity that influence differential CYP1A1 gene expression.

In comparing the EROD response of each species to their
respective TCDD response, we found that PCB 126 is about 0.1
as potent as TCDD in rat and rhesus cells. This value is
consistent with the WHO98 TEF for PCB 126 of 0.1. However,
PCB 126 is between 0.01 and 0.001 as potent as TCDD in
donor and HepG2 cells, based on thresholds (Figs. 1A and 2)
and EC50 values (Table 1).

Our data show that human cells are about 0.1 as sensitive to
TCDD as rats and rhesus cells. Our data also show that human
cells are 0.001 or less as sensitive to PCB 126 as rat and rhesus
cells are to TCDD and less than 0.000001 as sensitive to
Aroclor 1254 as rats are to TCDD (Table 1). The human EROD
responses to TCDD, PCB 126, and Aroclor 1254 are compared
to only the responses of rats to TCDD in Figure 3 to facilitate
the direct comparison of their EROD dose-response curves and
EC50s in Tables 1 and 2.

Human Diversity in EROD Response

The diversity of human responsiveness, characterized by
both sensitivity and maximal response, is an important concern
for risk managers responsible for protecting sensitive popula-
tions. An earlier report suggests that humans have similar
sensitivities but variable maximal responses to TCDD (Schrenk
et al., 1995). In our study, we found similar thresholds for
Donors 1, 2, 3, and 5 that were within an 11-fold concentration
range (Fig. 1A) (calculation not shown). The EC50s of Donors
1, 2, 3, and 5 were within a seven-fold range, i.e., 1.1 X 10710
M@®9X 107" Mto 1.3 X 107°M, # = 0.95); 7.3 X 1071°
M@G7%X107"°M 1093 X 107'°M, » =0.98); >1.2 X 1078
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FIG. 3. Comparison of human donor hepatocyte EROD responses to the rat
response to TCDD. Compared to rat cells, human cells are about 0.1 as sensitive
to TCDD, <0.001 as sensitive to PCB 126, and <0.000001 as sensitive to
Aroclor 1254.

(1.9 X 107% t0 7.1 X 1078, ¥* = 0.95 [estimated because the
maximal response could not be established with certainty]);
and 1.1 X 100 M (8.5 X 107" M1to 1.5 X 107'°M, r* =
0.97), respectively. The maximal responses of Donors 1, 2, and
5 varied by less than 2-fold for each chemical (Fig. 1B). Donor
3 was a poor responder to both TCDD and PCB 126 and had no
measurable response to Aroclor 1254. This donor was excluded
from the aggregate model shown in Fig. 1A (thus avoiding
a shift in the curve further to the right) but is shown separately
in Fig. 1B. Compared to rats, all donors responded poorly to
Aroclor 1254. Our findings that sensitivity differences, mea-
sured by either threshold or EC50s, span over three orders of
magnitude between human and rat cells, but only vary by
a factor of about ten among the human samples, suggest that

species differences are a more significant source than indi-
vidual differences for the uncertainty in risk estimation.

CYPIA mRNA Induction

Measurement of CYP1A1 mRNA serves as an indicator of
Ah gene expression before any posttranslational modifications
or interferences occur that could affect protein levels and/or
function (Staskal et al., 2005). Furthermore, mRNA levels
provide a way to measure the competency of ligands with
different AhR binding affinities to activate Ak gene expression
(Chen et al., 2004). Thus, mRNA levels could provide
additional information on species differences not provided by
EROD activity alone. Since both CYPIAl and CYPIA2
express EROD activity (Nerurkar er al., 1993), we measured
CYP1Al and CYP1A2 mRNA in a replicate set of cultures
treated as described above using the RNA Invader® invasive
cleavage assay (Eis et al., 2001).

The induction profile of CYP1A1 mRNA for each chemical
(Fig. 4A) was generally consistent with that of EROD activity
for each species (Fig. 1). Interestingly, the induction of
CYP1Al mRNA by TCDD in rats, the most sensitive re-
sponder, was observed at concentrations about 10 times lower
than seen for EROD activity. This has been observed by others
who suggested that it was due to differences in the detection
sensitivities of mRNA and enzyme activity (Vanden Heuvel
et al., 1994). Because this was not observed in human and
rhesus monkey cells for TCDD, or for PCB 126 or Aroclor
1254 in any species, our data suggest that there are aspects of
TCDD induction and of the regulation of CYP1A1 that are
unique to the rat that require further investigation. Consistent
with the species differences observed for EROD activity,

TABLE 2
Relative Potency Values (REPs)

Within species (ws) and rat-human (r-h) relative potency factors (REPs)¢

Chemical Measurement REP Rhesus Rat HepG2 Donors
TCDD EROD activity ws 1 1 1 1
r-h 0.14 0.27
CYPIA! mRNA ws 1 1 1 |
r-h 0.01 0.02
PCB 126 EROD activity ws 0.13 0.12 0.002 0.003
r-h 0.0003 0.0009
CYPIA]l mRNA ws 0.03 0.002 0.002 0.00009
r-h 0.00003 0.000002
Aroclor 1254 EROD activity ws 1.8 x 107% 1.5 x 1073 <9.8 X 1077 3.2 X 107¢
r-h <1.4 x 1077 8.6 X 1077
CYP1A1 mRNA ws 1.5 x 107 3.9 X 107¢ NR” <35 % 1078
r-h NR” <7.0%x 1078

“Within species (ws) and rat-human (r-h) interspecies REPs were calculated by dividing the EC50 for each chemical into the EC50 for TCDD in the same

species or into the EC50 for TCDD in the rat, respectively.
®NR, no dose response.
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FIG. 4. Induction of CYP!Al mRNA by TCDD, PCB 126, and Aroclor 1254. (A) Human cells (including Donor 4 but excluding Donor 5 cells, as they were
nearly nonresponsive) are significantly less sensitive than rat and rhesus cells to each chemical tested. Responses were generally consistent with their respective
functional assessments of CYP1A1 protein measured by EROD activity (Fig. 1). Dashes represent 95% confidence limits. Parenthetical numbers indicate number
of trials combined. (B) CYP1A1 mRNA response profiles for individual donors compared to rat profile madeled in A. Cytotoxicity was observed only for Aroclor

1254 at or above 107>° M.

human cells required 100 to 1000 times higher concentrations
of each chemical than rat and rhesus cells to induce CYP1A1
mRNA (Fig. 4A). This suggests that such differences are due to
early events in AhR binding and/or DNA activation occurring
up through mRNA transcription. Our results are also consistent
with a recent investigation that showed a diminished CYP1A
mRNA response when the AZR gene in mice was replaced with
human AhR cDNA (Moriguchi et al., 2003), which the authors
suggested might be due to structural differences in the AhR
itself. Regardless of the explanation, the absence of such early
induction events in human cells at exposure levels that elicit
responses in other species suggests that animal models are

overly sensitive when predicting human responses associated
with Ak gene activation.

Individual variations in the AhR structure and function have
also been described for several human cells (Cook et al., 1987;
Micka et al., 1997). However, in our study, the CYP1Al
mRNA responses of four of the five donors were similar (Fig.
4B). These donors responded to TCDD at approximately 10~'°
M and to PCB 126 between 107% and 1077 M, and the
respective responses reached amplitudes that were generally
within a factor of three of one another. In contrast, the CYP1A1
mRNA responses of Donor 5 to all three chemicals were very
low—but the CYP1A2 mRNA responses were robust (Fig. 5).
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FIG. S. Induction of CYP1A2 mRNA by TCDD, PCB 126, or Aroclor 1254. mRNA was measured using the RNA Invader® invasive cleavage assay.
(A) CYP1A2 mRNA expression of donor cells was nearly equivalent to the CYP1A1 response shown in Figure 4, whereas the rat response was predominantly
CYP1A1. CYP1A2 mRNA was not clearly detectable in HepG2 cells. Dashed lines indicate the 95% confidence limits. Numbers in parentheses indicate number of
trials combined. (B) Responses of each donor are compared to rats modeled in A showing general similarity among donors.

