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PREFACE

There is an increasing need for accurate information on the health effects of pollutants. In keeping with that
need, the Agency for Toxic Substances and Disease Registry of the U.S. Public Health Service and the National
Institute of Environmental Health Sciences asked the National Research Council to examine the potential for use
of biologic markers in environmental health research. The term biologic markers has been used by the National
Research Council's Committee on Biological Markers to refer to indicators of toxicologic events in biologic
systems or samples.

The Committee on Biological Markers was organized to consider which uses of biologic markers offered
the greatest potential for major contributions. Four biologic systems were chosen: the reproductive system, the
respiratory system, the immune system, and the urinary system. This report is the product of the Subcommittee
on Biologic Markers in Urinary Toxicology, which comprised scientists with backgrounds in and knowledge of
nephrology, urology, pathology, renal toxicology and metabolism, pharmacokinetics, immunology, risk
assessment, pharmacology, renal physiology, and other disciplines. The subcommittee reviewed research on
known biologic markers and identified and evaluated promising new technologies to find markers, important
research opportunities in the field, and subjects in which interdisciplinary research is needed.

During the subcommittee's deliberations, several scientists were asked to provide information. The
subcommittee especially wishes to recognize the contributions of Lawrence Lash, Wayne State University, and
Robert Safirstein, University of Texas-Galveston.

This report could not have been produced without the efforts of the National Research Council staff,
especially J. David Sandler, project director, and Linda V. Leonard, senior project assistant; Norman Grossblatt,
editor, Carol Maczka, program director; Gail Charnley, acting program director (through September 1994);
Robert P. Beliles and Joyce Walz (the project director and assistant during the early months of the project); and
James J. Reisa, director of BEST.

WILLIAM F. FINN, M.D., CHAIRMAN
SUBCOMMITTEE ON BIOLOGIC MARKERS IN URINARY TOXICOLOGY
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EXECUTIVE SUMMARY

Diseases of the kidney, bladder, and prostate exact an enormous human and economic toll on the population
of the United States. According to the 1993 Annual Data Report from the U.S. Renal Data System, in the United
States, some 165,000 people with irreversible renal failure received renal-replacement therapy for end-stage
renal disease (ESRD) in 1990 with the aid of chronic dialysis therapy, and 9,800 renal-transplant procedures
were performed in the same year. The federal government spent $5.22 billion in 1990 to provide maintenance
dialysis, kidney transplantation, and all other health services to ESRD patients. With regard to cancer, the figures
are equally striking. In 1989, 47,000 new bladder-cancer cases and 10,000 bladder-cancer deaths were reported.
About 18,000-20,000 new cases of cancer of the kidney are diagnosed each year in the United States, and they
result in 8,000 fatalities a year. Prostatic cancer, the most frequent cancer in men in the United States, resulted in
about 36,000 deaths in 1992 and carries with it an annual cost for diagnosis and care of more than $1 billion.

With the sponsorship of the Agency for Toxic Substances and Disease Registry (ATSDR) and the National
Institute of Environmental Health Sciences (NIEHS), the National Research Council formed the Subcommittee
on Biologic Markers in Urinary Toxicology of the Committee on Biological Markers to undertake a study of
biologic markers in the urinary tract. Previous subcommittees of the Committee on Biological Markers have
published separate volumes on reproductive and developmental toxicology, pulmonary toxicology, and
immunotoxicology. The Subcommittee on Biologic Markers in Urinary Toxicology, which prepared this report,
comprised scientists with diverse backgrounds in and knowledge of nephrology, urology, pathology, renal
toxicology and metabolism, pharmacokinetics, immunology, risk assessment, pharmacology, renal physiology,
and other disciplines.

In response to the charge to the subcommittee, this report discusses currently
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known genitourinary tract biologic markers, emphasizes the need to identify and evaluate promising technologies
to find new markers, and identifies important research opportunities. The report discusses the structure and
function of the urinary tract, toxic effects associated with the urinary tract, and their risk factors. Relationships
between exposure, susceptibility, and the associated markers are described, and the usefulness of markers in
monitoring urinary diseases is discussed. The report presents a rationale, based on epidemiologic studies, for the
use of biologic markers in the protection of human health and the extrapolation of data from animals to humans.
Currently available biologic markers in the genitourinary tract are discussed throughout the report and
summarized in Chapter 4, although exhaustive descriptions of these are readily available elsewhere.

Several characteristics of the normal genitourinary tract increase the risk of damage by toxic chemicals. For
example, the total amount of noxious substances delivered to the kidneys can be high, owing to the large amount
of blood flowing to them. Furthermore, the capacity of the kidneys to concentrate substances by processes of
filtration, reabsorption, and secretion can increase the toxicity of agents that would otherwise not lead to tissue
damage. This is particularly important in the bladder, which is routinely exposed to concentrated toxicants. Also
important are the mechanisms of biotransformation by which the kidney and bladder epithelium can metabolize
xenobiotics and produce substances that might be more toxic than the parent substance.

Biologic markers can be useful in confirming toxic exposures (i.e., biologic markers of exposure),
estimating their results (i.e., biologic markers of effect), and identifying persons most likely to be adversely
affected if exposures continue (i.e., biologic markers of susceptibility).

Markers of exposure. A biologic marker of exposure is a xenobiotic chemical or its metabolite or a product
of interaction between the chemical and some target cell. Markers of exposure most commonly used are the
concentrations of such materials in urine, blood, or other body tissue, including hair and nails. Markers of
exposure alone give no indication whether an exposure has produced a biologically significant result. The same
dose in persons who are susceptible and resistant to a given xenobiotic can have different results. Urine is one
source of markers of exposure. High exposures to a toxic substance can result in increased concentrations of the
substance or its metabolites in urine. When sufficient pharmacokinetic information is available, urinary markers
of exposure can be used to estimate the total exposure of a person to a substance.

Markers of effect. A marker of effect is a measurable cellular, physiologic, or biochemical alteration within
an organism caused by interaction with a toxicant. Markers of adverse effect can be biochemical or cellular
signals of tissue
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dysfunction, increased enzyme activity, the appearance of excessive waste products in the urine or other
sampling media, and physiologic signs of abnormal function, such as increased blood pressure or blood in the
urine. The effects themselves might not be directly adverse, but rather might indicate a potential for health
impairment (e.g., DNA adducts). Biologic markers of effect include changes in the components of urine itself
(such as an increase in urinary protein excretion or cellularity) and changes in the volume or composition of
other body fluids caused by kidney dysfunction. With impaired renal function, excretion products such as
creatinine and urea can accumulate in the blood. Increased blood concentrations of these products can be
markers of renal damage, although they are not particularly useful as markers except in cases of severe damage.
Other markers of renal toxicity can be present in urine because of altered renal function or damage to the kidney.
Many of these can be detected in examination of the urine, including color, volume, pH, specific gravity,
albumin, electrolytes, enzymes, and elements in the urinary sediment. Markers that could show up there include
white and red blood cells, kidney epithelial cells, casts, and crystals.

Markers of susceptibility. A marker of susceptibility is an indicator of an inherited or acquired limitation of
an organism's ability to resist the adverse effects of exposure to a xenobiotic substance. A biologic marker of
susceptibility can be a genetic characteristic or a pre-existing disease that results in an increase in the amount of
a toxicant absorbed, an alteration in its metabolism, or an increase in the target-tissue response. It can be difficult
to distinguish between susceptible and nonsusceptible persons, either because of multiple interactive influences
and genetic polymorphisms or because of difficulties in measuring markers of susceptibility. Potential sources of
normal variability in markers of susceptibility can be the result of concurrent disease or genetic, environmental,
or bio-rhythmic influences other than the specified toxicologic events that are the object of study. Such
influences can cause differences between populations, differences between individuals, and differences within
individuals over time. Decreased detoxification and excretory function are often important factors in
susceptibility. Thus, elderly persons with declining organ function and young persons with immature and
developing organs are likely to be more vulnerable to toxic substances than healthy adults.

EFFECTS OF TOXIC EXPOSURE OF THE URINARY TRACT

Advances in understanding and using biologic markers should assist in identifying xenobiotics that are toxic
to the urinary tract. The functional role of the urinary tract, including clearance of toxic substances from the
blood, predisposes it to xenobiotic exposure and toxicity. Historically, identification of the type and amount of
xenobiotic exposure
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has been difficult, frequently because of the interval between exposure and the onset of disease. Blacks and other
minority groups, for reasons that are not entirely apparent, are at higher risk of disease.

In diseases such as bladder cancer, xenobiotics associated with particular occupations are strongly
implicated, and their mutagenic effects may be important. However, in kidney cancer and other renal diseases, a
number of host factors, as well as the typically low levels of exposure to multiple xenobiotics and such
confounding variables as smoking and genetic susceptibility, often mask the epidemiologic importance of
individual xenobiotics. A powerful approach toward unraveling the complexities of xenobiotic exposure is to
integrate biologic markers of susceptibility with biologic markers of effect.

Some xenobiotics are known to cause acute renal failure. Heavy metals and organic solvents stand out in
this regard. There are several well-established associations between xenobiotic exposure and the development of
chronic renal failure, as exemplified by exposures to lead and cadmium. The association of bladder cancer and
occupational exposure to aniline dyes serves as a paradigm for the potential adverse health effects of xenobiotics.

Environmental agents have also been implicated in the development of neoplasms in the kidney. Some of
these can be facilitated by acquired or inherited genetic defects. The association of xenobiotic exposure and
cancer of the prostate and interstitial cystitis is less certain but merits attention.

BIOLOGIC MARKERS OF SUSCEPTIBILITY AND EXPOSURE

For diseases of the urinary tract, the most efficient program for determining the importance of occupational
and environmental toxicants and carcinogens requires the identification of susceptible populations and the
correlation of disease processes with the magnitudes and durations of exposure to the agents. Various factors
modify human susceptibility to the effects of occupational and environmental nephrotoxicants and carcinogens.

Although much of the information on nephrotoxic chronic renal failure is circumstantial and comes from
epidemiologic surveys that started with ESRD patients, for some agents the evidence is substantial. The most
obvious group at risk consists of persons exposed to known or suspected nephrotoxicants in the workplace. Also
at risk are people who live in regions of documented contamination. The possible link between a family history
of renal disease and the development of renal failure might be an inherited susceptibility or a common
geographic exposure. Altered nutrition and some coexisting diseases, including addictive behavior, are additional
characteristics that indicate increased risk associated with nephrotoxicants.

Gender, race, and socioeconomic status provide tantalizing clues for understanding risk, but much more
information needs to be collected than is currently available. Targeting populations at risk for future evaluation
and follow-up is the most efficient strategy for the identification of patients early in the
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course of their toxic injury, this strategy might make it possible to introduce protective measures to reduce the
progression of renal disease and to decrease the rate of entry of patients into ESRD programs.

Susceptibility factors for cancer can be either hereditary or acquired. For example, various hereditary
conditions are associated with the development of progressive renal disease. Moreover, specific genetic
conditions that predispose people to develop disease, such as the absence of a tumor-suppressor gene, have been
identified. People who inherit one defective copy of a tumor-suppressor gene are at much greater risk for cancer
than those people who have two intact copies. Likewise, individual variations in the metabolic pathways play a
large role in susceptibility to both urogenital cancer and nephrotoxicity.

The identification of specific markers of susceptibility and exposure is a daunting task. The susceptible
individual might be characterized by specific genotypic or phenotypic markers. Identifying these markers is
likely to require a more complete understanding of the biochemical and physiologic properties of the kidney and
lower urinary tract, as well as better insight into factors that control the linkages between cell growth,
differentiation, proliferation, and malignant transformation. Consequently, these issues are addressed in detail in
this report. The goal of identifying these markers is not to separate one population from another, but rather to
identify exposures that can be tolerated by all.

BIOLOGIC MARKERS OF EFFECT

The ideal cytologic marker of nephrotoxicity would represent a nonspecific, if not universal, cellular
response to injury. Such a marker should be produced in the kidney and secreted into urine in a readily detectable
form. Substantial changes in urinary concentration of the marker should correlate well with pathophysiologic or
histopathologic manifestations of kidney injury. The marker should be expressed soon after injury is sustained.
Persistence of marker expression would increase its clinical value. The marker should be relatively easy to
measure. It should be stable in storage, resistant to degradation, and unambiguously identifiable. In the search for
suitable markers, more emphasis should be placed on the response to injury of tubules and interstitium, because
these compartments appear to be the major sites of susceptibility to toxic injury. Finally, extensive use must be
made of appropriate animal models to evaluate potential markers, because complex responses of intact
organisms (vis-a-vis isolated systems) can influence response to injury, inflammation, and repair in vivo.

Several markers that fulfill many of the above criteria have already been identified. Urinalysis and clearance
measurements will continue to provide important functional markers of renal injury. Of particular use in that
regard would be a nonisotopic technique for analyzing iodothalamate or chromium ethylenediaminetetraacetic
acid (Cr-EDTA), both markers of glomerular filtration rate.
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There is no ''ideal'' marker, i.e., a single marker able to provide all the information necessary to identify
people at risk. The main priority for research should be the identification of strong markers that define
preclinical, potentially dangerous disease. Addressing disease at this point minimizes costs, morbidity, and
mortality and is now possible because of the availability of biologic markers.

BIOLOGIC MARKERS IN EXTRAPOLATION

Extrapolation from animal models is a common and necessary component of risk assessment for humans.
To improve the validity of such extrapolations, a better understanding of the relationship between these markers
and disease is needed. In most cases, the scientific basis for assuming that animals are good surrogates for
humans, and therefore a suitable basis for extrapolation to humans, is overwhelming. It is reasonable to use
animal models for extrapolation to humans unless specific information on specific chemicals indicates otherwise.
Identification of chemical hazards should include assimilation and evaluation of all relevant information,
including appraisal of physical and chemical properties and structure-activity relationships, which often can
provide important indications of potential toxicity. Difficulties in diagnosing renal injury and predicting its
health consequences are considerable, primarily because the kidneys can undergo substantial chemically induced
injury without any clinical manifestation, and subtle injury can be negligible because of the considerable
functional reserve of the kidneys. Standard diagnostic criteria are needed that are sensitive enough to serve as
markers of renal damage in the presence of renal functional reserve.

Only whole-animal studies or observations in humans can provide information on the operation of multiple
cells, tissues, and organs under the influence of complicated feedback mechanisms. Animals are necessary in the
study of chemically induced toxicity, because studies that involve modulation of cellular responses and tissue-
sampling cannot be appropriately performed in humans.

The first stage of any investigation of nephrotoxicity of a xenobiotic should be in vivo studies. In the
absence of any knowledge about potential toxicity and target-organ specificity, the first step should be to
determine whether toxicity occurs and the tissue distribution of the toxic response. More detailed studies, both in
vivo and in a variety of in vitro models, can then be pursued to elucidate modes of chemical action, specific
mechanisms of toxicity, and potential protective or preventive strategies.

A variety of experimental model systems are available for study of renal metabolism, function, and
nephrotoxicity. Such systems range from whole-animal studies to those in the isolated perfused kidney, kidney
slices, isolated nephron segments, isolated tubule fragments, and isolated renal cells. Each model has advantages
and limitations that must be taken into account when developing conclusions and extrapolating animal data to
human risk assessment. In vitro

EXECUTIVE SUMMARY 6

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 re
co

m
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 th

e 
or

ig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 th

e 
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, 

he
ad

in
g 

st
yl

es
, a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e 
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Biologic Markers in Urinary Toxicology 
http://www.nap.edu/catalog/4847.html

http://www.nap.edu/catalog/4847.html


models of nonrenal urinary tract epithelia have also been developed and applied primarily to examination of
carcinogenesis. Development of markers of exposure and susceptibility has not been addressed directly with
such nonrenal models and should be pursued for better extrapolation of data for risk assessment.

The importance of enzymatic activation of toxic chemicals is central to an understanding of chemically
induced renal injury. Species and strain differences in amounts and tissue distribution of various enzymes can be
critical in determining the ultimate toxic response. Consequently, patterns observed and conclusions reached in
one species might not apply to another species. The sub-committee recommends that species and strain
differences in disposition and metabolism be evaluated for each chemical or class of chemicals. For assessing
risk, any experimental model should account for individual variability in response and in health and
environmental status. Differences in those factors will alter susceptibility to potentially toxic chemicals.

NEW TECHNOLOGIES

Two branches of study are central to the development of new markers: research into the mechanisms of cell
growth, regeneration, and proliferation; and further study of the metabolic capacities of the kidney. Two
categories of dispute are acknowledged: the problems that can emerge from the too-rapid and widespread use of
a single marker for a specific disease, as typified by the introduction of the test for prostate-specific antigen
(PSA) for the detection of prostatic cancer; and the problems associated with extrapolation from animal studies
to human conditions, as illustrated by the importance of urinary excretion of alpha2u-globulin.

Cell repair can occur in response to cell injury. Thus, markers of cell growth, regeneration, and proliferation
can indicate injury and can be particularly useful when an injury is difficult to detect. In this circumstance,
markers of repair might be the only indication that injury has occurred. This class of markers is not fully
developed and holds promise as a new generation of markers.

Changes in metabolic pathways can also occur in response to cell injury. Thus, biochemical markers
associated with these pathways can be of value in detecting nephrotoxicity and carcinogenesis. Like markers of
cell growth, regeneration, and proliferation, this class of markers is not fully developed and holds substantial
promise.

Improved understanding of the mechanisms of cell growth and metabolism will enable further definition of
the steps in the initiation and progression of various urinary tract cancers. It is anticipated that parallels will
emerge that will yield insight into the progression of parenchymal renal disease.

The technology that is likely to yield new markers is complex. Equally complex is the identification of
susceptible populations with the appropriate clinical assessment of exposure and effect. The use of biologic
markers is essential in the examination of xenobiotic-induced diseases and other diseases of the human kidney,
bladder, and prostate. Comprehending
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the sequences of events is an iterative process that involves a complex data set derived from scientific advances
in molecular biology, epidemiology, pathology, biochemistry, and clinical medicine. Assembly of those data into
an organized framework will be a major step toward improving risk assessment and should be a long-term
objective.

In an increasingly complex technical and industrial society, exposure to xenobiotics is unavoidable. Health
hazards are undeniably associated with such exposure, and they should be monitored to prevent or modify
disease. Some forms of parenchymal renal disease and cancer of the kidney and bladder are among the
conditions associated with xenobiotic exposure. The development of reliable markers of susceptibility, exposure,
and effect is among the first steps to be taken toward prevention of diseases of the kidney, bladder, and prostate.
Indeed, the advent of new technologies in molecular biology and sophisticated understanding of metabolic
pathways holds promise that markers can be developed and prevention of the diseases achieved. Classical
approaches to the study of nephrotoxicants and carcinogens should not be disregarded, however; for example,
the utility of animal studies in the study of xenobiotics has been emphasized in this report.

THE SUBCOMMITTEE'S RECOMMENDATIONS

The subcommittee's recommendations follow the contents of this report: General (toxic exposure to the
urinary tract overall—kidney, bladder, and prostate); Biologic Markers of Exposure and Susceptibility; Biologic 
Markers of Effect; Biologic Markers in Extrapolation; and New Technologies.

General

The Kidney

•   For patients entering programs for treatment of end-stage renal disease (ESRD), details of occupational
history or other factors that would show the impact of patients' environments on their condition should be
obtained. As a first step, available information in relevant databases should be examined. Studies should be
undertaken to determine whether the higher incidences of ESRD among minority groups and the
economically disadvantaged are related to occupational or environmental exposure to nephrotoxicants.
Epidemiologic studies need to focus on the various populations at risk; this focus should include not only the
identification of the populations but their continued monitoring.

•   Studies should be performed to determine whether an association between anatomic or physiologic
differences of the kidney at birth and a later response to environmental or occupational nephrotoxicants
leads to susceptibility to disease or to progression once disease occurs.

•   Data should be collected on the incidence of renal abnormalities among recreational-drug users to determine
the influence of those substances on the rate
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of progression of renal disease due to other causes.
•   Basic studies are needed to determine the effects of occupational and environmental toxicants on specific

segments of the kidney. These effects should be correlated with biochemical and anatomic changes.

The Bladder

•   Human bladder cancer induced by xenobiotic exposure in worker cohorts should be investigated to develop
strategies of individual risk assessment, to formulate programs for prevention, and to evaluate new forms of
therapy. Strategies of individual risk assessment need to be developed as the cornerstone of prevention.
Once cohorts of at-risk persons are identified, they should be enrolled in long-term monitoring studies to
assess the efficacy of prevention and treatment strategies.

•   Further research on the direct effect of xenobiotics on the bladder and the interactions of xenobiotics with
the protective mechanisms of the bladder is very likely to uncover additional evidence that the bladder is a
target organ. Markers associated with susceptibility should be identified to define the higher relative risk of
disease in an exposed subset of the population.

The Prostate

•   Options for improving the efficacy of screening procedures should be studied. Tests with lower false-
positive rates should be developed, as should tests able to detect premalignant changes and to separate
quiescent from biologically active disease.

Biologic Markers of Exposure and Susceptibility

•   Populations at risk of identifiable renal insults and carcinogenesis should be defined. Markers of human
exposure and susceptibility should be sensitive (i.e., detectable before injury occurs), noninvasive, and
chemically stable.

•   Genetic and nongenetic factors that modify susceptibility to occupational and environmental genitourinary
toxicants and carcinogens should be considered in the evaluation of individual susceptibility. These include
sex, race, nutrition, socioeconomic factors, age, coexisting chronic disease, and drug abuse.

•   Markers of exposure and susceptibility should be identified to determine the relationship between coincident
exposure to nephrotoxicants and development or progression of chronic renal disease. Particular attention
should be paid to the role of widespread and sometimes excessive use of analgesics, including nonsteroidal
anti-inflammatory drugs, in diseases of the urinary tract. Clinicians should be aware of the danger associated
with abuse of such agents and should query renal-disease patients about their use. In particular, patients with
established renal disease should be wary of exposure to these agents and other potential nephrotoxicants.
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Biologic Markers of Effect

•   A battery of relatively simple and noninvasive tests should be used as a first step in screening populations at
risk. On the basis of available information and technology, adequate initial screening results should be
obtained by testing for proteinuria with dipsticks and then measuring urinary concentrating ability and
serum creatinine and, for more sensitive measurements of tubular integrity, monitoring for an increase in
urinary enzyme or low-molecular-weight protein excretion. Application of those tests to a population
exposed, for instance, to diagnostic procedures or treatment with nephrotoxicants might identify early renal
damage with adequate sensitivity.

•   Several of the newer testing procedures hold promise of future usefulness and should be further investigated.
Among them are tests of urinary excretion of various growth factors, such as epidermal growth factor
(EGF), and other tubular enzymes, such as intestinal alkaline phosphatase (IAP); both reflect some
specificity of localization along the nephron and of cellular origin.

•   Molecular techniques have identified a variety of potentially useful markers of renal-cell injury. These
include the products of expression of some early genes and changes in the expression of renal cytokines,
growth factors, and growth-factor receptors. It is highly likely that studies of these and similar molecular
events will yield better markers of effect, and continued research in this area should be encouraged.

•   Understanding fundamental cellular and molecular mechanisms of growth control in human tissues
undergoing carcinogenesis (e.g., high-risk occupationally exposed populations or patients with premalignant
processes) should be emphasized, because it is highly likely that more specific markers of effect will be
identified and allow early intervention.

•   Markers that define preclinical disease should be identified. In addition, markers that detect xenobiotic-
induced mutational events should be identified.

Use of Biologic Markers in Extrapolation

•   Models for the identification and validation of markers should continue to be developed. The models must
have sufficient sensitivity to distinguish between normal and abnormal function and must correlate well with
known human toxicities. The models also must distinguish between functional alterations and pathologic
changes. To obtain those characteristics, it will be necessary to develop and apply new technologies. Issues
related to cost effectiveness should be considered.

•   Whole-animal studies should be used to establish target-organ specificity and to assess renal function in
relation to survival. Species, sex, and strain differences must be taken into account in selecting animal
models for particular uses.

•   In vitro methods should be used for mechanistic studies; the choice of
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models should depend on compatibility and validation with whole-animal studies.
•   Metabolic studies should be conducted to ascertain whether xenobiotics (or other agents) are biotransformed

to reactive and toxic species and to identify sites of transformation, including renal tissue and other tissue in
the urinary tract.

New Technologies

•   Research should continue toward better understanding of the mechanisms of cell injury, because they can
underlie the development of new markers. Emphasis should also be placed on understanding the
mechanisms of cell growth, regeneration, and proliferation. Insight into the factors that control the cell
cycle, regulate various growth factors, influence gene expression, and modulate nucleic acid synthesis might
be critical in the development of new classes of markers.

•   Research should continue toward better understanding of the metabolic pathways of the kidney in relation to
the effects of xenobiotics and susceptibility to them.

•   Attention should be directed toward a deeper understanding of the mechanisms by which proto-oncogenes,
tumor-suppressor genes, and epigenetic factors regulate the cell cycle and how damage to these mechanisms
is related to disease. Attention should also be directed toward the elucidation of metabolic pathways,
particularly as they are related to the production of toxic metabolites. Additional markers should be
identified that help to identify populations at risk and to study the mechanisms by which environmental and
occupational toxicants promote cancer.

•   Research on the relation of growth factors to the prostate requires rigorous experimental approaches and
designs and must consider multiple variables. Studies of biochemical changes in the areas next to a prostatic
tumor might be more informative than analysis of the cancer itself.

•   The general relationship between nephrotoxicity and renal carcinogenesis should be explored.
•   To achieve the desired goal of identifying more useful markers, cooperation between laboratory scientists,

epidemiologists, and clinical researchers should be encouraged. Assays, particularly those involving
enzymes or molecular probes, must be replicable in different laboratories.
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1

INTRODUCTION

At the request of several federal agencies, the Board on Environmental Studies and Toxicology in the
National Research Council's Commission on Life Sciences convened the Committee on Biological Markers to
examine the use of biologic markers in environmental health research. Biologic markers indicate events in
biologic systems and are variations in the number, structure, or function of cellular or biochemical components
of tissues and organs. Biologic markers afford a means to identify early stages of disease and to understand the
basic mechanisms of the biologic responses to substances found in the environment (Committee on Biological
Markers of the National Research Council, 1987). Four specific biologic systems were chosen for study: the
reproductive system (NRC, 1989a), the respiratory system (NRC, 1989b), the immune system (NRC, 1992), and
the urinary system. This is the report of the Subcommittee on Biologic Markers in Urinary Toxicology, which
considered the kidney, bladder, and prostate to be within the scope of its charge.

The kidney's main function is excretion of waste products in the urine, but it has other functions. It plays an
important role in homeostasis and is the predominant organ in the control of extracellular fluid volume and
electrolyte composition. The kidney also produces hormones, including erythropoietin, renin, 1,25-
dihydroxyvitamin D3, and several vasoactive prostanoids and kinins. The very processes by which the kidney
maintains internal homeostasis make it highly susceptible to toxic damage; that is, because of the mechanisms by
which large amounts of blood are filtered and waste products are concentrated within the kidney, its exposure to
some toxic material can exceed that of other organs. In addition, the kidney is metabolically active and has the
capacity to metabolize some materials to toxicants. The bladder is exposed to the waste products collected by the
kidney, which at times reach high concentrations in the urine. Depending on the frequency of voiding, the
bladder can have a longer exposure to toxic waste products than the kidney itself. Emptying
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of the bladder can be influenced by various diseases of the prostate. These organs can also be exposed to
bacterial and viral infectious processes that modify the normal milieu and act as confounding variables. All the
characteristics just enumerated help to explain why the urinary tract—in both laboratory animals and human
beings—is a site of xenobiotic-induced cancer.

BIOLOGIC MARKERS

Humans are often and unavoidably exposed to hazardous environmental chemicals. Biologic markers can be
useful in confirming such exposures, estimating their magnitude, and identifying persons adversely affected or
most likely to be adversely affected if exposures continue. Biologic markers are indicators of events or
conditions in biologic systems or samples. It is hoped that they will clarify the relationship between
environmental exposures and human diseases and help to prevent such exposures and diseases. Interest in the use
of biologic markers to study the health effects of exposure to environmental toxicants is growing among
researchers in clinical medicine, epidemiology, toxicology, and related biomedical fields. Specifically, clinicians
can use markers for early detection of disease; epidemiologists can use them as indicators of exposure to
determine internal dose or health effects; and toxicologists can use them to estimate dose-response relationships
and to facilitate assessment of risk associated with exposures. Biologic markers also can be helpful in clarifying
the underlying mechanisms of specific diseases.

New developments in molecular genetic and biochemical approaches to medicine have yielded sensitive
markers for assessing toxicant exposures (NRC, 1991). They have also increased our knowledge of disease,
improved our ability to predict the outcome of disease, and helped to direct courses of treatment. Many diseases
are defined not only by clinical signs and symptoms but also by the assessment of biologic markers at the
subcellular and molecular levels. Diseases of the liver and kidney, for example, are often detected by
measurement of enzymes in blood, proteins, or cells in urine; diabetes can be suspected if glucose is found in
urine; and inborn errors of metabolism, such as phenylketonuria, are found early by biochemical analysis, rather
than later as a result of clinical dysfunction. Concentrations of material in the urine are often used to determine
the degree of exposure in an occupational setting, in monitoring therapeutic regimens, and in forensic medicine.