Consistent with the Aroclor 1254 EROD results, only Donor 1
had a robust Aroclor 1254 CYP1A1 mRNA response, and the
responses of the other four donors were barely detectable.
The regulation of both CYP1Al and CYP1A2 mRNA
induction seem to be similar in donor cells but dissimilar in
rat cells (Figs. 4 and 5, Table 1). Donor cells responded to
TCDD with nearly equivalent amounts of both CYP1A1 and
CYP1A2 mRNA over the same concentration range. In rats,
however, CYP1A2 mRNA induction was about 0.1 as sensitive
as CYP1A1l mRNA induction, and the maximal CYP1A2
mRNA levels were only about 25% of CYP1Al levels. This
predominance of CYP1A?2 over CYP1AL in cultures of rat cells
is consistent with earlier work (Xu et al., 2000). Interestingly,
both proteins have been shown to be equally induced by TCDD
in a long-term rat in vivo study (Walker et al., 1999). The

CYP1A2 mRNA EC50s shown in Table 1 indicate that rat cells
were about six and three times more sensitive than donor cells
to CYP1A2 induction by both TCDD and PCB 126, re-
spectively. These findings are consistent with reports that
CYP!A1 and CYP1A2 may be differently regulated in rats
(Drahushuk er al., 1999; Santostefano et al., 1997), but also
indicate that there are important differences in their respective
regulation between humans and rats.

CYPIA2 mRNA was barely detectable in HepG2 cells,
which is consistent with earlier reports (Chung ef al., 1994; Li
et al., 1998; Vakharia er al., 2001). Our finding that CYP1Al
and CYP1A2 mRNAs are strongly and similarly induced in
fresh human hepatocytes demonstrates the value of using
primary human cells, rather than cell lines, in studying the
expression of these two AhR-associated genes.
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We calculated new EROD- and CYP1A1 mRNA-based
REPs for PCB 126 using the data from our study (Table 2).
REPs are typically calculated by dividing the EC50 for TCDD,
the reference ligand, by the EC50 for the AhR ligand of interest
with both values from the same species. For PCB 126, the
EROD-based REPs in rhesus monkeys and rats were 0.13 and
0.12, respectively, consistent with the WHO98 TEF of 0.1.
However, the EROD-based REP for PCB 126 for human donor
cells was 0.003 and only 0.002 for HepG?2 cells. These values
are consistent with earlier work with HepG?2 cells (Zeiger et al.,
2001) and much lower than the WHQ98 TEF of 0.1. This
clearly demonstrates the inadequacy of the current TEQ
approach to account for the possibility that each species may
have its own unique set of REPs for different AhR ligands.

To account for the accumulating evidence not only that
humans and rats may have different sensitivities to TCDD
(Lipp et al., 1992; Schrenk et al., 1995; Vamvakas et al., 1996;

Wiebel et al., 1996; Xu et al., 2000; Zeiger et al., 2001), but also
that humans may have a unique set of REPs, we then calculated
human REPs relative to the rat TCDD response (r-h REP)
(Table 2, Fig. 6). This approach uses data from both species and
is more consistent with the empirical evidence that humans and
rats have different sensitivities to TCDD and other AhR
ligands than using only rodent-derived data. The results show,
based on EROD induction, that an appropriate r-h REP for PCB

126 is 0.0009, compared to the WHO98 TEF of 0.1. Even lower

REP values were observed for CYP1Al mRNA (Table 2).
Using the same approach for Aroclor 1254, we calculated an
EROD-based r-h REP for human donor liver cells that is at least
54 times lower than predicted using the WHO98 TEFs (Table
2, Fig. 6). Comparable differences were also seen for Aroclor
1254 CYP1A1 mRNA data, with human donor cells 600 times
less sensitive than predicted by the WHOO98 TEF. Both assays
also suggest that rhesus monkeys are more sensitive than rats to

PCB 126
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FIG. 6. The interspecies relative potency factor (REP) for each species for each chemical is the ratio of the rat TCDD EC50 to the EC50 for that species. The
dashed bar labeled WHO98 represents the current WHO TEF for PCB 126 and calculated for Aroclor 1254. Number of donors responding at or below bar height

REPs is shown within bars.
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Aroclor 1254 and indicate that neither rhesus monkeys,
although primates, nor rats are good models for humans for
AhR ligand-based risk assessments for this complex mixture.

DISCUSSION

Our findings show orders of magnitude species differences
in sensitivity to TCDD and PCBs and highlight the substantial
uncertainties that arise when using experimental animal data
to extrapolate to potential human health risks. These findings
may help to explain the lack of conclusive evidence that PCBs
have affected human health (Kimbrough et al., 2003). To the
extent that AhR-mediated events are used to predict human
risk, our data demonstrate a need to compensate for the
species differences in sensitivity. Interspecies relative potency
factors can partially compensate for our observations that
humans may be less sensitive than animals to TCDD and
PCBs and that the relative potencies of these chemicals in
humans may be quite different than those observed in animals.
Hepatocytes from ten additional human donors have been
tested for EROD responsiveness to TCDD and PCB 126. The
additional results are consistent with the findings reported in
this study and support our conclusions (Koganti, personal
communication). Additional work with human cells is clearly
needed. '
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Abstract Strong activation of the AhR can lead to vari-
ous toxic effects such as (non-genotoxic) carcinogenicity.
Moreover, drug—drug interactions by non- or competitive
inhibition of CYP1A1l and 1A2 may cause adverse side
effects. Normally the majority of toxicity studies are per-
formed in rats, while for the prediction of human toxicity
human AhR activation and CYP1A competition should be
studied. The present study focused on the deselection of
strong AhR activators and/or CYP1A inducers and (non-
Jeompetitive inhibitors in the early phase of drug develop-
ment, as well as on species differences between humans and
rats. Induction studies were performed in the human HepG2
and rat H4IIE cell lines. A set of 119 compounds, including
known AhR ligands were tested. CYP1A induction was
observed for 24 compounds. In H4IIE cells, more com-
pounds showed induction and most ECS0 values were
below those of HepG2 cells. Species specific CYPIA
induction in H4IIE and HepG2 cells was obtained for eight
and three compounds, respectively. The same compounds
except four in-house NCEs were used to study differences
between CYP1A1 and 1A2 competition in human and rat
supersomes. Of the 115 compounds 46 showed CYP1Al
competition. Competition was human and rat specific for 12
and 10 compounds, respectively, CYP1A2 competition was
observed for 37 compounds of which 14 and 3 compounds
showed human and rat specific inhibition, respectively. In
conclusion, for several compounds species differences
between CYP1A induction and competition in human and

W. M. A. Westerink (X)) - J. C. R. Stevenson -

W. G. E. J. Schoonen ’

Department of Pharmacology,

NV Organon, a part of Schering-Plough Corporation,
Molenstraat 110, 5340 BH Oss, The Netherlands
e-mail: walter.westerink @organon.com

rat were found. Therefore, parallel screening in both spe-
cies might be a very useful strategy.

Keywords Aryl hydrocarbon receptor - CYP1A -
Induction - Competition - HepG?2 - H4IIE

Introduction

In drug therapy, cytochrome P450 (CYP) 1A induction
may lead to undesirable drug—drug interactions and toxic
side effects. The regulation of CYP1A is mainly aryl hydro-
carbon receptor mediated (AhR). The AhR was discovered
as the receptor that binds the environmental contaminant
TCDD (Bertazzi et al. 1998). The AhR is a basic helix-
loop-helix protein belonging to the Per-ARNT-Sim (PAS)
family (Hahn 2002) and is located in the cytoplasm in an
inactive complex with Hsp90 and p23. Experiments in
Hsp90 deficient yeast show that Hsp90 is needed for gene
induction by the AhR (Carver et al. 1994; Whitelaw et al.
1995). Hsp90 is thought to protect AhR from degradation
and to stabilize the high-affinity ligand-binding conforma-
tion of the AhR (Pongratz et al. 1992a, b). Binding of a
ligand to the AhR leads to activation of the receptor and
subsequently in translocation to the nucleus. In the nucleus
AhR releases its partner Hsp90 and forms a heterodimer
with the AhR nuclear translocator (ARNT) protein. Further
activation of this heterodimer by phosphorylation and/or
dephosphorylation is required for DNA binding (Chen and
Tukey 1996; Long et al. 1998).

Strong activation of the AhR by TCDD results in toxic
effects like a wasting syndrome, thymic involution, endo-
crine disorders, and very important teratogenicity and (non-
genotoxic) carcinogenicity. Mortality studies involving
occupational exposure to TCDD have demonstrated an
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increased risk for a lot of cancers in humans (Fingerhut
et al. 1991; Manz et al. 1991; Zober et al. 1990).

Important for this non-genotoxic carcinogenic effect
might be the change in expression patterns of several fac-
tors that are involved in cellular growth and differentiation.
Another effect contributing to carcinogenicity might be the
impairment of the p53 response (Paajarvi et al. 2005; Ray
and Swanson 2004).

Studies in AhR-null mice have been used to investigate
the role of the AhR in mediating the toxic effects. The stud-
ies revealed that these mice were resistant to TCDD
induced lesions, strongly suggesting that the toxic effects
are mediated by the AhR (Fernandez-Salguero et al. 1996).
Furthermore, skin tumors that appear after topical applica-
tion of the AhR agonist benzo[a]pyrene (B[a]P) are not
present in AhR-null mice (Shimizu et al. 2000). Besides
activating the AhR, B[a]P is metabolized by CYP1Al to a
genotoxic metabolite (Jack and Brookes 1981). The meta-
bolic activation of procarcinogens to reactive metabolites
by CYP1A1 and 1A2 was also shown for other AhR ago-
nists by using Aroclor pretreated rat liver S9-mixture for
metabolic activation in the Ames test. CYP1A1 and/or 1A2
activates PAHs, nitrosamines and aryl amines into reactive
metabolites that induce mutations (Hecht 1998). Induction
of CYP1A enzyme activity is often used for the detection of
AhR ligands as good specific CYP1A substrates are avail-
able.

Besides metabolic activation into genotoxic com-
pounds, drug-drug interactions caused by non- or compet-
itive-inhibition of CYP1Al and 1A2 can also lead to
adverse side effects. A lot of drugs are metabolized by
CYP1 A2 and therefore drug-drug interactions caused by
CYP1A2 inhibition are known. CYP1A2 constitutes
about 13% of the total hepatic CYP content and is one of
the clinically most relevant CYP isoenzymes. Together
with CYP2C9, 2C19, 2D6, and 3A4 it performs the main
part of drug metabolism. Examples of drugs metabolized
by CYP1A2 are the antidepressants amitriptyline HCI,
clomipramine HCI, and desipramine HCl (Danie et al.
2001; Wu et al. 1998; Yoshimoto et al. 1995). The levels
of CYPI1A1 in the human liver are low, however, this
enzyme is highly inducible in the liver and extra hepatic
tissues. Induction of CYP1A1 by AhR agonists in human
precision-cut liver slices and primary human hepatocytes
has been shown in several studies (Drahushuk et al, 1998;
Olinga et al. 2008; Pushparajah et al. 2008; Dvorak et al.
2008). Little is known about drug—drug interactions in
which CYP1ALl is involved. However, some of the drug—
drug interactions caused by ketoconazole might be the
result of a lower CYP1A1 enzyme activity caused by inhi-
bition or competition in the intestine (Paine et al. 1999).
Furthermore synergistic embryotoxicity of AhR agonists
with CYP1A1 inhibitors has been shown (Wassenberg
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and Di Giulio 2004). This was probably caused by a pro-
longed activation of the AhR.

Because of the adverse side effects it might be very use-
ful to screen for and deselect candidate drugs that are strong
AhR activators and/or strong CYP1A1 and 1A2 inhibitors/
competitors in the early phase of drug development.

Induction of CYP1A enzyme activity was measured with
the fluorogenic substrate 3-Cyano-7-ethoxycoumarin
(CEC) and luminogenic P450-glo substrate Luciferin-CEE
(Luc-CEE). The latter substrate is converted by CYP1AI
into luciferin, which in turn reacts with luciferase to pro-
duce light that is directly proportional to the activity of
CYPIAL

Because species differences have been described
between the CYP1A inducing properties of AhR agonists in
rats and humans (Zeiger et al. 2001), the CEC and the
P450-glo 1A1 induction assays were performed in the
human HepG2 and the rat H4IIE cell line.

CYP1A1 and 1A2 inhibition was measured in a 384 well
high-throughput assay using CYP1A1 and 1A2 expressing
supersomes and CEC as fluorogenic substrate. With these
assays competition was measured between the fluorogenic
substrate CEC and the tested compounds for CYP1A1 and
1A2. Whether compounds are non- or competitive
CYP1A1/1A2 inhibitors cannot be determined with these
assays. Moreover, in order to study species differences,
competition experiments were performed by using both
human and rat supersomes. A total of approximately 119
compounds were tested in the CYP1A induction and com-
petition assays. These compounds included narcotic analge-
sics, hypnotics, vasodilators, specific cellular energy
blockers, cellular proliferation inhibitors, ion channel
blockers, estrogens, antiestrogens, androgens, progesta-
gens, PCBs, and others.

Materials and methods
Materials

All compounds and reagents were of analytical grade. Poly-
chlorinated biphenyls (PCBs) including 2,3’,4,4’-tetrachlo-
robiphenyl (PCB 77), 2,3,3’,4,4’-pentachlorobiphenyl
(PCB 105), 2,3,4,4’,5 pentachlorobiphenyl (PCB 114),
2,3’,4,4’,5’-pentachlorobiphenyl (PCB 118), 2,3’,4,4’,5-
pentachlorobiphenyl (PCB 123), 3,3’,4,4’,5’-pentachloro-
biphenyl (PCB 126), 2,3,3’,4,4’,5-hexachlorobipheny!
(PCB 156), 2,3,3’,4,4’,5’-hexachlorobiphenyl (PCB 157),
2,3’,4,4’,5,5’-hexachlorobiphenyl (PCB 167), 3,3°.4.4’,
5,5’-hexachlorobiphenyl (PCB 169), 2,3,3°,4,4°,5,5"-hepta-
chlorobiphenyl (PCB 189), and 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD) were purchased from Promochem (Wesel,
Germany). All other compounds were from Sigma-Aldrich
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(St. Louis, USA). Luciferin-CEE (Luc-CEE) was from
Promega (Madison, USA). CEC and supersomes express-
ing human and rat CYP1A1 and 1A2 were from BD Biosci-
ences (San Jose, USA). Trypsin and Dulbecco’s Modified
Eagles medium, Nutrient Mixture F-12 (DMEM/HAM F12
medium in a ratio of 1:1) without phenol red was from
Invitrogen (Kalsruhe, Germany), defined supplemented
bovine calf serum (dBCS) from Hyclone (Utah, USA) and
white 96 and 384 well culture plates from Perkin-Elmer
(Groningen, The Netherlands).