Biologic markers are indicators of exposure, effect, or susceptibility. That classification is a useful
theoretical scheme by which to characterize biologic markers of any organ system; however, it must be qualified
somewhat for practical application. A strict classification with respect to any of the three categories (exposure,
effect, or susceptibility) is difficult, for the three categories often are related and can be thought of as elements in
a continuum

INTRODUCTION 16

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 re
co

m
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 th

e 
or

ig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 th

e 
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, 

he
ad

in
g 

st
yl

es
, a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e 
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Biologic Markers in Urinary Toxicology 
http://www.nap.edu/catalog/4847.html

http://www.nap.edu/catalog/4847.html


from environmental exposure to clinical disease.
The identification of a chemical or its metabolite in a biologic specimen is a marker of exposure. Cellular or

molecular changes within an organism are biologic markers of effect. Biologic markers often are demonstrated
by clinical laboratory measurements or clinical tests used in the differential diagnosis of various diseases. They
can serve as surrogates for other methods of detection in determining the molecular and cellular events in the
development of health problems. If such markers could be detected before exposed persons became obviously ill,
a disease process might be reversed in those affected or prevented in others. Finally, some cellular or molecular
measurements can identify groups of people or individuals who are more vulnerable than others to the effects of
toxic exposure; the results of these measurements are markers of susceptibility.

Markers of Exposure

A biologic marker of exposure is a xenobiotic chemical or its metabolite or a product of an interaction
between the chemical and some target cell. Markers of exposure most commonly are the concentrations of
materials in urine, blood, or other body tissue, including hair and nails.

Several problems limit the usefulness of specific markers of exposure. For example, many environmental
xenobiotics have similar metabolites, and this makes identification of the parent chemical difficult. Also, large
doses of a substance, by inducing anatomic or physiologic change, can alter the retention or excretion of the
marker and in this way decrease its utility as a marker of exposure. The body burden of a substance reflected by
biologic markers might result from more than one route of exposure. It can be difficult to identify persons
exposed to hazardous concentrations of substances commonly found in the body in lower concentrations. Such is
the case in excessive exposure to essential minerals, such as copper and cobalt. Markers of exposure decay after
exposure ceases; measurement soon after exposure is required for materials that are metabolized rapidly, such as
trichloroethylene, but not after materials with long half-lives, such as cadmium. Markers of exposure alone give
no indication whether an exposure has produced a biologically significant result. The same dose in persons who
are susceptible and resistant to a given xenobiotic can have different results. Urine is one source of markers of
exposure. High exposures to a material can result in increased concentrations of it or its metabolites in urine.
When sufficient pharmacokinetic information is available, urinary markers of exposure can be used to estimate
the total exposure of a person to a substance.

Markers of Effect

A marker of effect is a measurable cellular, physiologic, or biochemical alteration
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within an organism. Markers of adverse effect can be biochemical or cellular signals of tissue dysfunction,
increased enzyme activity, the appearance of excessive waste products in the urine or other sampling
compartments, and physiologic signs of abnormal function, such as increased blood pressure or blood in the
urine. The effects themselves might not be directly adverse, but rather might indicate a potential for health
impairment (e.g., DNA adducts). Biologic markers of effect include changes in the components of urine itself
(such as an increase in urinary protein excretion or cellularity) and changes in the volume or composition of
other body fluids caused by kidney dysfunction.

With impaired renal function, excretion products, such as creatinine and urea, can accumulate in the blood.
Increased blood concentrations of these products can be markers of renal damage, although they are not
particularly useful except in cases of severe damage as discussed in Chapters 2 and 4. Other markers of renal
toxicity can be present in urine because of altered renal function or damage to the kidney. Many of these can be
detected in examination of the urine, including color, volume, pH, specific gravity, albumin, electrolytes,
enzymes, and elements in the urinary sediment. Markers that could show up include white and red blood cells,
kidney epithelial cells, casts, and crystals.

Markers of Susceptibility

A marker of susceptibility is an indicator of an inherent or acquired limitation of an organism's ability to
resist the effects of exposure to a specific xenobiotic substance. A biologic marker of susceptibility can be an
intrinsic genetic or other characteristic or a pre-existing disease that results in an increase in the amount of a
material absorbed, an alteration in its metabolism, or an increase in the target-tissue response. It can be difficult
to distinguish between susceptible and nonsusceptible persons, either because of multiple interactive influences
and genetic polymorphisms or because of difficulties in measuring markers of susceptibility.

Potential sources of normal variability in markers of susceptibility can be the result of concurrent disease or
genetic, environmental, or biorhythmic influences other than the specified events that are the object of study.
Such influences can cause differences between populations, differences between individuals, and differences
within individuals over time. Decreased detoxification or excretory function are commonly involved in
susceptibility. Thus, elderly persons with declining organ function and young persons with immature and
developing organs are likely to be more vulnerable to toxic substances than healthy adults (Figure 1-1).

VALIDITY OF BIOLOGIC MARKERS

In the course of developing this document, the subcommittee noted that various
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Figure 1-1. Flow diagram depicting the relationship between markers of exposure, effect andsusceptibility for
patients with either ESRD or UD. The central focus is onidentification of the population at risk, that is, those most
likely to be exposed toxenobiotics and susceptible to their adverse effects. The most devastating clinicaloutcomes
are the development of chronic renal disease or urogenital cancer.Identification of the population at risk can be
facilitated by retrospective analysisof those with ESRD or UD and by prospective use of animal studies. In both
cases,the utility of markers of exposure and susceptibility can be established. Markers ofsusceptibility can vary
between humans and animals, whereas markers of exposure must be shared if they are to be used to extrapolate
between populations at risk andlaboratory investigations. The aim is to provide insight into disease mechanismsand
allow testing for prevention or modification. Before changes in organ function,adverse response to xenobiotics
might be detected by understanding themechanismsof cell growth, injury, repair, and death. It is anticipated that
thiswill lead toidentification of highly sensitive and specific markers of effect.
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disciplines use validity, sensitivity, and specificity in different ways. The oversight committee discussed the
validation of biologic markers for use in assessments of human health, particularly in epidemiologic studies. To
validate the use of a biologic measurement as a marker, it is necessary to understand its relationship to the event
or condition of interest, such as the potential for health impairment or susceptibility to disease. Sensitivity and
specificity are critical in the process of validation (MacMahon and Pugh, 1970). In epidemiology, sensitivity is
the ability of a test to identify correctly persons who have the disease, condition, or exposure of interest;
specificity is the ability to identify correctly persons who do not have the disease, condition, or exposure of
interest. The sensitivity and specificity of markers of exposure must be validated.

The use of the terms sensitivity and specficity in epidemiology must be distinguished from their use with
respect to laboratory methods. Laboratory sensitivity refers to the lowest concentration of a substance that can be
measured reliably, and laboratory specificity refers to the ability of an analytic technique to measure only the
substance in question.

Predictive value is a measure of the potential usefulness of a test in identifying an exposed member of a
population (positive predictive value) or identifying an unexposed member of a population (negative predictive
value). For rare conditions (those with low prevalence in the population), even very good tests can have low
positive predictive value. When there is high prevalence in a population, even substantially poorer tests can have
high positive predictive value.

Sensitivity and specificity are determined by both intrinsic and extrinsic factors. Intrinsic factors include
differences in the distribution of the marker between the unexposed population and the exposed population. An
ideal biologic marker is absent in all unexposed persons and easily detectable in all exposed persons. No such
marker is known to exist for any organ system, and, because of the variability of responses within and between
individuals, the distributions of most markers are likely to show considerable overlap in unexposed and exposed
individuals.

Extrinsic factors also influence specificity and sensitivity. For example, people who have not been exposed
to a toxicant could have other conditions that cause the appearance of the biologic marker that is seen in people
who have been exposed. In addition, errors in measurement also influence specificity and sensitivity. Analytic
imprecision blurs the difference in distribution of a marker between exposed and unexposed populations, and
analytic inaccuracy can lead to misclassification of individuals.

The criteria used to define an event or condition (especially a health effect) can affect the fraction of the
population that is found to have it. If, for example, the event is a disease, the finding of a ''case'' is often based on
a subjectively determined collection of signs and symptoms. Adding or excluding a particular symptom can
result in finding a
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larger or smaller number of cases. This will influence estimates of the sensitivity and specificity of the method
used to find cases.

If being above (or below) some index value or threshold on a test is what determines whether a finding is
"positive," the sensitivity of the test can sometimes be increased by adjusting the threshold. However, because
sensitivity and specificity are linked for a given test, increasing one will inevitably result in decreasing the other.
There are circumstances, however, in which adding another test (or tests) can be of value. For example, a test
with poor specificity (that is, one that incorrectly identifies persons as having the condition of interest) can
sometimes be followed by a test with greater specificity that will eliminate many (if not all) false-positive results.

In developing a test, sensitivity and specificity are usually estimated as a result of a trial on a known or
(often) an easily acquired population, such as medical students or nurses. The sensitivity and specificity often
shift with the population tested, so persons using the test need to be aware that the first published sensitivities
and specificities are almost certain to change when different populations are used.

Specificity of markers is important in the consideration of validity. For example, urinary concentrations of
trichloroethanol and trichloroacetic acid, which are metabolites of trichloroethylene, are used as indicators of
occupational exposure to trichloroethylene. But, they are not specific for trichloroethylene, inasmuch as
metabolism of tetrachloroethylene and chloral hydrate also produces these metabolites; in addition, their half-
lives are relatively short, so the ability to detect them decays over time.

The variability between individuals in the factors that affect sensitivity greatly influences the ability of
markers to detect exposure. Some markers that are validated generally have been established only for obvious
clinical events. A major purpose of markers in environmental health research is to identify exposed persons, so
that risk can be predicted and disease prevented. Validation involves both forward and backward processes of
association—from the marker back to exposure and from the marker forward to effect.

ETHICAL ISSUES

The availability of highly sensitive assays that can identify effects resulting from the interplay between
small exposures and genetic or acquired susceptibility raises several ethical questions. The National Research
Council's Committee on Biological Markers (NRC, 1987), Schulte (1987), and Weiss (1989) have discussed
these issues. Primary among them is the use made of information derived from biologic markers. Consider the
hypothetical case of a biologic marker known to reflect susceptibility to the effects of a chemical. Should a
worker in a workplace that contains the chemical who tests positive for that marker or has an increased
measurement of it in his or her blood be removed from the workplace? If so,
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should the worker be offered an equivalent job in the same industry? Or should the workplace be cleaned up to
protect even the most sensitive worker?

The relationship of group and individual risk to biologic markers is crucial. It is important, therefore, to
inform research-study participants in advance of the degree to which the results will be interpretable at the group
level as opposed to the individual level. Participants in such studies should be given test results that are presented
and discussed in the context of variability within and between people in the normal (nonexposed) population and
the study group. Participants in epidemiologic studies might resist or refuse invasive techniques for obtaining
markers or resist providing markers obtained by techniques perceived to be not fully safe. Although the use of
urine samples for marker detection might be universally accepted, attention should not be directed away from
blood, other body fluids, or tissue as reliable sources of markers; accuracy and not convenience should be the
driving force. Whatever the choice, it must be economically feasible.

It is anticipated that some characteristics or markers of susceptibility will define a population at high risk
for developing renal or urologic disease in response to environmental or occupational nephrotoxicants.
Identification of the susceptible populations and appropriate markers may be greatly facilitated by comparative
studies in animals with the understanding that in both cases it is necessary to consider precise definitions of
markers of exposure, because susceptibility and exposure can be closely associated. In many cases before renal
or urologic disease is clinically apparent, various markers of effect are present. These markers—which reflect
cell injury, repair, growth, differentiation, or death—facilitate early intervention with the hope that disease
progression can be slowed, halted, or reversed.

STRUCTURE OF THE REPORT

Chapter 2 provides information on the structure and function of the urinary tract, the diseases associated
with the urinary tract, and their risk factors. In Chapter 3, relationships among exposure, susceptibility, and the
associated markers are developed. The usefulness of markers in monitoring urinary diseases is discussed in
Chapter 4. Chapter 5 develops a rationale based on epidemiologic studies for the use of biologic markers in
protection of human health and extrapolation of data from animals to humans. New technologies and related
issues are reviewed in light of research needs in Chapter 6. Chapter 7 summarizes the subcommittee's findings
and recommendations.
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2

TOXIC EXPOSURE OF THE URINARY TRACT

Many environmental and industrial pollutants that appear to be well tolerated at low doses can produce
renal damage at high doses; and some nephrotoxic agents that are poorly tolerated at any dose are used
injudiciously or otherwise find their way into the environment. In addition, a growing list of therapeutic and
diagnostic agents are capable of causing renal injury, and the problem of renal disease due to recreational drug
use is growing.

The extent to which those and other agents result in clinical renal insufficiency and the nature of the
population at risk are incompletely defined. However, many forms of acute and chronic renal failure occur for
unknown reasons, and the incidence of end-stage renal disease (ESRD) has marked racial and regional
differences, so nephrotoxicants might well present a serious health hazard. It has been estimated that one in five
patients hospitalized with acute renal failure has been exposed to one or more nephrotoxic agents (Rasmussen
and Ibels, 1982).

The identification of agents with nephrotoxic potential is hampered by several obstacles. Foremost is a
constantly changing environment of chemical hazards. In addition, variations in diagnostic criteria make it
difficult to identify conditions due to prolonged exposure to nephrotoxicants.

The lack of availability of simple and reliable tests for early renal injury and the long period between
exposure to environmental nephrotoxicants and the onset of definable disease seriously limit the ability to define
a cause-effect relationship. Standard indexes of renal function are rather insensitive markers of injury. Each
human kidney contains some 800,000–1,000,000 nephrons, and a nephron can have an average filtration rate of
50 µ1/min. The total glomerular filtration rate of both kidneys (1,600,000–2,000,000 nephrons) exceeds 100 ml/
min. After acute or chronic exposure to a nephrotoxicant, hypertrophy of less severely damaged nephrons tends
to counterbalance the atrophy of the most severely damaged nephrons. It is conceivable that one-third of the
nephrons of the two kidneys could be lost without a noticeable reduction in the whole glomerular filtration rate if
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the remaining 1,330,000 nephrons (assuming a normal total of 2,000,000) hypertrophied so that their filtration
rate increased by 50%. Such fine adjustment rarely occurs; the presence of a substantial amount of structural and
functional damage might be impossible to determine precisely with standard tests of renal function.

Finally, there are almost no epidemiologic data on the number of people who develop ESRD as a result of
acute or chronic exposure to environmental nephrotoxicants. All the estimates depend on inferences drawn from
inconclusive sources, such as surveys of patients entering dialysis and transplantation programs. The results of
several of the surveys indicate that substantial gaps exist in the ability to identify the primary abnormality
leading to ESRD (Burton and Hirschman, 1979; Easterling, 1977; Evans et al., 1981; NIH, 1990; Rostand et al.,
1982). For example, data compiled by the U.S. Renal Data System (USRDS) for the years 1987–1990 indicate
that disease of unknown cause made up 6.6% of the cases of ESRD (NIH, 1993). Patients with interstitial
nephritis not due to analgesics abuse were 3.4% of the total. Because those groups of patients include some who
have been exposed to xenobiotics, such as heavy metals, it is possible that for 10.0% of the patients with ESRD,
environmental and occupational nephrotoxicants might be of primary importance in the etiology of the disease.
Even in other persons with ESRD, exposure to environmental pollutants might have been a factor in the onset or
progression of the disease. Information on occupational history or other factors that would implicate a patient's
environment in his or her potentially catastrophic illness is rarely available.

On the basis of the available social and demographic data, several notable groupings might be relevant to
the incidence of renal diseases. ESRD is found in a disproportionately high percentage of minority, ethnic, and
racial groups in the United States. Native Americans, blacks, and Hispanics, especially Mexican Americans,
have overall ESRD rates about 3–4 times greater than the rate in whites (USRDS, 1991). Although the reasons
for the increased susceptibility of minority groups to developing ESRD are unknown (Rostand, 1992), several
possibilities have been suggested (Feldman et al., 1992). They can be separated into two broad categories:
differences in the access to preventive health care and renal-replacement therapy, and physiologic heterogeneity
among racial groups that might increase renal sensitivity to toxic exposures.

A study of 9,390 black and white New York state residents who began treatment between 1982 and 1988
sought to determine whether the incidence of ESRD due to the three most frequent causes (diabetic
glomerulosclerosis, hypertensive nephrosclerosis, and glomerulonephritis) was related to socioeconomic status
(Byrne et al., 1994). A clear effect of socioeconomic status on the incidence of ESRD due to diabetes or
hypertension was demonstrated in whites, but, perhaps because of overriding factors, no such effect was seen in
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blacks. It was suggested that vigorous pursuit of other epidemiologic factors in the development of the
progression of renal disease in blacks and of the possible relevance of the different structural, physiologic, and
vascular renal responses between blacks and whites is indicated.

The hypothesis that treated ESRD is associated with socioeconomic status—independently of the known
associations with race, age, and sex—and the hypothesis that the higher incidence of treated ESRD among blacks
could be explained by differences in socioeconomic status have been examined in a study that linked the
information from the USRDS and the Bureau of Health Professions Area Resource File (Young et al., 1994). An
inverse association between the incidence of treated ESRD and socioeconomic status, as estimated by average
income of county of residence, was found after adjustment for race, sex, and age. Differences in socioeconomic
status appeared to explain some of the difference between blacks and whites in the incidence of treated ESRD.
That many patients who develop ESRD do so for unknown reasons, are proportionately more likely to be
members of minority groups, and come from economically marginal backgrounds is consistent with the
possibility that environmental factors influence the development of such disease.

In the United States in 1990, 165,000 people with irreversible renal failure received renal therapy for ESRD
with the aid of chronic dialysis, and 9,800 renal transplantations were performed (NIH, 1993). In that year, total
medical payments to provide maintenance dialysis, kidney transplantation, and all related health services to
ESRD patients were in excess of $6.39 billion. In view of the limited rehabilitation achieved by dialysis, the
complications associated with transplantation, and the tremendous costs involved in each, substantial efforts are
required to identify the specific causes of renal disease and the factors that determine progressive and irreversible
decline in renal function.

THE URINARY TRACT

To understand the inherent limitations in the detection of early renal injury, we consider here several
elements of normal renal function. In the sections that follow, we treat the mechanisms that lead to renal toxicity
once exposure to a nephrotoxic substance occurs, the host factors that modify the response and the nature and
extent of the physiologic adjustments to injury; it is presumably the responses to injury that give rise to the
various markers described in later chapters.

Renal Blood Flow

The kidneys are highly vascular organs with a blood flow of about 1,000 and 1,200 ml/min in women and
men, respectively, of average height and weight. That flow is about one-fifth of the resting cardiac output.
Within the
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kidney, 85–90% of blood flows through the cortex and only 10–15% through the medulla.

Glomerular Filtration

The initial step in the formation of urine is the production of an ultrafiltrate of plasma (filtration under
pressure results in the retention of colloids but permits the passage of crystalloids). The unique interposition of
the glomerular capillaries between the afferent and efferent arterioles is fundamental to the formation of an
ultrafiltrate. Each minute, the kidneys produce 100–140 ml of glomerular filtrate with an osmolality of 280–290
mOsmol/L. In 24 hours, this amounts to 150–200 L of filtrate and over 40,000 mOsmol of solute. The amount
and characteristics of the filtrate are influenced by the area available for filtration and the electric charges on the
glomerular capillaries.

Tubular Reabsorption and Secretion

Once the glomerular filtrate is formed, it passes through a complex series of tubular structures where it is
modified in such a fashion that waste products are excreted in the urine, critical body constituents are conserved,
and the body's fluid volume is regulated. More than 99% of the filtered solute and water is reabsorbed. The
principal oxygen-consuming work performed by the kidney is electrolyte reabsorption. Urine volume depends on
the dietary intake of water, endogenous water production, insensible water losses, and the ability to concentrate
or dilute the urine. The final osmolality of the urine can be as high as 1,400 mOsmol/L or as low as 40 mOsmol/
L. The mechanisms by which the kidneys adjust the final composition of the urine are varied. Some substances,
which are protein-bound, escape filtration only to be added to the urine by the process of tubular secretion. Other
substances that are freely filtered—such as amino acids and glucose—are in normal circumstances completely
reabsorbed by the tubules. These processes generally require the expenditure of energy and are particularly
vulnerable to the effects of toxicants.

Hormonal Action

Renal function is modified by several extrarenal and intrarenal hormones. The major extrarenal hormones—
aldosterone, vasopressin, and parathyroid hormone—modulate the excretion of sodium, water, and phosphorus,
respectively. Intrarenal hormones—such as renin, prostaglandins, and kallikreins—affect renal blood flow,
glomerular filtration, and tubular function. The kidneys also produce erythropoietin, which stimulates red-cell
production; synthesize vitamin D from its precursor; and participate in the metabolism of several hormones, such
as insulin. A complex group of peptide mediators, cytokines, influence cell growth and function;
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these are produced locally or systemically and have the potential to influence the response to injury.

MECHANISMS OF RENAL TOXICITY

Susceptibility to Injury

The susceptibility of the kidney to toxic damage is related to various aspects of renal function. First,
because blood flow to the kidney per gram of tissue is greater than that to most other organs, the total amount of
toxicant delivered can be disproportionately high. Second, the processes of glomerular filtration, tubular
reabsorption, and secretion tend to concentrate a toxicant that reaches the kidney. Third, the high metabolic rate
of tubular epithelial cells leaves the kidney vulnerable to the actions of metabolic inhibitors. Fourth, the kidney
can metabolically alter various endogenous and exogenous chemicals; this generally produces compounds with
reduced biologic activity, but occasionally compounds with increased biologic activity are formed. Fifth, the
mechanism of countercurrent exchange, which allows the kidney to form a concentrated urine, can prolong the
residence time of a toxicant in the kidney.

Direct Toxic Effects

The nephrotoxicity of environmental pollutants is determined by their particular chemical properties, the
duration and extent of exposure, and the nature of the host response. Manifestations of toxicity are related to the
site of action in the kidney, the degree of damage produced, and the ability of the kidney to compensate for the
loss of function or to repair injury.

Renal Vascular Injury

Involvement of the renal vasculature leads to changes in renal vascular resistance with a redistribution of
blood flow in the kidney, a decrease in total blood flow, or both. The kidney can also lose its ability to
autoregulate its blood flow. To the extent that renal plasma flow determines the rate of glomerular filtration, a
decrease in the clearance of a number of substances can be expected to accompany changes in renal vascular
resistance. Those effects might be mediated by anatomic changes in the renal vasculature, by changes in the
sensitivity to systemic or local vasoactive substances, or by changes in muscular reflexes within the vascular
walls themselves.

Glomerular Capillary Injury

The primary effect of a toxicant might be to change the ultrafiltration coefficient of the glomerular capillary
membranes. That coefficient is a product of the glomerular capillary surface area and hydraulic conductivity. A
decrease in either results in a proportional decrease in the filtration rate. Changes
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in pore size or configuration and neutralization of the fixed negative charges can have generalized or selective
effects on the ability of various substances to pass the glomerular barrier.

Renal Tubular-Cell Injury

The most firmly established effects of nephrotoxicants are on renal tubular epithelial cells, in particular
those of the proximal tubule. Indeed, toxicity might be limited to a specific cell type or to a particular organelle
in the cell. For example, some compounds have their major effect on tubular epithelial cell membranes, and
others selectively alter the function of lysosomes, mitochondria, nuclei, or the endoplasmic reticulum (Fowler,
1982). Disruption of some organelles—particularly those which provide energy for cellular respiration—can lead
to cell death.

The medullary countercurrent multiplication system provides an efficient mechanism for eliminating waste
products and minimizing body-water losses. The system is such that drugs and their metabolites can accumulate
in the medullary interstitium. Their chemical properties determine whether the accumulated substances initiate
an inflammatory response.

The proximal tubule's organic acid and base transport systems provide an important route of elimination of
molecular species that, as a result of their charge or size, do not undergo glomerular filtration but still require
urinary elimination. Chemicals that interact with the organic ion-transport system can accumulate in cells or
achieve high concentrations in the urine.

Other tubular mechanisms that can be impaired include those involved in electrolyte excretion and water
metabolism. In addition, the mechanism of pinocytosis—whereby high molecular-weight molecules, if filtered,
are recaptured from the proximal tubule fluid—can be disrupted. Finally, mechanisms of tubular epithelial cell
regeneration can be compromised by nephro-toxicants.

Indirect Toxic Effects

Immunopathologic Mechanisms

Evidence has accumulated that the toxicity of environmental agents can in part be mediated by
immunologic mechanisms that result in glomerular or tubulointerstitial disease (Wilson, 1982). There are four
major categories of immunologic mechanisms. In Type I, or immediate hypersensitivity, damage results from the
binding of antigen to IgE antibodies fixed to mast cells and basophils. In Type II, or cytotoxic reaction, damage
results from the reaction of antibodies with cell-bound antigens and leads to activation of the complement
cascade and cell death. Type III, or immune-complex reaction, stems from the formation of immune complexes
in situ or in the circulation and leads to tissue damage. Type IV, or delayed hypersensitivity, is mediated
primarily by T lymphocytes.
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Data are insufficient to implicate a Type I response in mediating the effects of nephrotoxicants. But, various
agents, including xenobiotics, might alter glomerular or tubular basement-membrane structures so that
autoantigens are produced, autoantibodies or sensitized lymphocytes are formed and come to rest in the
glomerulus through the process of filtration arrest, and a Type II response occurs. The Type III response is likely
to be more important and might involve either the deposition of immune complexes formed in the intravascular
compartment producing a serum-sickness-like reaction, or an antibody-antigen reaction in the extravascular
compartment that results in inflammation produced by antigen-reactive cells, rather than antibodies—the so-
called Arthus reaction. In either Type III case, the toxicant can act either as a full antigen or as a hapten. The
haptens are small antigenic determinants that are covalently coupled to larger carrier molecules. Alternatively,
various antibody-antigen complexes can be formed in situ. Once bound to tissue, the complexes fix complement,
activating the complement cascade and triggering an in situ inflammatory response. In this situation, material
previously trapped or planted in renal structures serves as the antigen; this material can be cationic proteins that
are sequestered in the glomerulus or in vascular cells, where they become planted antigens. Later, a circulating
antibody can attach to such antigens and result in in situ immune-complex formation. In addition, when
structural damage is produced as a result of direct toxic effects, local auto-antigens can be produced.
Environmental agents can also have a primary effect on other antibody-antigen interactions, favoring the
formation of complexes of such a size or composition that nephritogenic immune reactions occur.

Apart from those considerations is the possibility that the Type IV mechanism, once thought to be of little
importance in the development of renal injury, plays a role in some forms of interstitial disease. In the Type IV,
macrophages, either leukocytes or monocytes, invade glomeruli and initiate a local inflammatory response
mediated by cytokines, thromboxanes, and leukotriene prostaglandins.

Nephrotoxicants might also produce novel antigens that are capable of stimulating an autoimmune response
in keeping with any or all of the four mechanisms.

Xenobiotic Metabolism

Under most circumstances, foreign substances (xenobiotics), once absorbed, are distributed to various
tissues where they undergo biotransformation with the production of innocuous metabolites, which are then
eliminated. The enzymes responsible for biotransformation include various mixed-function oxidases in
microsomes. Nonmicrosomal biotransformation can also occur. At times, these reactions result in the
augmentation of toxicity. Although activity of these enzymes in the kidney as a whole is at a low level, certain
specific
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cell types show considerable activity in this regard. The site of transport of many xenobiotics is the proximal
tubule. During transport, they must cross two cell membranes: the contraluminal and the luminal. Most
xenobiotics are transported by the transport system for hydrophobic anions, some by the system for hydrophobic
cations, and some by both (Ullrich and Rumrich, 1993). Several environmental pollutants—most notably the
polybrominated biphenyls (PBBs), the polychlorinated biphenyls (PCBs), some halogenated dibenzodioxins, and
hexachlorobenzene—have the capacity to alter activity of mixed-function oxidases (Kluwe and Hook, 1980). A
result of this activity is that renal injury occurs after exposure to metabolites that by themselves would be
otherwise well tolerated.

Necrosis and Apoptosis

There are two discrete types of cell death. Most commonly described is necrosis, an inflammatory process
in response to cell injury from a variety of causes, such as exposure to nephrotoxicants or ischemia. The other
type of cell death, apoptosis or programed cell death, is a finely controlled, active process that affects scattered
individual cells, rather than tracts of contiguous cells, as occurs with necrosis. Various external and internal
stimuli regulate apoptosis. Low levels of stimuli, such as ionizing radiation and toxins, can initiate apoptosis
(Duvall and Wyllie, 1986). As described in the final section of this chapter, oncogenes are genetic loci ordinarily
carried on tumor viruses that are responsible for neoplastic transformation. Under some circumstances, the proto-
oncogene c-myc can drive cells into apoptosis (Evan et al., 1992). The bcl-2-proto-oncogene protects against
apoptosis (Hockenbery et al., 1992). The tumor-suppressor gene p53 promotes differentiation, maturation, and
apoptosis (Clarke et al., 1993).

Although the precise control mechanisms are unknown, cell injury can induce synthesis of genes that
stimulate the apoptosis process. Apoptosis has been demonstrated in oxidant injury to renal tubular epithelial
cells, renal arterial stenosis, ischemia-reperfusion injury, hydronephrosis, polycystic kidney disease,
glomerulonephritis, lead nitrate injury, radiation nephropathy, and analgesic nephropathy. Further research on
the mechanism of apoptosis might identify means of reversing this process and preventing atrophy.

HOST FACTORS IN RENAL TOXICITY

Various host factors can alter renal toxicity by influencing the metabolism of xenobiotics, by minimizing
the concentrations of toxic substances in the kidney, or by decreasing susceptibility to cell injury by other
mechanisms. The various host factors are important in determining populations at risk, as discussed in detail in
Chapter 3. Physiologic variation associated with age alters the response to various toxicants, as do
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some forms of underlying renal insufficiency. Other environmental concerns, such as nutritional status, can also
influence toxicity.