Cell culture

HepG2 and H4IIE cells were obtained from the American
type culture collection (Rockville, MD, USA). Cells were
cultured in Dulbecco’s modified eagles medium and nutri-
ent mixture F-12 mixed in a ratio of 1:1 with 10% dBCS
and 1% penicillin—streptomycin (10,000 U/ml, Invitrogen).
Cultures were maintained in a humidified atmosphere with
5% CO, at 37°C and medium was refreshed every 3 or
4 days with subculturing.

Preparation of compound solutions

Stock solutions of 0.1 M were dissolved in 100% dimethyl
sulfoxide (DMSO). The stock solution of TCDD had a con-
centration of 3.16 x 10~* M. From the stock, V10 dilutions
were prepared in DMSO.

Test plate preparation induction assays

HepG2 and H4IIE cells were trypsinized, counted and
seeded in 96 well plates. HepG2 and H4IIE cells were
resuspended in culture medium to a final concentration of
3 x 10* and 2 x 10* cells/well, respectively. The 96 well
microtiter plates were incubated for 24 h in a humidified
atmosphere at 37°C under 5% CO,. Following the incuba-
tion, 11 serial culture medium dilutions of the compounds
or a control sample were added as 10 pl fractions to HepG2
and HA4IIE cells leading to a final volume of 200 pl. The
highest tested concentration for the compounds was
107* M. An exception was TCDD for which the highest
tested concentration was 3.16 x 1077 M. The final concen-
tration of DMSO in the assays was 0.1%.

CEC induction assay

The induction of CYP1A activity in HepG2 and H4IIE cells
was measured with the fluorogenic substrate CEC. CEC
reacts with both CYP1A1 and 1A2. After incubation of
cells with compounds for 24 h, cells were washed twice
with PBS. Next 100 pl of 40 uM CEC dissolved in culture
medium without dBCS was added. After 30 min the fluo-

rescent signal was read on the Victor II (Perkin-Elmer) by
means of excitation at 409 nm and emission measurement
at 460 nm.

P450-Glo CYP1ALI induction assay

The induction of CYP1A1 activity in HepG2 and H4IIE
cells was measured with the luminogenic substrate Luc-
CEE. After incubation of cells with compounds for 24 h,
HepG2 and H4IIE cells were washed twice with PBS and
the CYP1A1 induction was assessed with Luc-CEE. To the
plates 50 pl Luc-CEE (30 M) was added. Subsequently,
50 ul luciferin detection reagent was added. Plates were
shaken for 10 min and the luminescence signal was mea-
sured with a TopCountNT luminometer (Perkin-Elmer).

Cytochrome P450 1A1 and 1A2 competition assays

CYP1ALl and 1A2 competition assays were carried out by
using supersomes. Compounds were tested at concentra-
tions of 10~"~10~* M with \/10-fold dilution steps in a 384
well plate in 0.1% DMSO. The highest concentration
TCDD in the assay was 3.16 x 10~7 M. The cofactor solu-
tion was prepared in 25 mM phosphate buffer (pH 7.4) and
contained 2.6 mM NADP?, 6.6 mM glucose-6-phosphate,
6.6 mM MgCl, and 0.8 U/ml glucose-6-phosphate dehy-
drogenase. This solution was prewarmed at 37°C. Five
minutes before the start of the reaction human or rat
CYPIAL1 or 1A2 supersomes were added to the cofactor
solution leading to a concentration of 5 pmol/ml super-
somes in the final reaction. To the 384 well plates, contain-
ing 10 pl compound dilution or DMSO control, 10 pl of a
substrate solution containing 20 uM CEC in 325 mM phos-
phate buffer was added. The plates were covered with a lid
and shaken for 20 min. Then plates were pre-warmed at
37°C in an incubator and 20 pl of an enzyme/cofactor solu-
tion was added leading to a final volume of 40 ul/well.
Thereafter the plate was put in the Victor II reader, shaken
for 20 s and pre-incubated for 2 min at 37°C. Next the fluo-
rescence was measured (=0 min). The excitation wave-
length was set at 409 nm and the emission was measured at
460 nm. Then the plate was incubated for 30 min at 37°C.
Thereafter the fluorescence was measured (¢ = 30 min). The
difference in fluorescence between the measurement at 0
and 30 min was used for calculation of CYP competition.
The increase in fluorescence of the solvent control (0.1%
DMSO) during these 30 min was set at 100% activity. For
calculation of the IC50 values of competitors, the data were
logit transformed. The software program Xlfit (version 4.1,
ID business solutions limited) was used for the calculation
of the best line fitting the experimental data. From this line
the IC50 was determined. The efficacy was defined in per-
centage by means of the total inhibition of the fluorescence
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increase at the highest tested compound concentration. This
concentration was 107* M, with exception for TCDD for
which the highest concentration tested was 3.16 x 1077 M.

Statistical analysis

Each experiment was performed in duplicate in three inde-
pendent experiments. Data analysis was performed by
using a Student’s ¢ test. This indicated that an induction
above control level of 20 and 50% for the CEC and P450-
glo assay, respectively, was statistical significant. For the
assessment of this threshold 5 independent experiments
were performed with 3-methylcholanthrene, indirubin, and
indigo (data not shown). Since compounds with an induc-
tion factor equal to or greater than 2-fold are defined as
inducers this is based on statistically significant differences.
Likewise five independent competition assays were carried
out with furafylline and ketoconazole. The Student’s ¢ test
showed that an inhibition of 20% was statistically signifi-
cant. Therefore the IC50 values are based on statistically
significant differences.

Results
Cytochrome P450 1A induction measured with CEC

HepG2 and H4IIE cells were exposed for 24 h to a dose-
range of 119 different compounds. Thereafter the CYP1A
activity was measured with CEC. Exposure to 95 of these
compounds did not affect CYP1A activity (Table 1), How-
ever, 24 compounds caused an induction of the CYP1A
activity in either HepG2, H4IIE, or both cell lines. These
compounds are listed in Table 2 that shows also the EC50
values and induction factors (ratio of treated cells:0.1%
DMSO control). Dose response curves are presented in
Fig. 1.

The results clearly show that there was a difference
between CYPI1A induction in the human HepG2 and rat
HAIIE cell line. More compounds caused CYP1A induction
in H4IIE cells and most EC50 values were lower than in
HepG2 cells. TCDD was as expected the most potent
CYP1A inducer in both H4IIE and HepG2 cells. The EC50
value was 1.35 x 107°M in HA4IIE cells and 36-times
higher in HepG2 cells. Furthermore benzo[a]pyrene
(B[a]P), f-naphthoflavone (BNF), dihydroergotamine mes-
ylate (DHE), 2.4-dinitrophenol, ellipticin, flutamide,
indigo, indirubin, 3-methylcholanthrene (3MC,) Org C,
Org D, PCB 77, PCB 105, PCB 114, PCB 118, PCB 123,
PCB 126, PCB 156, PCB 157, and PCB 167 induced the
CYPI1A activity in the H4IIE cell line. Of these 20 com-
pounds B[a]P, BNF, DHE, indigo, indirubin, 3MC, Org C,
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PCB 77, PCB 114, PCB 123, PCB 126, and PCB 167 also
induced the CYP1A activity in HepG2 cells. Menadione,
Org A, and Org B were HepG2 specific CYP1A inducers.
Moreover, Org C was more potent in HepG2 than in H41IE
cells.

Cytochrome P450 1A1 induction measured with Luciferin-
CEE

Luc-CEE was used to measure the CYP1A1 induction in
HepG2 and H4IIE cells. The same compounds except the
four organic compounds were tested. Results were compa-
rable with the results measured with CEC. The same com-
pounds with exception of 24-dinitrophenol caused
CYP1A1 induction in either HepG2, H4IIE, or both cell
lines (Table 2). Although not statistically significant, 2,4-
dinitrophenol showed a tendency to induction (1.8-fold) in
H4IIE cells. The EC50 values of the CEC and Luc-CEE
assay were almost similar. Nevertheless, the induction fac-
tors were for most compounds higher in the Luc-CEE
assay.

Cytochrome P450 1A1 and 1A2 competition

CYP1A1l and 1A2 competition in human and rat super-
somes was measured for 115 compound, 4 compounds
were skipped from analysis i.e. Org A, B, C, and D. In
Fig. 2 the dose related competition for human and rat
CYPI1A1 and 1A2 is demonstrated for a representative set
of 8 compounds, i.e. B[a]P, ellipticine, furafylline, indigo,
indirubin, ketoconazole, nitrofurantoin, and 4-NQO. The
efficacies (EFF) and IC50 values are shown in Table 3.
Differences were observed between CYP1Al and 1A2
competition in human and rat supersomes. Of the 115
tested compounds, 36 compounds inhibited human
CYP1AL1 activity for 50% or more. Human competition for
CYP1A1 was found specific for 12 compounds, being -
naphthoflavone, cisplatin, dehydroergotamine mesylate,
dopamine HCl, 17 §-estradiol, 4-hydroxytamoxifen, nosca-
pine HCl, papaverine, quinidine, quinidine sulfate, reser-
pine and RU 58668.. The remaining 24 compounds also
inhibited rat CYP1Al. Furthermore, rat specific competi-
tion for CYP1A1 was found for ten compounds.

Similar differences were observed for CYP1A2. Compe-
tition was found for 37 compounds of which 14 and 3 com-
pounds showed specific competition for human and rat
CYP1AZ2, respectively.

A x:y plot for the IC50 values of human vs. rat competi-
tion for both CYP1A1 and 1A2 is shown in Fig. 3. The
numbers in the figure represent the compounds in Table 3.
The solid line in Fig. 3 is the line of identity (x =y). The
outlier hydralazine HCI is not shown in the CYP1A1 plot.
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Table 1 Compounds that do
not activate CYP1A activity in
the human HepG2 and rat H4IIE
cell lines

Acetylsalicylic acid
a-Naphthoflavone

2-amino-3-methyl-3H-imidazo-
[4,5-f]-quinoline

Aminophylline
Amiodarone HCI
Antazoline mesylate
Atropine sulfate
Bishydroxycoumarin (Dicumarol)
Bromobenzene

Carbon tetrachloride (CCl4)
Chlorpromazine HCI
Cis-Platin

CITCO

Clozapine

Colchicine
Cyclophosphamide
Cytarabine

Dacarbazine

Dantrolene sodium
Dehydroepiandrosterone (DHEA)
Dexamethasone

Diclofenac
Diethyldithio-carbamic acid
Diethylstilbestrol

Digoxin
2,7-Dinitrofluorene
Dopamine HCI
Doxorubicin

Erythromycin
Estradiol-17f

Ethacrinic acid
Ethinylestradiol-17f

Ethionine

Ferrous sulfate
Fluorouracil
Furafylline

Gentamicin A
Hexachlorobutadiene
2,5-Hexanedione
Hydralazine HC1
Hydrochlorothiazide
Hydroxychloroquinone sulfate
4-Hydroxytamoxifen

ICT 164.384 (anti-estrogen)
Imipramine HCI
Indomethacin

lodoacetate

Iproniazid HCI
Isoprenaline HCI
Ketoconazole

Labetalol

L-DOPA

Levonorgestrel
Medroxyprogesterone acetate
Melphalan

Methadone HCl
Methampyrone (Dipyrone)
Methotrexate
7a-methyltestosterone
170-Methyltestosterone
Naphazoline nitrate
N-ethylmaleimide
Nitrofurantoin

Nitropyrene

4-Nitrosoquinoline-1-oxide
(4-NQO)
Noscapine HCI

Orphenadrine citrate
Papaverine
PCB 169

PCB 189

Paracetamol

Perhexiline

Perphenazine
Phenobarbital sodium
Phentolamine mesylate
Quinidine

Quinidine sulfate
Raloxifen

Reserpine

Rifampicin

Rotenone

RU 1881, Methyltrienolone
RU 58668 (anti-estrogen)
Salicylamide

Strychnine nitrate
Sulfamoxole
Sulphaphenazole

Tacrine

Tamoxifen
Tertiair-butyl-hydroperoxide
Testosterone
Tetracycline HCI
Tolcapone

Tularik 901317

Uramustine

As can be seen in Fig. 3 there are besides the human and
rat specific CYP1A1l competitors, compounds that are
almost equally potent in both species (compounds just
around the line of identity). However, the potency is for
most compounds higher in human supersomes as compared
to rat supersomes (compounds above the line of identity).
The same is true for CYP1A2 as almost all competitors
have a lower IC50 value in human supersomes as compared
to rat supersomes.

Discussion

The present study focused on CYPIA induction, (non-
)competitive inhibition and species differences between

humans and rats. Strong AhR activation leads to a series of
toxic effects and consequently it might be useful for the
pharmaceutical industry to screen for and deselect NCEs
that are strong CYP1A inducers (AhR activators) in the
early phase of drug development.

Primary cultures of hepatocytes can be used for CYP1A
induction studies, however, donor variation and a high
number of compounds in the early developmental phase
make the use of cell lines preferable. Two such cell lines
might be the human and rat hepatoma cell lines HepG2 and
H4IIE. Previously we demonstrated that the effects of AhR
agonists in HepG2 on Cytochrome P450 enzymes are simi-
lar to the effects observed in primary human hepatocytes
(Westerink and Schoonen 2007). In line with this it was
reported that HepG2 cells are a better model reflecting
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Table 2 Cytochrome P450 1A induction measured with CEC in human HepG2 and rat H4IIE cells