Changes with Renal Growth and Aging

The susceptibility of the kidneys to toxic damage increases with age. This increased susceptibility can be
related to a number of anatomic and functional changes that occur over time (Darmady et at., 1973; Epstein,
1979; Friedman et al., 1972; Spitzer, 1982). Those changes can be separated into phases of growth, maturation,
and aging. At birth, the human kidney contains a full complement of nephrons, those of the outer cortex being
relatively small and incompletely differentiated. During the first year, the glomeruli mature and grow as renal
blood flow and cardiac output increase and renal vascular resistance decreases. The length and volume of the
tubular structures rapidly increase, especially the convolutions of the proximal tubules. The increase in tubular
mass is reflected in a pronounced increase in kidney weight. After the first year, growth slows. By the age of 4
years, the nephrons in the outer cortex have longer proximal convoluted tubules than those of the inner cortex
and the ability to concentrate urine, to excrete excess acid, to maintain sodium balance, and to transport organic
ions increases substantially.

By age 18–20 years, maturity is reached, and a plateau in structural and functional development is obtained
that persists until around the age of 40. Thereafter, regressive changes take place. Prominent among those are
changes within the renal vasculature and glomeruli; in particular, glomeruli appear to shrink with proportional
decreases in the length and volume of the proximal convoluted tubules. Renal blood flow decreases at about 10%
per decade and faster after the age of 60 years. The glomerular filtration rate also decreases with age, as does the
ability to conserve sodium and the ability to produce maximally concentrated urine. With regard to the decrease
in the glomerular filtration rate, it should be noted that muscle mass and creatinine production also decrease, so
the serum creatinine concentration remains constant; this is why the serum creatinine concentration cannot be
used reliably as a measure of glomerular function in the elderly.

The kidney's susceptibility to injury increases with age. This is most apparent with renal ischemic injury
and has been demonstrated in both clinical settings (Balslov and Jorgenson, 1963; Groeneveld et al., 1991; Kiley
et al., 1960; McMurray et al., 1978; Swan and Merrill, 1953) and laboratory settings (Kunes et al., 1978).
Similarly, kidneys of young animals are relatively resistant to ischemic insults (Kunes et al., 1978). Changes in
subcellular structures, such as mitochondria and lysosomes, and variation in xenobiotic biotransformation might
be important determinants in age-related responses to environmental nephrotoxicants. Age-related alterations
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in the immune system might also play a role.

Changes with Diet

Malnutrition by itself does not seem to lead to parenchymal renal disease, but dietary inadequacy might
result in developmental abnormalities in the very young and physiologic defects in adults. For instance, if caloric
deficiency in the mother occurs early in the growth phase in the fetus, when cell multiplication is rapid, the
kidneys might not achieve their proper weight or number of nephrons. Under normal circumstances humans have
a full complement of nephrons at birth, and malnutrition after birth would not necessarily be expected to have an
adverse effect on kidney size. However, the kidneys of some infants that died from protein-calorie malnutrition
reportedly showed signs of chronic contraction and scarring.

In adults, physiologic defects pre-dominate; these can be acute or chronic and are generally reversible. For
example, fasting is associated with a natriuresis that can be abolished by ingestion of carbohydrate. The
natriuresis has been related to alterations in glucagon concentration (Spark, 1975) and the need to excrete anions
produced as a consequence of continuing metabolism (Sigler, 1975). With prolonged malnutrition, although
renal blood flow and glomerular filtration rate are thought to be normal, other physiologic measures might be
adversely affected. In particular, abnormal responses to salt and water loads are reflected in a propensity for
edema.

When normal kidneys are stimulated to undergo compensatory hypertrophy, dietary protein restriction
retards the response. In chronic renal disease in both experimental animals (Alfrey and Tomford, 1982) and
humans (Walzer, 1982), reducing phosphorus intake slows the progressive decline in function, presumably by
minimizing the adverse effects of hypertrophy of residual nephrons. Nutritional status clearly can be an
important determinant of the ultimate effects of exposure to environmental nephrotoxicants.

Influence of Pre-existing Renal Function

Nephron Number at Birth

Injury to a population of nephrons can be underestimated because of the so-called reserve capacity of the
kidney (i.e., the compensatory increase in function of normal or less severely injured nephrons). It might be
expected that an inherited reduction in the number of nephrons in a kidney could explain in part the highly
variable rates of expression and progression of human renal disease. Persons with a greater number of nephrons
at birth might be able to sustain renal function after initial injury better than those with fewer nephrons at birth.
Indeed, it has been postulated that those born with nephron numbers at the low end of the distribution curve can
demonstrate accelerated declines in
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renal function after initial renal injury (Brenner and Anderson, 1989). Females have smaller kidneys and 10%
fewer glomeruli than males (McLachlan et al., 1977), and age-related loss of renal function is faster in North
American blacks than in whites (Boyle, 1970).

Acute Renal Disease

A combination of insults, which by themselves are mild and individually well tolerated, can result in
unexpectedly severe acute renal failure. For example, mild tubular injury produced by gentamicin (Zager and
Sharma, 1983) or amino acid infusion (Zager and Venkatachalam, 1983) sometimes potentiates the effect of
ischemia. Even relatively mild renal ischemic injury increases the sensitivity of the kidney to damage by a
number of nephrotoxic agents, including aminoglycosides (Zager, 1988) and radiocontrast agents (Humes et al.,
1987). Similarly, studies in rats subjected to renal ischemia (Ding et al. 1991) and studies in human renal-
transplant patients have shown that the later administration of cyclosporine has a deleterious effect on renal
function.

Chronic Renal Disease

Patients with diabetes, severe atherosclerosis, or any type of pre-existing renal disease and patients who are
hypovolemic but otherwise healthy are all at risk for the development of renal injury from nephrotoxicants.
Perhaps the most compelling data on the influence of exposure to potential nephrotoxicants and the rate of
progression of renal disease come from studies of the relationship between hydrocarbon exposure,
glomerulonephritis, and other forms of nonneoplastic renal disease.

Physiologic Responses to Renal Injury

Physiologic Changes with Compensatory Hypertrophy

To some extent, the changes in individual nephron structure and function observed during the phases of
growth and aging (Tucker and Blantz, 1977) can occur in a kidney undergoing compensatory hypertrophy (Deen
et al., 1974; Finn, 1982; Hayslett, 1979), recovering from an acute insult, or adapting to chronic disease. The
consequences of exposure to environmental nephrotoxicants can be expected to differ from the consequences in
normal kidneys. For example, in chronic disease, some of the reserve capacity of the kidney has been used; that
is, adaptive changes have taken place in individual nephrons in response to abnormalities in others.

It is helpful to consider the response that occurs in the nephrons of a normal kidney after the surgical or
traumatic loss of its mate. The anatomic response is marked by a combination of hypertrophy and hyperplasia
without the formation of additional nephrons. There is a homogeneous response of individual
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nephrons that is most marked by growth in the proximal convoluted tubule and an increase in glomerular size.
The corresponding functional responses are marked by an increase in renal blood flow with parallel decreases in
pre-glomerular and postglomerular vascular resistances. The glomerular filtration rate increases but tends to lag
behind the increase in renal blood flow. Consequently, the filtration fraction falls. The increase in renal plasma
flow is a major factor in the increase of the glomerular filtration rate. Increases in the glomerular capillary
hydrostatic pressure and in the surface area or hydraulic permeability of the glomerular capillary membranes
have also been found. Before any of the changes in renal blood flow or glomerular filtration, tubular function
changes so that salt and water excretion quickly increase to equal that from both kidneys while two were still
functioning—an appropriate response aimed at maintaining homeostasis. As noted earlier, many of these
changes resemble those observed during the normal growth phase and are more prominent in young and mature
kidneys than in aged kidneys.

In contrast with the homogeneous response of individual nephrons in a normal kidney undergoing
compensatory hypertrophy, the individual nephrons in a diseased kidney demonstrate a considerable degree of
heterogeneity. Indeed, within such a kidney, regressive features (marked by necrosis and atrophy) coexist with
progressive features (marked by hypertrophy and hyperplasia). The anatomic changes are accompanied by
marked functional changes, the most prominent of which is the great variation in the filtration rates of individual
nephrons (Allison et al., 1973). In many ways, hypertrophy of some nephrons tends to counterbalance atrophy in
others (Finn, 1983). Nephrotoxic damage to hypertrophied nephrons of a diseased kidney causes a greater
decline in the whole kidney glomerular filtration rate than does damage to an equal number of nephrons in a
normal kidney.

Factors Associated with Progressive Low of Renal Function

A concern over the early detection of renal injury is appropriate and is heightened by the propensity of
many forms of renal disease, once established, to progress relentlessly. It has been suggested that some
proportion of nephrons are irreversibly injured after an initial injury. Adaptive changes in the remaining
nephrons allow the whole kidney filtration rate to remain at near normal, so an acute injury might go undetected.

Those adaptive changes can lead to premature demise of nephrons that have undergone the greatest degree
of hypertrophy. Because a prominent finding in markedly hypertrophic kidneys is an increase in the number of
sclerotic glomeruli, it has been proposed that the hyperperfusion or increase in the glomerular
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blood flow that is associated with compensatory hypertrophy is deleterious to the glomerular capillaries (Brenner
et al., 1982; Schimamuria and Morris, 1975). It is also possible that an increase in the glomerular capillary
hydrostatic pressure or a primary alteration in the glomerular capillary membranes themselves can contribute to
progressive glomerular damage and tubular atrophy. Whatever the cause, the loss of those nephrons contributes
to the progressive decrease in whole kidney filtration rate and stimulates other, less-involved nephrons to
undergo a similar process, thus repeating a destructive cycle. Eventually, the compensatory processes in some
nephrons are unable to keep up with the progressive loss of other nephrons, and major alterations in renal
function occur.

CLINICAL EFFECTS OF CHEMICAL EXPOSURE ON THE KIDNEY

Acute Renal Failure

Acute renal failure is marked by a progressive rise in the serum concentration of creatinine and other
nitrogenous compounds. It has several causes, many of which are due to ischemic or nephrotoxic agents. Acute
renal failure is often but not always accompanied by a reduction in urinary output to less than 500 cm3 /day.
Even if urinary flow is unaltered, inevitable compositional changes in the urine reflect parenchymal injury and
tend to separate postischemic and nephrotoxic renal failure from reduction in renal function that occurs merely as
a result of alterations in systemic hemodynamics.

When acute renal failure occurs in association with drugs and toxicants, the overall mortality rate is about
37%. In the majority of those who survive, life-sustaining renal function can be expected to return, but recovery
is usually not complete. In a small percentage, recovery of renal function does not occur. In the remainder,
various degrees of structural and functional impairment persist indefinitely.

Tubulointestitial Nephritis

Acute tubulointerstitial nephritis is marked by interstitial edema and infiltration of the interstitium with
inflammatory cells, some of which appear later in the urine. Both structural evidence and functional evidence of
tubular epithelial cell injury is present. Chronic tubulointerstitial nephritis is distinguished by the presence of
interstitial fibrosis and tubular atrophy. The manifestations of tubulointerstitial nephritis depend on the extent of
injury, the tubular segments most severely involved, and the degree of compensation achieved by the less
severely involved nephrons.

The proximal tubule is responsible for the reabsorption of some 60–70% of filtered sodium and water and
nearly all
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the filtered glucose, amino acids, and low-molecular-weight proteins. The predominant site of phosphate
reabsorption and bicarbonate reabsorption and regeneration is also the proximal tubule. Individual cell types in
the proximal tubule are identified with one or more of these processes. Damage to these cells can be expected to
result in the appearance in urine of the substances ordinarily reabsorbed or metabolized. Damage to more distal
structures—including the loop of Henle, the distal convoluted tubule, and the collecting duct—is accompanied
by abnormalities in the ability to concentrate and dilute urine. The former effect is more pronounced and can
result in polyuria. Acidification of urine also occurs at distal sites, where damage can lead to metabolic acidosis.

There is continuing interest in the urinary presence of various cellular enzymes and low-molecular-weight
proteins as markers of recent renal damage. One such enzyme is N-acetyl-beta-glucosaminidase (NAG), which is
released from injured renal tubular cells; the activity of this enzyme is often the only clinical-chemistry value
that is increased in the urine in workers exposed to inorganic mercury, a classical renal poison. The appearance
in the urine of low-molecular-weight proteins, such as beta2-microglobulin, is also a marker of renal injury.
Under normal conditions, low molecular weight proteins are filtered through the glomerulus and undergo
complete reabsorption by the action of the renal tubules; in tubular disorders, as can be found in people exposed
to cadmium, reabsorption can be incomplete and high urinary concentrations can result.

Exposure to environmental cadmium can cause chronic interstitial nephritis. Proteinuria and other signs of
renal dysfunction have been found in people who live in cadmium-polluted areas or near smelters. Qualitative
analysis of the urinary protein most commonly reveals a small albumin fraction and large alpha2, beta, and
gamma protein fractions. Cadmium-produced injury to proximal tubular epithelial cells also results in the
presence of aminoaciduria, enzymuria, and glycosuria. A decrease in the tubular reabsorption of phosphorus, an
increase in the fractional excretion of uric acid, and an increase in cadmium excretion can be present. Those
abnormalities were highlighted by the results of recent CADMIBEL studies in Belgium (Buchet et al., 1990).
The studies compared the relative sensitivities of various urinary biologic markers, which included retinol-
binding protein, NAG, beta2-microglobulin, amino acids, and calcium as biologic markers of cadmium-induced
nephropathy among environmentally exposed human populations. All were found to be significantly increased in
association with increased 24-hour urinary cadmium excretion. There were, however, differences in the relative
sensitivities. For example, increased excretion of retinol-binding protein, beta2-microglobulin, and amino acids
occurred at lower urinary cadmium excretion levels than the other markers.

Two types of lead nephropathy can
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be found in association with lead poisoning. The first is an acute form marked by generalized defects of proximal
tubular function with aminoaciduria, glycosuria, and phosphaturia. These abnormalities most often occur in
children after several months of heavy lead ingestion. The defects are generally rapidly reversible. Some patients
will develop the chronic form. This condition is an indolent disease that is difficult to separate from other forms
of chronic, slowly progressive renal insufficiency. Its incidence is difficult to determine. Evidence of prior
excessive lead absorption might be found by administering EDTA and then measuring urinary lead excretion.

Chronic Glomerulonephritis

Chronic glomerulonephritis disease is an insidious process generally accompanied by albuminuria and
microscopic hematuria. Its onset is often impossible to date, and its diagnosis is usually delayed until a
secondary complication occurs, such as hypertension, anemia, or metabolic bone disease. Lacking such a
complication, the diagnosis might not be suspected until an abnormal urinary sediment is seen during routine
examination. In patients with chronic renal failure, the progressive decline in the glomerular filtration rate is too
slow and the deviation from the steady-state condition too small to result in day-to-day changes in the serum
creatinine or blood urea nitrogen concentration. A decrease in kidney size confirms the chronic and irreversible
nature of this condition. Examination of tissue obtained by percutaneous renal biopsy can confirm that the
primary process involved glomerular structures. Such a distinction is often clouded by nonspecific changes that
occur in all forms of chronic renal disease.

Rapidly Progressive Glomerulonephritis

Occasionally, a more aggressive form of glomerular disease occurs in which renal function is lost over a
period of weeks or months. This so-called rapidly progressive glomerulonephritis can be identified by the
presence of glomerular epithelial crescents in renal-biopsy specimens. The kidney is sometimes the only organ
affected; at other times the renal abnormalities are part of a systemic disease that can result from severe vasculitis.

The combination of prolonged, excessive exposure to hydrocarbons with unidentified host factors can
predispose to glomerular injury or aggravate injury due to other causes (Yaqoob and Bell, 1994). An apparent
association of Goodpasture's syndrome—a form of rapidly progressive glomerulonephritis—with exposure to
petroleum products has been reported (Beirne and Brennan, 1972; Bombassei and Kaplan, 1992). It has also
been claimed that previous exposure to hydrocarbon solvents is a common feature in some groups of patients
with crescentric glomerulonephritis or proliferative glomerulonephritis
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(Zimmerman et al., 1975). Additional presumptive evidence that hydrocarbons can produce glomerular damage
has come from the observation that remissions and exacerbations of the nephrotic syndrome follow removal
from and re-exposure to solvents (Cagnoli et al., 1980). Other studies have noted a historical relationship
between exposure to organic solvents and a wide spectrum of renal disorders, including tubular necrosis,
interstitial disease, glomerulonephritis, and neoplasia (Nelson et al., 1990).

In a case-control study, hydrocarbon exposure was significantly higher in those with primary
glomerulonephritis than in a group of normal subjects and an internal control group (Yaqoob et al., 1992a).
Those with glomerulonephritis had a significantly greater exposure to petroleum products, greasing and
degreasing agents, and paints and glue with resulting estimated risks of developing glomerulonephritis 15.5, 5.3,
and 2.0 times greater than normal, respectively. In another study of patients with diabetes mellitus, hydrocarbon
exposure was found to be significantly greater in those with incipient (microalbuminuria) and overt
(macroalbuminuria) diabetic nephropathy than in those with no clinical evidence of nephropathy, with odds
ratios of 4.0 and 5.8, respectively (Yaqoob et al., 1992b).

The role of hydrocarbon exposure on the progression of renal failure in patients with primary
glomerulonephritis has also been studied (Bell et al., 1985; Ravnskov, 1986). Patients with primary
glomerulonephritis and progressive renal failure have heavier hydrocarbon exposure and worse renal impairment
at presentation than those with stable or improving function (Yaqoob et al., 1993). Moreover, patients with
declining renal function were more likely to have continued occupational hydrocarbon exposure after the
diagnosis of glomerulonephritis.

Several cross-sectional studies comparing measures of renal dysfunction in hydrocarbon-exposed and-
nonexposed workers have suggested an association between hydrocarbon exposure and renal injury (Askergren
et al., 1981; Askergren, 1984; Franchini et al., 1983; Hotz et al., 1991; Lauwerys et al., 1985; Mutti et al., 1992;
Solet and Robins, 1991; Viau et al., 1987). For example, exposed subjects have been found to have a slight but
significant increase in the abnormalities found at urinalysis (Askergren, 1984).

Increased proteinuria and tubular enzymuria (lysozyme and beta-glucuronidase) in the absence of
albuminuria, indicative of tubular rather than glomerular dysfunction, has been seen in a large group of subjects
exposed to aliphatic and acyclic hydrocarbons (Franchini et al., 1983). A separate study of 20,000 workers
showed that the prevalence of proteinuria was higher in those with hydrocarbon exposure than in nonexposed
subjects. Others have found a higher mean albuminuria and urinary excretion of renal antigen and a higher
prevalence of antilaminin antibodies in a group of 53 male refinery workers (Viau et al., 1987).

TOXIC EXPOSURE OF THE URINARY TRACT 38

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 re
co

m
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 th

e 
or

ig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 th

e 
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, 

he
ad

in
g 

st
yl

es
, a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e 
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Biologic Markers in Urinary Toxicology 
http://www.nap.edu/catalog/4847.html

http://www.nap.edu/catalog/4847.html


Nephrotic Syndrome

The nephrotic syndrome is marked by the presence of heavy proteinuria (generally in excess of 3 g per 24
hours), hypoalbuminemia, and edema. In addition, abnormalities in lipid metabolism with hypercholesterolemia,
hypertri-glyceridemia, and lipiduria are common. At the onset, the glomerular filtration rate might not be
reduced and is occasionally increased. The nephrotic syndrome can occur in conjunction with a variety of
systemic diseases. Or it can be a manifestation of a primary glomerular injury without a definable etiology and
thus be termed idiopathic; in this situation, the condition is classified according to the appearance of glomeruli
on light and electron microscopic sections and on the basis of various immunofluorescent patterns. Chronic
occupational exposure to gold, bismuth, and mercury salts produces pathologic lesions similar to those found in
some forms of the idiopathic nephrotic syndrome. One of the most common types, membranous
glomerulonephropathy, is associated with an increased frequency of the histocompatibility leukocyte antigen
(HLA) DR3 (Klouda et al., 1979). It has been suggested that exposure to environmental or occupational agents,
such as formaldehyde, can act as a ''triggering'' agent in genetically susceptible persons (Breysse et al., 1994).

Hypertension

The association between kidney function and hypertension is based on both clinical and experimental
observations reported over the last 150 years. Renal disease in the form of diabetic nephropathy,
glomerulonephritis, interstitial nephritis, obstructive uropathy, polycystic kidney disease, pyclonephritis, and
vasculitis is the most common cause of secondary hypertension in humans. Conversely, primary hypertension
ranks second only to diabetes as an etiology for patients entering treatment for ESRD in the United States (NIH,
1993). It was recently proposed that ischemic nephropathy accounts for the rising incidence of hypertension-
induced ESRD. Thus, the age-old question of cause versus effect appropriately characterizes the interaction
between the kidney and hypertension.

It is germane to this report that some drugs or toxicants, often through their action on the kidney, are
recognized causes of hypertension. Examples include amphetamines, estrogens and oral contraceptives, steroids,
sympathomimetic drugs, tricyclic antidepressants, cisplatin, cyclosporine, licorice, lead, and ethanol.

Clinically, hypertension is usually detected as an incidental finding during a health evaluation, inasmuch as
mild to moderate blood-pressure increases are usually asymptomatic. However, in a small percentage of patients,
hypertension has a sudden severe onset accompanied by headache, nausea, vomiting, and mental confusion,
which demand immediate emergency treatment; in these cases, underlying renal disease is often present.

It is estimated that one-fourth of
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adults in the United States have hypertension and suggested that treatment decisions should be based on the
associated evidence of target-organ damage that is traceable to increased blood pressure. Today, a multitude of
antihypertensive drugs are available, so virtually any hypertensive patient can be successfully treated without
intolerable side effects of administered drugs. Long term studies are being conducted to evaluate the
effectiveness of antihypertensive treatment in preserving renal function and preventing renal damage. For
patients whose hypertension is the result of chemical or drug nephrotoxicity, recognition and withdrawal of the
offending agent are the appropriate clinical strategies. In addition, coexisting hypertension often emerges as a
statistically significant risk factor in studies of nephrotoxicity.

CANCER OF THE BLADDER, KIDNEY, AND PROSTATE

Tumor-Suppressor Genes, Oncogenes, and Growth Factors

According to Barrett and Huff (1991), the multistep process of carcinogenesis can be operationally divided
into initiation, promotion, and progression. Initiation consists of the first heritable alterations that predispose a
cell to neoplastic transformation; promotion is the clonal expansion of initiated cells; and progression is the
acquisition of other changes that are required for a cell to become fully malignant. It is now believed that more
than two changes are required for neoplastic conversion of a cell; additional clonal evolutions most likely occur
in the later stages and make the distinction between promotion and progression difficult. However, it is important
not to confuse the two processes. Promotion involves the multiplication of the initiated cell, whereas progression
involves the acquisition of additional, heritable changes in the initiated cell. Promotion can lead to progression,
although with a low frequency. Progression can occur as a direct result of a chemical on an initiated cell.
Increasing the target size of the population of initiated cells by promotional mechanisms will increase the
probability of secondary spontaneous or chemically induced changes and therefore progression. The rate-limiting
step in malignant development is the acquisition of additional genetic changes in an initiated cell. Therefore, a
weak mutagenic effect can be at least as important as a potent tumor-promoting effect for cancer development.

A better way to define the multistep process of carcinogenesis is to identify the genetic alterations in tumor
cells and attempt to determine how chemical carcinogens affect the neoplastic process that leads to these
changes. There is now convincing evidence of the importance of two classes of genes in the carcinogenic
process: proto-oncogenes and tumor-suppressor genes. Proto-oncogenes are a family of cellular genes with at
least 40 members, which appear to be involved in normal cellular growth and development; activation or
inappropriate
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expression of these genes results in proliferative signals involved in neoplastic growth. Tumor-suppressor genes
are less well defined, but they might also function in the control of normal cellular division and possibly
differentiation. For a tumor cell to emerge, suppressor genes must be inactivated or lost. The number of tumor-
suppressor genes is unknown.

The control of cellular growth resides in a complex, interacting system of positive (oncogenes) and negative
(tumor-suppressor genes) controls. Each cell in a tissue responds to unique rules in the form of specific genes
that control its growth. The subversion of these systems is responsible for the development of cancer. Indeed,
specific tumor-suppressor genes and oncogenes peculiar to colon cancer have been identified.

Growth factors are peptides that regulate cellular growth and usually function in paracrine or endocrine
modes rather than in an autocrine mode. The complex communication among various cells becomes subverted
during tumorigenesis, because cells often move from paracrine to autocrine control (Nathan and Sporn, 1991). In
some tissues, such as the prostate, growth is also under strong hormonal influences. For example, prostatic
differentiation is under endocrine control during embryologic development. That is followed by a second
sequence of changes associated with puberty. During adulthood, both hormonally dependent and hormonally
independent cells can be found. Finally, the prostate undergoes hypertrophy as a result of dysregulated growth
control among its various constituent cells. Each factor that controls growth can function as an important
biologic marker. Also to be considered are cell surface receptors for the growth factors and the many proteins
that are triggered by the growth peptides.

Cancer of the Bladder

In 1989, there were 47,000 new cases of bladder cancer and 10,000 deaths due to bladder cancer (Smart,
1990). In that year, bladder cancer accounted for 5% of all new cancer cases and 2.2% of all cancer deaths. The
incidence of bladder cancer was 29.1 per 100,000 males and 7.7 per 100,000 females. Male bladder-cancer
mortality was 5.9 per 100,000.

Bladder cancer presents an interesting paradigm of the mechanism by which environmental or occupational
toxicants can be initiators or promoters of cancer development or factors in its progression. Indeed, bladder
cancer is highly correlated with occupational exposure to xenobiotics. For example, Silverman (Silverman et al.,
1989a,b, 1992) reported that 20–25% of cases of bladder cancer in white males, 27% in nonwhite males, and
11% in white females were associated with occupational exposure to toxicants. The relationship is not new: In
1895, Rehn first reported that bladder cancers could be caused by specific carcinogens in a group of workers
exposed to aniline dyes. Various occupations have since been associated with bladder cancer. Table 2-1 contains
national
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estimates, according to occupation, of the number of workers exposed to agents known to cause bladder cancer
in animals. Over 200 chemicals have been suggested as associated with bladder cancer, and a few are
documented human carcinogens (Anonymous, 1990). A list of compounds classified by IARC as human bladder
carcinogens is contained in Table 2-2.

The bladder is a specialized neuromuscular organ whose muscular layer, or muscularis, is protected by a
unique impermeable epithelium, the urothelium. This layer is three to seven cells thick and is capable of
distention. The luminal layer consists of terminally differentiated cells, the so-called umbrella cells, which have a
lifetime measured in months. This cell layer seems to be responsible for the bladder's impermeability to urinary
solutes, perhaps because of prominent desmosomes, tight junctions between cells, specialized ion pumps, and a
thick layer of highly charged glycosaminoglycan (Parsons et al., 1990). The bladder also contains components of
the cytochrome P-450 system (Vanderslice et al., 1985), so it might have some role in xenobiotic detoxification
or bioactivation, in addition to being subjected to the effects of carcinogens excreted in the urine (Kadlubar et al.,
1992).

TABLE 2-1 Exposure to Animal Bladder Tumorigens in Selected Occupations During 1980s

Occupation No. of Workers

Painters 65,469

Machinists 503,074

Truck drivers 471,742

Nurses (RNs) 927,434

Garage workers 156,657

Electricians 251,440

Janitors, cleaners 905,291

Assemblers 1,508,060

Miscellaneous machine operators 64,768

Machine operators, NECa 517,471

Welders 389,822

Sewing-machine operators 817,956

All workers 19,571,942

a Not elsewhere classified.
Source: Adapted from Ruder et al., 1990.

TABLE 2-2 Compounds Classified as Human Bladder Carcinogensa

Benzidine

4-Biphenylamine

2-Naphthylamine

2-Naphthylamine, N,N-bis(2-choloroethyl)
2-Naphthylamine, 1-methoxy
2-Naphthylamine, 1-methoxy-, HCl
2-Naphthylamine, 3-methyl

2H-1,3,2,-Oxazaphosphorine, 2-(bis(2-chloroethyl)amino)tetrahydro-, 2-oxide

Purine, 6-((1-methyl-4-nitroimidazol-5-yl)thio)

a Compounds classified by International Agency for Research on Cancer as Group I carcinogens, having sufficient evidence of human
carcinogenicity.
Source: Adapted from Ruder et al., 1990.

The urothelium is normally quiescent, but it is capable of re-entering the cell
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cycle in response to injury. Epidermal growth factor (EGF), which is present at high concentrations in the urine,
has been suggested as a major factor in urothelial growth and differentiation. Only the basal cell layer normally
expresses EGF receptor (Messing et al., 1987). It is possible that injury to these cells and exposure to urine
trigger rapid growth.

Bladder cancer, like many other cancers, occurs as a result of the interaction of genetic predisposition,
occupational exposure, and a variety of cofactors. One of the prime nonoccupational causes of bladder cancer is
cigarette-smoking, with an increasing incidence of disease in women that correlates with increased tobacco use
(Cole and Hoover, 1971). Whether low-level arsenic exposure is synergistic with known carcinogens, such as
cigarette-smoking, is unknown. These examples illustrate the complex interaction between genetic factors and
multiple occupational or environmental toxicants.

Cancer of the Kidney

About 18,000–20,000 new cases of renal cancer are diagnosed each year in the United States. This
malignancy, which makes up 2–3% of all cancers, ranks eleventh in cancer incidence and results in 8,000 deaths
a year in the United States. White males have the highest mortality, 4.8 per 100,000; black females have the
lowest mortality, 2.0 per 100,000.