Compound HepG2 HA4IIE

CEC Luc-CEE CEC Luc-CEE

EC50(M) IF EC50(M) IF EC50(M) IF EC50(M) IF
B[alP 3.73 x 1076 10.2 2.00 x 1078 2.8 2.08 x 1078 16.7 8.00 x 1078 33.2
BNF 122 x 107° 20.3 3.16 x 1076 9.2 2.95 x 1078 24.6 3.16 x 1078 52.9
DHE 121 x 1073 7.9 6.09 x 107° 11 335 x 1076 243 1.00 x 1073 6.5
Dinitrophenol >1.00 x 107* >1.00 x 107* 2.59 x 1076 3.79 >1.00 x 1074
Ellipticin >1.00 x 10~* >1.00 x 107* 1.00 x 1078 4.6 1.00 x 1078 5.8
Flutamide >1.00 x 104 >1.00 x 107* 7.89 x 1077 13.1 5.00 x 1077 25.7
Indigo 5.79 x 1078 49.7 3.85 x 1076 116 8.52 x 10~° 25.3 3.16 x 1078 63.0
Indirubin 1.73 x 1077 93 1.27 x 1077 368 491 x 1078 29 2.00 x 1077 68.3
Menadione 1.29 x 107° 16.9 1.00 x 1073 20.4 >1.00 x 107* >1.00 x 1074
3MC 6.48 x 1077 62.3 522 x 1077 222 4.45 x 1078 24.4 3.16 x 1078 69.5
OrgA 2.00 x 1076 9.94 ND >1.00 x 1074 ND
OrgB 2.00 x 1076 14.0 ND >1.00 x 107* ND
Org C 2.00 x 1076 22.6 ND 3.16 x 1073 234 ND
OrgD >1.00 x 107 ND 2.00 x 1077 9.50 ND
PCB 77 8.27 x 107¢ 7.9 2.56 x 107° 25.5 435 x 1078 17.5 7.00 x 1078 25.5
PCB 105 >1.00 x 107* >1.00 x 1074 >1.00 x 107# 11.5 >1.00 x 1074 9.6
PCB 114 >1.00 x 1074 324 >1.00 x 1074 29.8 1.30 x 1076 13.6 2.35 x 1076 15.6
PCB 118 >1.00 x 107* >1.00 x 107* >1.00 x 107* 8.9 >1.00 x 1074 13.6
PCB 123 >1.00 x 107 2.2 >1.00 x 1074 3.5 >1.00 x 1074 2.4 >1.00 x 1074 3.5
PCB 126 1.65 x 1078 50.6 2.55 x 1078 65.4 1.00 x 107° 21.6 2.00 x 107° 23.6
PCB 156 >1.00 x 107% >1.00 x 1074 537 x 1078 16.0 3.09 x 1076 24
PCB 157 >1.00 x 1074 >1.00 x 1074 8.15 x 107° 19.7 7.56 x 1076 40.6
PCB 167 >1.00 x 1074 52.6 >1.00 x 10™* 45.5 3.55 x 1078 15.3 3.02x 1078 30.5
TCDD 4.88 x 1078 61.8 400 x 1078 250 1.35 x 1077 22.3 1.25 x 107° 785

Compounds indicated in bold and italic show rat and human specific CYPI A activation, respectively. The EC50 values and induction factors (IF)

are shown

Bfa]P benzo[alpyrene; BNF f-naphthoflavone; DHE dehydroergotamine mesylate; 3MC 3-methylcholanthrene; PCB polychlorobiphenyl; TCDD

2,3,7,8-tetrachlorodibenzo-p-dioxin

CYPI1A induction in human hepatocytes than hepatocytes
from Rhesus monkeys and Sprague-Dawley rats (Silk-
worth et al. 2005). Others found that the H4IIE cell line is a
good model to study CYP1A induction reflecting effects in
primary rat hepatocytes (Zeiger et al. 2001). Thus it seems
that HepG2 and HA4IIE cells are good cell lines to study
human and rat CYP1A induction, respectively.

For induction studies the fluorogenic substrate CEC was
used. Fluorescence detection of the deethylation of CEC
was reported to be 50 up to 100 times more sensitive than
that of ethoxyresorufin, primarily because of the faster turn-
over rate of CEC (White 1988). CEC is not specific for a
CYP1A isoform, it reacts with both human and rat
CYPI1ALl and 1A2 with a preference for CYP1A1 (Stresser
et al. 2002). Besides CEC, the luminogenic substrate Luc-
CEE was used for measuring CYP1A induction. The results
were quite similar to results observed with CEC. Therefore
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Luc-CEE is a good alternative for the detection of CYP1A
inducers. An advance of this substrate might be it is speci-
ficity for human and rat CYP1A1 (Promega). There is also
a CYP1A2 specific luminogenic substrate (Luciferin-BE)
available. However, in the present study this substrate was
not used because it reacts only with human CYP1A2 and
shows no reactivity for rat CYP1A2 (data not shown).

Of the 119 compounds that were tested 24 compounds
were able to induce the CYPIA activity in either human
HepG2, rat H4IIE, or both cell lines. Pronounced differ-
ences were observed between induction in the cells of
human and rat origin. Zeiger et al. (2001) reported similar
differences. In their study HepG2 and H4IIE cells were also
exposed to the dioxin-like PCBs 77, 105, 114, 118, 123,
126, 156, 157, 167, 169, and 189. In H4IIE cells, they
found in concordance with the present study induction after
exposure to PCB 77, 105, 114, 118, 123, 126, 156, 157, and
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Fig. 1 Induction of CYPIA activity measured with CEC in human
HepG2 and rat H4IIE cells after 24 h exposure to the compounds. Of
the 119 compounds, 13 induced CYP1A activity in both HepG2 and
HAIIE cells (a, b), 8 showed H4HE specific induction (¢, d), and 3
compounds showed HepG2 specific induction (e, f). Results are pre-

no induction after exposure to PCB 189. However, in con-
tradiction we did not find induction with PCB 169 in H4IIE
cells. Induction in HepG2 cells was found for less com-
pounds at higher doses. In both studies induction was mea-
sured after exposure to PCB 77, 114, and 126. In
contradiction with Zeiger et al. (2001) we found induction
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sented as the mean of three independent measurements. The SD is not
shown as it interferes with the reading of the marker spots. However,
SD is < 5% for all data points. Abbreviations: BNF f-naphthoflavone;
DHE dehydroergotamine mesylate; 3MC 3-methylcholanthrene;
TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin

by PCB 123 and 167. The results suggest that the rat cell
line H4IIE is more sensitive to detect CYP1A inducers than
the HepG?2 cell line.

The high sensitivity of rat for CYP1A inducers was also
reported by Silkworth et al. (2005), who found CYP1A
induction at much lower concentrations after exposure to
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Fig.2 CYPIA1 and 1A2 competition in supersomes from human and
rat by benzo[a]pyrene (B/a]P), ellipticine, furafylline, indigo, indiru-
bin, ketoconazole, nitrofurantoin, and 4-nitrosoquinolineoxide-1-ox-
ide (4-NQO). The activity of the 0.1% DMSO control was set at 100%.

PCB 126 and Aroclor 1254 in rat than human cells. A study
by Aluru etal. (2005) also revealed species differences.
While in humans «-naphthoflavone (ANF) is an AhR antag-
onist in rainbow trout hepatocytes it was a partial agonist.

Although mono-ortho PCBs such as PCB 114, PCB 126,
and PCB 167 are considered as weak AhR agonists (Peters
etal. 2006), they showed a high potency in the present
study. Peters et al. (2006) showed that after purification of
mono-ortho PCBs with active charcoal, mono-ortho, PCBs
show only a low potency in an AhR-EGFP reporter assay in
mouse Hepalclc7 and rat H4IIE cells. The purity of the
PCBs in the present study was 99%. Therefore we do not
expect large effects of impurities on CYP1A induction,
however we cannot rule out that contaminations with AhR
agonists of high activity had an effect on the activity.

The importance of deselecting CYPIA inducers was
stressed by Org D. This rat specific CYP1A inducer caused
non-genotoxic carcinogenicity in in vivo rat studies
(unpublished in-house data).

We observed that Org A and B were HepG2 specific
CYP1A inducers and Org C was much more potent in the
HepG?2 cell line. Menadione was also active in HepG2 cells
and not in H4IIE cells. Apparently there are CYP1A induc-
ers that are more potent in humans than rats. In line with
this, in human, but not in mouse and in rat, the anti-ulcer
drug omeprazole has been reported to induce CYP1A2
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Results are presented as the mean of three independent measurements.
The SD is not shown as it interferes with the reading of the marker
spots. However, SD is < 5% for all data points. Abbreviations: Bfa]P
benzo[a]pyrene; 4-NQO 4-nitrosoquinolineoxide-1-oxide

(Diaz etal. 1990; Lu and Li 2001; Roymans et al. 2005).
Overall these observations make screening in cell lines
from both rat and human a useful strategy.

Recently Sonneveld et al. (2007) showed that glucocorti-
coids enhance the induction of CYP1A1 and other AhR tar-
get genes in rat H41IE cells but not in human cells. In the
present study we did not observe an effect of dexametha-
sone in H4IIE cells also not when charcoal treated serum
was used (data not shown).

There are also other methods available for screening
CYPI1A inducers and/or AhR activators. Two often used
methods are the CALUX bioassay (Murk et al. 1996) and
the use of 101L cells (Postlind et al. 1993). In the CALUX
bioassay rat H4IIE and mouse Hepalclc7 cells containing
a luciferase gene under control of dioxin responsive ele-
ments are used. A disadvantage of this assay is that rodent
cells are used which not always reflect effects in humans.
The 101L cell line is a stable cell line derived from HepG2
cells which contain a human CYP1A1 luciferase reporter.
An advantage of this system might be that substrate inhibi-
tion of CYP1A1 does not play a role. However, in our assay
we included a washing step after compound incubation
which reduced substrate inhibition of CEC.

Ellipticine showed CYP1A induction in the H4IIE cell
line. In HepG?2 cells induction was just below two fold and
directly after the increase in activity the signal dropped
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Table 3 Compounds that show CYP1A1l and 1A2 competition in human and rat supersomes

No. Compound Human Rat

CYP1A1 inhibition CYP1A?2 inhibition CYP1A1 inhibition CYP1A2 inhibition

EFF (%) IC50 (M) EFF (%) IC50 (M) EFF (%) IC50 (M) EFF (%) IC50 (M)
| «-Naphthoflavone 11 34T X 107 0 243x10° 4 100X 107 g 3.60E-06
2 2-Amino-quinoline 67 575 x 10~5 95 2.64 x 1076 53 4.71 x 10~5 56 3.11E-04
3 B[a]P 33 >1.00 x 107* 61 1.50 x 1076 23 >1.00 x 107* 51 230 x 1075
4 BNF 91 2.01 x 1075 83 8.07 x 1077 11 >1.00 x 107* 108 3.80E-06
5 Chlorpromazine HCI 74 1.81 x 1075 72 8.56 x 1076 98 2.50 x 1076 31 >1.00 x 107*
6 Cisplatin 72 3.02 x 1075 82 1.29 x 1075 43 >1.00 x 107* 93 1.96 x 1075
7 Clozapine -3 >1.00 x 107* 52 1.00 x 1074 107 1.88 x 106 47 1.15E-04
8 Dantrolene sodium 91 134 x 10~ 60 7.74 x 1075 75 3.00 x 105 39 >1.00 x 1074
9 DETC 37 >1.00 x 107* 71 573 x 1075 12 >1.00 x 107* 87 3.00 x 1075
10 DHE 66 425 x 1075 —6 >1.00 x 107% 19 >1.00 x 107* =29 >1.00 x 107
11 2,7-Dinitrofluorene 64 6.61 x 10~5 86 3.85 x 10”7 53 275 x 1075 61 2.62 x 1075
12 DNP 69 8.01x 10°¢ 81 420 x 10°¢ 49 227 x 1075 51 5.82 x 1075
13 Dopamine HCI 84 3.13 x 1075 8 >1.00 x 1074 27 >1.00 x 107* 2 >1.00 x 107*
14 Doxorubicin 73 3.80 x 10~5 67 429 x 1075 90 6.16 x 10~ 69 4.89 x 10~5
15  Ellipticine 87 1.08 x 10~¢ 98 471 x 1078 104 142 x10°¢ 100 3.23 x 1077
16  Estradiol-178 73 275 x 1075 30 >1.00 x 104 4 >1.00 x 107* -2 >1.00 x 107*
17 Ethacrinic acid 14 >1.00 x 107% 20 >1.00 x 10°* 53 7.01 x 10~5 9 >1.00 x 10~
18 Flutamide 30 >1.00 x 107* 71 897 x 1076  —16 >1.00 x 104 9 >1.00 x 10~
19  Furafylline 43 >1.00 x 107* 100 8.01 x 1077 77 3.01 x 1075 56 3.68 x 1075
20  Hexachlorobutadiene 83 1.75 x 1076 5 >1.00 x 10~* 59 1.89 x 10~5 5 >1.00 x 10~*
21 Hydralazine HC! 69 5.99 x 10~ 58 3.35 x 1075 66 5.80 x 1078 55 3.05 x 1075
22 4-Hydroxytamoxifen 81 33dx 1075  —14 >1.00x 107* 6 >1.00 x 107 17 >1.00 x 107*
23 Indigo 71 2.83 x 1075 43 >1.00 x 1074 53 7.00 x 1075 36 >1.00 x 107*
24 Indirubin 65 8.90 x 1079 11 >1.00 x 1074 99 3.53 x 106 46 >1.00 x 107*
25  Isoprenaline HCI 10 >1.00 x 107* 64 9.43 x 1075 7 >1.00 x 107* 14 >1.00 x 107*
26  Ketoconazole 100 200x 1077 45 >1.00 x 107* 100 3.00 x 10~  —14 >1.00 x 107
27  L-DOPA 18 >1.00 x 107%  —62 >1.00 x 107* 56 131 x 1074 112 1.14 x 1075
28  Melphalan 66 4.68 x 10~5 53 741 x 105 63 6.84 x 105 59 7.51 x 1075
29  Menadione 85 1.02 x 10~° 102 243 x 1077 80 1.52 x 1075 93 2.88 x 1077
30  Methotrexate 18 >1.00 x 107% 88 2.70 x 10~5 4 >1.00 x 107% 28 >1.00 x 10~*
31  3-Methylcholanthrene 25 >1.00x 107* 74 4.79 x 1076 8 >1.00 x 107¢ 57 110 x 1075
32  7a-Methyltestosterone 64 547 x 1075 6 >1.00 x 107 116 1.74 x 1077 10 >1.00 x 107*
33 Nitrofurantoin 103 1.11 x 1075 84 2.01 x 1075 55 3.48 x 104 2 >1.00 x 107*
34  Nitropyrene 83 1.63 x 10°¢ 92 1.00 x 1077 99 3.58 x 1077 108 1.00 x 1077
35  4-NQO 41 >1.00 x 107* 86 241 x 1073 19 >1.00 x 107* 27 >1.00 x 1074
36  Noscapine HCI 65 4.04 x 1075 1 >1.00 x 107* 12 >1.00 x 1074 5 >1.00 x 107*
37  Orphenadrine citrate 33 >1.00 x 107% 40 >1.00 x 1074 15 >1.00 x 107* 53 1.03 x 1074
38 Papaverine 92 9.15 x 106 71 3.06 x 10~5 38 >1.00 x 107 18 >1.00 x 1074
39  PCB 105 11 >1.00 x 107* 42 7.59 x 10”5 57 5.18 x 10~° 22 >1.00 x 107*
40 PCB114 -8 >1.00 x 107* 69 221 x 1075 95 1.19 x 10~5 34 >1.00 x 10~*
41 PCB118 22 >1.00 x 107* 54 2.54 x 10~5 86 2.96 x 1076 24 >1.00 x 10~*
42 PCB123 13 >1.00 x 107™* 54 3.60 x 10~5 5 >1.00 x 107* 8 >1.00 x 10~
43  PCB 156 11 >1.00x 107* 39 >1.00 x 107 101 6.42 x 1075 5 >1.00 x 107*
44  PCB 167 28 >1.00 x 107* 53 322 x10°° 72 432 x 1075 45 >1.00 x 107
45 Paracetamol 5 >1.00 x 107% —4 >1.00 x 10~* 62 132 x 1074 57 510 x 10~°
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Table 3 continued