About 85% of the renal cancers diagnosed are renal-cell cancers, whose incidence is about twice as high in
men as in women. In 1986, the incidence of renal-cell carcinoma per 100,000 was 11.3 in white males, 11.9 in
black males, and 5.6 in white females and black females. Kidney cancer is increasing in the United States; Huff
reported in 1991 that percentage age-adjusted increases (per 100,000) in mortality (and in incidence) were 9.1%
(21.7%) in whites, 38.2% (19.8%) in blacks, 7.8% (21.3%) in white males, 44.0% (26.9%) in black males,
13.5% (23.0%) in white females, and 34.7% (11.9%) in black females (Huff and Haseman, 1991).

Environmental agents have been implicated in the development of neoplasms of the renal parenchyma.
Renal adenomas and adenocarcinomas account for about 85% of renal neoplasms. Commonly referred to as
hypernephromas, these tumors arise from cells of the proximal convoluted tubule. They account for 2.1% and
1.60% of all cancer deaths in males and females, respectively. Squamous-cell carcinomas are much less common
and account for 5–6% of renal neoplasms. Neither nephroblastomas nor renal sarcomas have been associated
with renal carcinogens. Transitional-cell carcinomas of the renal pelvis and ureter can be induced by the same
carcinogens that produce bladder tumors. Workers in the aniline-dye, rubber, textile, and plastic industries have a
higher incidence of these tumors, which overall account for 7–8% of renal neoplasms. A list of occupations
found to have excess risks for kidney cancer is contained in Table 2-3.

Renal cancers in humans have been associated with exposures to tobacco smoke, some environmental and
occupational factors (e.g., coke-oven emissions
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TABLE 2-3 Occupations Found to Have Excess Risks for Kidney Cancera

Occupation and Industry Risk (statistical significance)b,c

Steel (coke plant) 5.0 (p <0.01)

Chemical mfg. 50% incidence

Leather workers 4.8 (95% CI = 1.8-121)

Cadmium 2.5 (p <0.05)

Wholesale and retail 3.3 (p <0.05)

Entertainment 2.4 (NS)

Transportation 2.2 (NS)

Asbestos 2.3 (NS)

Pharmaceutical PMR 2.85 (p <0.05)

Dry cleaning PMR 200

Dry cleaning PMR 257 (p <0.05)

Dry cleaning 3.8 (95% CI = 1.9-7.6)

Dry cleaning SMR 200 (95% CI = 55-517)

Dockyard workers 1.9 (p <0.001)

Metallurgy workers 3.78 (p <0.05)

Ironsmiths 1.83 (NS)

Coppersmiths 1.63 (NS)

Fitters 2.38 (NS)

Autogenous welders 5.06 (p <0.05)

Smiths/shipwrights 3.7 (NS)

Electric welders 2.5 (NS)

Joiners 1.2 (NS)

Carpenters 1.02 (NS)

Caulkers 1.85 (NS)

Masons 6.06 (NS)

Oil refinery SMR 152 (NS)

Petroleum refinery PMR 2.14 (p <0.05)

Petroleum refinery SMR 155 (71-294); SMR 205 (94-389)

Petroleum SMR 1.23 (95% CI = 1.77-1.86)

Petroleum 1.7 (95% CI = 1.0-2.9)

Lumberjacks 1.93 (90% CI = 1.03-3.61)

Plastics SMR 203 (NS)

Aluminum prebake 151. (NS)

Embalmers PMR 247 (p <0.05); PCMR 142

Chlorine production 3.8 (90% CI = 1.32-10.93)

Smelter SMR 204 (95% CI = 75-444)

Artists PMR 280 (p <0.001)

a Each entry represents a single study.
b Unless otherwise specified, relative risks.
c CI = confidence interval; NS = not statistically significant; PMR = proportional mortality ratio; SMR = standardized mortality ratio; PCMR
= proportional cancer mortality ratio.
Source: Adapted from Schulte et al., 1987.
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and possibly rubber-industry byproducts), and therapeutic agents, particularly analgesic mixtures containing
phenacetin (Amico et al., 1991). A large epidemiologic study confirmed the association of lead and renal cancer
in humans (Steenland et al., 1992). It is also suspected that arsenic is related to cancers of the kidney
(Scandinavian Committee on Enzymes, 1985). However, most causes of kidney cancers are unknown, and these
malignancies remain an important human health problem. The true incidence and mortality in the human
population may be considerably higher than those reported. As evidence of that, more than one-third of the
reports of the relatively few routine autopsies in the United States disclose undiagnosed cancers (Azzopardi and
Evans, 1971). According to Holm-Nielsen and Olsen (Bauer, 1988), renal adenomas (minute cortical foci of
proliferating tubular or papillary epithelium) often are present in 15–22% of all adult kidneys. Whether these
small tumors (typically 2-3 mm, up to 6 mm) should be regarded as carcinomas or as benign precursors of renal-
cell carcinomas remains controversial (Bauer, 1988).

Data from a number of animal and some human studies (IARC, 1987) generally support a relationship
between lead-induced chronic renal disease and renal adenocarcinoma (Steenland et al., 1992), but an increased
incidence of renal cancer has also been reported among lead-exposed workers without statistically increased
rates of chronic renal disease (Steenland et al., 1992). The role of renal lead-binding proteins that both animals
and humans mediate individual susceptibility to renal cancer from lead has been hypothesized (Fowler et al.,
1994) as a mechanism for explaining observed variability among lead-exposed persons.

Recent evidence suggests that the original Knudson hypothesis—that the chromosomal regions often lost or
mutated in tumors harbor tumor-suppressor genes—is correct. Several forms of renal cancer should be
considered, including those with Wilms's tumor, the Von Hippel-Lindau disease, and the Li-Fraumeni syndrome,
all of which represent the inheritance of a deleted or otherwise inactive suppressor gene (Latif et al., 1993).
Studies of Wilms's tumor were the first to suggest that chromosomal defects in cancer cells harbored tumor-
suppressor genes (Knudson and Strong, 1972). The Wilms's tumor-locus gene is a tumor-suppressor gene on
chromosome 11p13. Germline mutations in WT-1 are associated with both the heritable and sporadic forms of
Wilms's tumor and urogenital abnormalities. People heterozygous for mutations of the WT-1 gene are
predisposed to Wilms's tumor (Haber and Housman, 1992). The tumor cells have lost heterozygosity and contain
mutants at both alleles; this is consistent with the Knudson model of genetic predisposition to cancer. The WT-1
gene encodes a nuclear protein that possesses a so-called zinc finger domain governing DNA-binding specificity.

Von Hippel-Lindau disease is a relatively rare, dominantly inherited tumor disorder characterized by retinal
angiomatosis and cerebellar hemangioblastoma (Latif et al., 1993). Renal-cell carcinoma is a frequent cause of
death in
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this disease. It is inherited as an autosomal dominant trait. The gene has been mapped to the short arm of
chromosome 3.

The Li-Fraumeni syndrome is a familial tumor syndrome associated with malignant tumors in various
organs. Inherited mutations of the tumor-suppressor p53 gene have been described. Like several other previously
described tumor-suppressor gene products, p53 is thought to regulate transcription of genes critical to the control
of cell growth and differentiation and in this way to be involved in the regulation of the cell cycle. The p53 gene
is a promising candidate marker for cancer susceptibility (Harris, 1993). It is on chromosome 17p and is the most
frequently mutated gene of human tumors in the United States. Evidence that the p53 gene is an anti-oncogene
came from the observations that the wild-type form of the protein inhibits oncogene-mediated transformation of
cells and that the growth of human cancers with endogenous p53 mutations was inhibited. In a detailed analysis
of a group of families with multiple cancers first described by Li and Fraumeni, it was shown that the p53 gene
was inherited in a mutated form and that cancer resulted only when additional mutations accumulated; this is
consistent with the clinical appearance of cancer at ages 10–40 (Harris and Hollstein, 1993). That different
carcinogens cause different characteristic mutations in the p53 gene suggests that the location and characteristics
of these mutations can reveal clues about etiology and molecular pathogenesis of cancer. Thus, screening for
germline mutations of the p53 gene could be used to identify a population at risk for cancer after exposure to
occupational or environmental toxicants.

The retinoblastoma gene product regulates the cell cycle by maintaining cells in a non-proliferating state. It
does so by binding to transcription factors presumably related to the cell cycle, thereby inactivating them (Marx,
1991). Binding is regulated by phosphorylation and dephosphorylation events—events also regulated during the
cell cycle. The retinoblastoma gene binds to the adeno-viral E1A oncogenic protein, thus inactivating it and
allowing the cells to enter the cell cycle continuously. Both alleles at the retinoblastoma-gene locus on
chromosome 13 are defective in retinoblastoma and other cancers, including prostatic and bladder cancer
(DeCaprio et al., 1989).

The importance of gasoline exposure and various aliphatic hydrocarbons in the induction of renal-cell
carcinoma is controversial (Kadamani et al., 1989). The linkage to gasoline and hydrocarbon exposure stems
from earlier studies in male rats that had an increased incidence of renal-cell carcinoma; however, the extension
of the information obtained in the rats to humans has not proved informative (see Chapter 5). For example, the
deposition of alpha2u-globulin, which has been observed in rats, has not been observed in humans (see
Chapter 6). A review of the pathologic changes that were present in cases of renal-cell carcinoma in which
hydrocarbon exposure was thought to play a role (Pitha et al., 1987) did not detect important changes in the
normal kidney cells adjacent to
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the carcinomatous cells. Those results do not substantiate the importance of hydrocarbon exposure in either the
development of subclinical nephrotoxicity or the pathogenesis of renal-cell carcinoma.

Unsubstantiated evidence that occupational exposure is a factor in renal carcinoma indicates that
development of biologic markers for individual risk assessment might assist in identification. The increased
incidence in males might be attributed to the hormonal milieu or to smoking, which has been more frequent in
men in the past. Recent studies indicate only a weak association with exposure to dry-cleaning agents, but there
is a further need for individual risk assessment. The potential causative agents for renal-cell carcinoma have been
extensively reviewed by Schulte and Kaye (1988).

Keys to the understanding of renal cancer might come from such seemingly diverse disciplines as
toxicology, molecular biology, and cancer biology, which share an interest in understanding the regulation of the
cell cycle. For example, the interaction of inherited defects in the p53 tumor-suppressor gene and environmental
toxicants has proved to be an important lesson in the induction of cancer. Similarly, inheritance of the disabled
WT-1 tumor suppressor gene is a well-known cause of a form of renal-cell cancer.

Cancer of the Prostate

Prostatic cancer is the most frequent cancer in men in the United States, with an annual incidence of 87.8
per 100,000. Its mortality is much lower, 23.8 per 100,000, but it is still the second most common cause of
cancer death in men and the most common cause of cancer death in older men. The annual cost of diagnosis and
care is more than $1 billion. In 1992, there were about 132,000 diagnosed cases of prostatic cancer and 36,000
related deaths. On the basis of autopsy studies, it is believed that more than 40% of men over 50 have
undiagnosed prostatic cancer. It is projected that 10–12% of men alive today will have clinically manifested
prostatic cancer and that 2% will die of it.

Blacks in the United States have a higher incidence of prostatic cancer than do whites in the United States
or blacks in some other countries. For example, several studies show an odds ratio of 1.8-2.0 for prostatic cancer
for blacks compared with whites in the United States. The incidence of prostatic cancer is markedly higher
among blacks in the United States (100 per 100,000) than among blacks in Nigeria (10 per 100,000). Not only is
the incidence of the disease higher, but prostatic cancer mortality is higher among blacks than among whites.
That has been attributed to later diagnosis and increased risk among blacks, which might be related to genetic
factors that influence the response to occupational or environmental exposures. The increased incidence of
prostatic cancer associated with the migration of ethnic groups and the modulation of disease by diet support a
xeno-biotic etiology for prostatic cancer. The importance of environmental factors has been brought into focus
by differences in
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the incidence of disease in various countries, and several hypotheses have been offered to explain the etiology.
For instance, the low incidence of prostatic cancer and high incidence of breast cancer in males in Egypt have
been attributed to increased estrogen levels in patients with bilharziasis infection of the liver (Bouffloux, 1980;
El-Aaser et al., 1985; Sherif et al., 1980). A further reflection of environmental or occupational exposure comes
from a 28-year Japanese study of latent prostatic cancer found in surgical specimens. During the study, an
increase in overall incidence of prostatic carcinoma was observed; the number of high-grade (Gleason 3–5) cases
increased, and the incidence of low-grade (Gleason 1–2) cases remained the same. These observations indicate
that the changes are related to two diseases that develop along separate tracks.

In Hawaii, with its many ethnic groups, Kolonel (Kolonel et al., 1983) found a high correlation between
dietary fat (both total fat and animal saturated and unsaturated fats) and incidence of prostatic cancer. The
importance of saturated fats was substantiated by Hankin (Hankin et al., 1992), and of both saturated and
unsaturated fats by Hursting (Hursting et al., 1990). Although cigarette-smoking as an etiologic factor for
prostatic cancer has been considered, recent evidence suggests that the risk associated with cigarette-smoking, if
any, is small (Hsing et al., 1990).

Increasingly, evidence indicates that prostatic cancer is a multistep process in which a series of events are
required for a normal malignant cell to give rise to a fully malignant cancer cell. A large number of clinically
undetectable cancer cells are present in a prostatic cancer. Although defined histologically as cancer, they might
not have undergone all the steps to malignancy (Carter at al., 1990). That is an important consideration because
widespread screening for prostate-specific antigen (PSA)—see Chapter 6—has led to an increase in detection of
the occult form of prostatic cancer. Consequently, many men are being offered the option of surgical intervention
or radiation therapy without proof from clinical trials that screening with PSA will enhance patient survival.
Screening is detecting many cases of prostatic cancer, some of which might be biologically inactive.

Alterations in biologic markers that are associated with prostatic cancer reflect the subversion of growth
control. The complex organization of the prostate is an example of the multiplicity of cellular interactions critical
to homeostasis. The gland contains neuroendocrine cells, basement-membrane cells, associated stromal cells,
and, of great importance for the continued reproductive success of the species, functional epithelial cells. Any of
the several cellular types can abort normal regulatory control and participate in a new program of tumorigenesis.
In the past, the influences of various hormones on the control of growth have been the primary focus of research
and therapy. With the recognition that the tumor cells that progress are hormone-independent, increased attention
has been given to other mechanisms of tumorigenesis.
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The scientific challenge is to determine which of the cells are primary targets of xenobiotics; to understand
the genetic factors that allow the transition from controlled paracrine growth to independent autocrine growth;
and to define the early histopathologic malignant alterations and correlate them with early biochemical markers.
Each of the histopathologic manifestations of disordered cell growth—proliferation, invasion, and metastasis—
may be accompanied by subtle, but detectable and quantitative alterations. A key to the recognition of early
biochemical profiles might come from study of cells surrounding those which have undergone malignant
transformation, given the assumption that a gradient of changes can be detected.