No. Compound Human Rat

CYP1AL1 inhibition CYP1A2 inhibition CYP1ALl inhibition CYP1A2 inhibition

EFF (%) 1C50 (M) EFF (%) IC50 (M) EFF (%) IC50 (M) EFF (%) IC50 (M)
46  Perhexiline 49 >1.00 x 107* 65 639 %1075 22 >1.00 x 107* 16 >1.00 x 1074
47 Perphenazine 101 4,52 x 1076 1 >1.00 x 107* 82 1.02 x 1075 1 >1.00 x 1074
48  Quinidine 76 1.87 x 10°5 =2 >1.00 x 1074 27 >1.00 x 107 30 >1.00 x 10~
49  Quinidine sulfate 89 1.10 x 10°5 24 >1.00 x 107* 20 >1.00x 107 5 >1.00 x 107*
50  Raloxifen 100 3.80 x 1076 43 >1.00 x 107* 80 1.56 x 105 23 >1.00 x 107*
51  Reserpine 59 1.73 x 10~5 47 >1.00 x 107% 23 >1.00 x 1074 =5 >1.00 x 107*
52 Rifampicin 74 2.08 x 1075 90 6.22 x 10~9 60 4,18 x 105 58 4.68 x 1075
53 RU 58668 102 570 x 105 2 >1.00 x 107*  —15 >1.00 x 107* 39 >1.00 x 107*
54 Tacrine 115 632x 1077 108 779 x 1077 131 2.01 x 1076 50 1.30E-04
55  Testosterone 64 747 x 1075 —6 >1.00 x 107* 45 240 x 1074 -4 >1.00 x 107*
56  Tolcapone 91 2.53 x 1075 92 915 x 1075 110 217 x 1075 92 2.11 x 1075

The efficacy (EFF) and IC50 values are shown. Values are marked in bold when EFF > 50% (P < 0.05)
Bla]P benzo[alpyrene; BNF f3-naphthoflavone; DETC diethyldithio-carbamic acid; DNP 2,4-dinitrophenol; 3MC 3-methylcholanthrene; 4-NQO

4-nitrosoquinolineoxide- 1-oxide

Fig. 3 Comparison of the IC50
values of human versus rat for
CYP1AI and 1A2 competition.
The numbers represent the com-
pounds in Table 3. The solid line
is the line of identity (x = y)
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sharply again. The problem with the detection of ellipticine
in the HepG2 cell line was cytotoxicity. At the concentra-
tion where this compound starts to activate the AhR it
shows also a strong cytotoxic effect (Schoonen et al. 2005a,
b). All other compounds in the present study were tested for
cytotoxicity by using the glutathione depletion and calcein-
AM assay (Schoonen etal. 2005a, b). These results
revealed (data not shown) that compounds not showing
CYP1A induction in HepG2 cells but showing CYPIA
induction in H4IIE cells were not missed in HepG2 cells
because of cytotoxicity.

CYP1A induction can easily be used in the early devel-
opmental phase to detect compounds that might show
dioxin-like toxicity. However, care should be taken to dese-
lect such compounds directly as CYP1A activation does not
necessarily mean dioxin-like toxicity. There are for exam-
ple marketed therapeutics like omeprazole, leflunomide,
flutamide, and nimodipine which are safely used but have
been proven to be AhR agonists (Hu et al. 2007). Further-
more, AhR agonists like indirubin and meisoindigo have
been shown to be effective in the treatment of chronic mye-
logenous leukemia (Xiao et al. 2002). Hu et al. (2007) also
demonstrated that induction of CYP1A1 is a non-specific
marker of direct AhR affinity. In the present study we mea-
sured CYP1A induction and not AhR activation. Therefore
also compounds are detected that alter the CYPIA expres-
sion by pathways in addition to those mediated by the AhR.
Induction of CYPIA has been reported after oxidative
stress (Delescluse et al. 2001; Hazinski et al. 1995). These
compounds do not have the side effects reported for some
AhR activators, however, an adverse side effect of these
compounds might be the effect of increased CYP1A activ-
ity on the efficacy of the compound itself or the induction
might result in drug—drug interactions.

The potentially toxic effect of CYP1A inducers can be
confirmed by using in vitro or in vivo transcriptional profil-
ing. By studying the change of a broad set of genes dioxin-
like toxicity might be predicted more precisely. Conse-
quently a compound might be deselected or selected.

Thus summarized, CYP1A induction can be used as a
prescreening tool to detect compounds that might show
dioxin-like toxicity. However, further studies are needed to
confirm this dioxin-like toxicity. When during drug devel-
opment equally potent compounds without CYP1A induc-
tion are available, selection of these compounds might be
preferred to avoid possible safety problems.

Besides species differences between CYP1A1 induction,
species differences between the AhR receptor of human and
rat could lead to differentially regulated gene expression.
Recently it has been shown by Flaveny et al. (2008) that
differences between the transactivation domains of the
human and mouse AhR results in differential recruitment of
co-activators. It is likely that this leads to a divergent regu-

lation of target genes. Differences in the recruitment of co-
activators between the human and rat AhR receptor have
not been studied yet, however, similar differences as found
between human and mouse might exist.

CYP1A1 and 1A2 competition assays were performed
by using human and rat supersomes. The same set of com-
pounds with exception of four in-house NCEs was tested.
Like for induction species differences were observed. Of
the 115 compounds 46 showed CYP1Al competition.
Competition was human and rat specific for 12 and 10 com-
pounds, respectively. CYP1A2 competition was observed
for 37 compounds of which 14 and 3 compounds showed
human and rat specific inhibition, respectively. The similar-
ity between the amino acid sequence of human and rat
CYPI1A1 is 79%, and of human and rat CYP1A2 73%. The
difference in amino acid sequences might account for the
differences in competition. Other studies also reported spe-
cies differences between CYP1A metabolism in humans
and rats. Shinkyo et al. (2003) studied the metabolism of
TCDD and other polychlorinated dibenzo-p-dioxins in
human and rat microsomes and found significant species
differences. Bogaards etal. (2000) compared the CYP
activities towards marker CYP substrates for human, rat,
rabbit, dog, and micropig microsomes. They found that in
none of the tested species metabolism was similar to CYP
metabolism in man. With respect to CYP1A human metab-
olism was most similar to mouse, followed by rabbit,
micropig, rat and dog.

In summary, we used a medium/high-throughput assay
in a 96 well format for detecting CYP1A inducers in the
human HepG2 and rat H4IIE cell line. Moreover, CYP1A1
and 1A2 competition assays were performed by using
human and rat supersomes in a 384 well high throughput
assay. The induction and competition assays revealed for
several compounds a real species difference between
human and rat. Therefore, parallel screening in both species
might be a very useful strategy.
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