In the adult male, homeostasis in the prostate is under the influence of androgens and is mediated by a series
of diffusible peptides, or growth factors (EGF, transforming growth factor-(TGF) beta, insulin-like growth
factors (IGFs), and fibroblast growth factor). The interaction of these and other growth factors is complex. Two
examples are illustrative. First, TGF inhibits prostatic epithelial cell growth in the presence of EGF, but this
inhibitory effect is abrogated in the presence of fibroblast growth factor, FGF, (McKeehan and Adams, 1988).
Second, low concentrations of TGF are involved in a negative-feedback mechanism for the control of growth of
prostatic stroma and epithelial cells. Obliteration of androgens—either surgically by orchiectomy or medically
by use of a dihydroxysterone antagonist—results in prostatic-cell involution; this is followed by an increase in
the prostatic growth factors, receptors, and cofactors, such as EGF and IGFs (Fiorelli et al., 1991a,b). In animals,
administration of exogenous androgen decreases the production of TGF messenger RNA and its receptor to
normal levels. The epithelial cells in turn regulate stromal cells through secretion of fibroblast growth factor,
which influences angiogenesis, chemokinesis, and extracellular matrix-protein production (Gospodarowicz,
1991; Rifkin and Moscatelli, 1989). Alterations in one or more of those factors probably influence the metastatic
potential of prostatic cancer or facilitate or inhibit the growth of transformed cells. Furthermore, it is not
surprising that the growth of this highly regulated cellular system can be influenced by aging, by alterations in
hormonal control, or by exogenous factors, such as xenobiotics or diet. One of the features of prostatic cancer is
that the cells eventually become resistant to androgen suppression, proliferate rapidly and metastasize.

The prostate constitutes a unique environment that imposes special constraints on the development of
biologic markers. Two of the most important constraints are that most men will eventually develop some degree
of benign prostatic hyperplasia (BPH) and that in later life there is a high incidence of microfocal cancer.
Implications of those facts are that there is almost always some confounding pathology and the problem is not to
detect cancer, but rather to detect cancer that will become aggressive.
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As with other organs, clues to the selection of markers lie in the molecules involved in the regulation of cell
growth and differentiation, because it is the subversion of these systems that leads to cancer. The prostate is
subject to complex growth and differentiation control. There are interacting stromal and epithelial elements and
both androgen-dependent and androgen-independent mechanisms. The androgen-independent mechanisms seem
to be operative during embryonic development; at puberty, there is a switch to androgen-dependent mechanisms.
Clinically dangerous cancers seem to involve a reawakening of the androgen-independent mechanisms.

The biologic controls seem to involve several important principles: There are both positive (or stimulatory)
and negative or (inhibitory) signals; an example of the former is platelet-derived growth factor, and an example
of the latter is TGF although, to complicate the picture, TGF can inhibit epithelial cells and stimulate fibroblasts.
Receptor processing at the membrane is complex, involving a receptor, a transmembrane domain, and an
intracellular domain; the latter produces changes in cellular second messengers and modulates proteins, such as
the ras p2l protein and other G proteins. Receptors are likely to be hormone-dependent. Extracellular-matrix
proteins transmit growth or differentiation control signals to cells through linkages of integrins and other surface
molecules. Autoregulation can liberate cells from exogenous controls. Growth peptides can be modified
postranslationally; for example, TGF-alpha exists in the prepro form, which can be activated by appropriate
proteases. The growth peptides can have actions on cells other than their main target cell.

It is difficult to know which factors are important to study clinically in these circumstances. For example, it
can be difficult to determine whether the decrease in EGF or the increase in FGF is the important factor. Given
the increasing number of growth factors identified, it is not feasible to examine all peptide growth factors in
clinical studies. It is important to examine alterations in prostatic histopathology and cytology, as well as to
correlate them with biochemical events, such as changes in the androgen receptor in the stroma, in androgen
concentrations in plasma, in the amount being expressed by the testes or adrenal cortex, or even in the
mechanisms that control the processing. One of the features of BPH is the increase in the stroma, compared with
the endothelial or epithelial parts of the tissue, which results in such clinical manifestations as difficulty urinating
or, in severe cases, hydronephrosis. Biochemical and structural analysis might provide clues as to the
mechanisms in the increased amount of stromal formation in BPH.

Interstitial Cystitis

The bladder has several potential targets for toxic xenobiotics. First, the protective glycosaminoglycan layer
is subject to inactivation by amine compounds, which are among the most potent bladder carcinogens.
Inactivation of
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this layer by any one of several mechanisms increases the effect of later carcinogen exposure, whereas the
administration of other glycosaminoglycans or heparin mitigates the carcinogenic effect of xenobiotics
(Bodenstab et al., 1983). Second, primary and secondary alterations in the neuromuscular function of the bladder
can produce changes in bladder physiology; any abnormality that causes obstruction of urine flow from the
bladder alters bladder physiology and can lead to hypertrophy and altered neuromuscular function (Levin et al.,
1990). Third, because there is a link between nerve function and inflammation, abnormalities in the nerves that
innervate the bladder—similar to that described after exposure to organophosphate pesticides (Hohenfellner et
al., 1992)—can produce an inflammatory response. Such a mechanism might also be involved in interstitial
cystitis (described later). That is, considerable evidence suggests that at least some cases of interstitial cystitis
result from urinary toxicants (Messing et al., 1992) that inactivate the glycosaminoglycan layer and expose the
muscularis to various urinary solutes. It is not known whether this inactivation is a result of exposure to
endogenous or exogenous agents.

Interstitial cystitis is a syndrome characterized by pain, urgency and frequency of urination, and cystoscopic
abnormalities, all of which occur without known causes. Studies of the epidemiology of the disorder have not
pointed to any one causal agent (Held et al., 1990; Koziol et al., 1993). One estimate, which might be low,
placed the number of diagnosed cases in the United States at 43,500 in 1985. The reported incidence is much
higher in women, but the reported incidence in men could reflect underdiagnosis. A subpopulation at special risk
has not been identified, but Jewish women are overrepresented and black women are underrepresented. Although
the etiology of interstitial cystitis is not known and there is no firm evidence that it results from xenobiotic
exposure, the economic and human import of this condition merits attention and consideration of all possible
causes.

ANIMAL MODELS OF INTERSTITIAL CYSTITIS

Several animal models of various aspects of interstitial cystitis have been reported recently. Ratliff and co-
workers reported that some strains of mice develop an autoimmune cystitis that mimics the ulcerative form of
interstitial cystitis, even to the point of showing bladder-permeability changes (Bullock et al., 1992). Stein and
Parsons (1991) reported that the chronic instillation of protamine into rabbit bladders produced inflammation and
a breakdown of the permeability defenses of the bladder that could persist after removal of the challenge and
therefore provide an example of the ''toxic urine'' and "epithelial dysfunction" models. Buffington and co-
workers reported that a spontaneous syndrome of cats manifested by frequent, apparently painful urination with
sterile urine is apparently similar to interstitial
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cystitis in showing decreased urinary glycosaminoglycan excretion.

SUMMARY

Advances in understanding and using biologic markers should assist in identifying xenobiotics that are toxic
to the urinary tract. The functional role of the urinary tract, including clearance of toxic substances from the
blood, predisposes it to xenobiotic exposure and toxicity. Historically, identification of the type and amount of
xenobiotic exposure has been difficult, often because of the interval between exposure and the onset of disease.
Blacks and other minority groups, for reasons that are not entirely apparent, are at higher risk.

In diseases such as bladder cancer, xenobiotics associated with particular occupations are strongly
implicated, and their mutagenic effects may be important. However, in kidney cancer and other renal diseases, a
number of host factors, the typically low levels of exposure to multiple xenobiotics, and such confounding
variables as smoking and genetic susceptibility often mask the epidemiologic significance of individual
xenobiotics. A powerful approach toward unraveling the complexities of xenobiotic exposure is to integrate
biologic markers of susceptibility with biologic markers of effect.

Some xenobiotics are known to cause acute renal failure. Heavy metals and organic solvents stand out in
this regard. There are several well-established associations between xenobiotic exposure and the development of
chronic renal failure, as exemplified by exposures to lead and cadmium. The association of bladder cancer and
occupational exposure to aniline dyes serves as a paradigm for the potential adverse health effects of xenobiotics.

Environmental agents have also been implicated in the development of neoplasms in the kidney. Some of
these can be facilitated by acquired or inherited genetic defects. The association of xenobiotic exposure and such
conditions as prostate cancer and interstitial cystitis is less certain but merits attention.
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3

BIOLOGIC MARKETS OF SUSCEPTIBILITY AND
EXPOSURE

Biologic markers of susceptibility and exposure are intimately related in the evaluation of populations at
risk for effects of xenobiotics. Although objective indicators of exposure, such as excreted metabolites or DNA
adducts, are often convenient to identify a population at risk, the problem might be much more complex. For
example, members of a population can vary widely in their susceptibility; a population defined as being at risk in
the absence of knowledge of susceptibility might consist mostly of people who are not susceptible and therefore
are not at risk or are susceptible to various degrees. This complication is particularly pertinent for diseases like
cancer which have a long latency period and can involve a sequence of biologic changes. The situation can be
less complex in the case of toxic responses that are related directly to a toxicant or its metabolites. Because of
those fundamental principles, linking exposure to disease is difficult when large fractions of the population are
not susceptible. For example, the tobacco industry maintains that smoking does not cause cancer, on the grounds
that 95% of smokers never develop cancer. The power of biologic markers of exposure can be increased if they
are linked to biologic markers of susceptibility and effect. Making that linkage provides a means to identify a
real high-risk group among those exposed and can also provide an understanding of the mechanisms of disease.

POPULATIONS AT RISK

A major thrust of environmental-health research has been in the definition of acceptable magnitudes of
exposure in the workplace and environment—usually without adequate data on effects on individuals or
populations. Definition of risk with biologic markers can provide objective information concerning the effects of
exposure on individuals and populations. This information can, in turn, be used to design cost-effective strategies
of mitigation and is related directly to the ethical and practical issues discussed in Chapter 1.
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The section following immediately discusses nephrotoxicity. Discussions of genitourinary cancer follow
later in the chapter.

Hereditary Susceptibility to Nephrotoxicity

Hereditary renal conditions are a documented but infrequent cause of end-stage renal disease (ESRD). The
most prevalent hereditary renal disease is cystic kidney disease, which accounts for 3.4% of the cases of ESRD.
Other hereditary or congenital renal disease accounts for 0.9% of the cases of ESRD (NIH, 1993). An intriguing
observation regarding the relationship between hereditary factors and ESRD comes from a case-control study of
325 men in which occupational exposure was sought as an etiologic explanation of their ESRD. Only patients
whose diagnoses were compatible with toxicant-induced renal injury were included in the analysis; patients with
other known causes of renal failure were excluded. That ESRD was most strongly associated with a family
history of renal disease (odds ratio, 9.30:1) (Steenland et al., 1990), not with occupational exposure, suggested
the presence of hereditary susceptibility.

Substantial evidence supports a sex-related predilection for susceptibility to various nephrotoxicants. For
example, male rats are more sensitive than female rats to the nephrotoxic effects of carbon tetrachloride and
aminoglycoside antibiotics (Bennett et al., 1991). In contrast, Moore et al. (1984) demonstrated a higher
susceptibility of women than of men to the nephrotoxic effects of aminoglycoside antibiotics. In any case, there
seems to be a sex-related effect in both rats and humans; whether these differences are genetic in origin remains
to be determined.

Direct evidence of race as a risk factor in toxicant-induced renal injury is lacking, but blacks and some other
minority groups are highly susceptible to other forms of renal disease, such as has been demonstrated for the
renal disease due to hypertension and diabetes mellitus (see Chapter 2) (NIH, 1992).

Inherited renal disorders might influence susceptibility to toxic injury. The potential impact of genetic
factors on the renal response to environmental agents has not been widely appreciated or reviewed. One
important and complicating aspect is the highly variable penetrance or expression of most of the genetic
abnormalities that involve the kidney. Many people who carry genes for renal abnormalities might be only
mildly affected or remain completely asymptomatic for many decades. Although it might be relatively easy to
identify the first person in a genetic line with overt clinical manifestations of genetic kidney disease, a much
larger pool of asymptomatic people might also be at higher risk than normal for damage from exposure to
biohazards.

A number of inherited disorders affect renal development or structure; these disorders have been
extensively documented, and their clinical features
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are well described, as are the various modes of inheritance (Brenner and Rector, 1986; Fisher and Brenner,
1989). The best-studied among those diseases are autosomal dominant (adult) polycystic kidney disease,
autosomal recessive (infantile) polycystic kidney disease, hereditary nephritis (Alport's syndrome), and
hereditary osteoonychodysplasia (nail-patella syndrome).

Many inborn errors of metabolism can also have a major, if not primary, impact on the kidney. A variety of
inherited disorders result in compromise of the secretory or reabsorptive functions of the renal tubule system
(Brenner and Rector, 1986). Prominent among them are defects in phosphate transport, amino acid transport, and
glucose-handling. The clinical characteristics of people affected by these genetic defects of metabolism are, for
the most part, well reviewed in standard medical texts, and inheritance patterns have also been well studied.
Affected persons with tubular impairment that does not reach clinical significance and those with late onset of
disease might well be at increased risk for toxic injury. The issue deserves investigation.

Heredity also plays an important part in a wide variety of systemic diseases that can damage the kidney and
thereby increase the risk of renal injury from biohazards. Among the most important are diabetes, hereditary
amyloidosis, and alpha-antitrypsin deficiency (Brenner and Rector, 1986; Fisher and Brenner, 1989).
Autoimmune diseases, many kinds of vasculitis, and systemic lupus erythematosus can also be considered in this
susceptibility category. Again, attention should be paid to family members of persons with diagnosed, clinically
significant disease to identify the possible increased risk to apparently unaffected carriers of the defects.

Finally, hereditary aspects of immune responsiveness appear to contribute to the susceptibility to a number
of renal diseases (Ballardie, 1992; Oliveira, 1992). That finding is not surprising in light of the great importance
of immune and inflammatory responses in mechanisms of glomerular and tubulointerstitial disease. Long-term
effects of toxic injury might involve immunopathologic mechanisms (see Chapter 4), and genetic aspects of
immune responsiveness could contribute substantially to susceptibility to kidney damage from exposure to
biohazards.

Susceptibility to develop Goodpasture's syndrome, with anti-glomerular-basement-membrane antibodies,
appears to be strongly associated with a very small number of Class II major histocompatibility antigens; other
Class II histocompatibility antigens have been implicated in susceptibility to membranous nephropathy (Oliveira,
1992). The link with immune response genes is of special importance in susceptibility to toxic injury, inasmuch
as organic solvents, heavy metals, and drugs have also been suggested to play a role in the pathogenesis of those
immune disorders of glomeruli (see Chapter 4). Class II major histocompatibility antigens have also been
evaluated in the heredity of

BIOLOGIC MARKETS OF SUSCEPTIBILITY AND EXPOSURE 55

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 re
co

m
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 th

e 
or

ig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 th

e 
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, 

he
ad

in
g 

st
yl

es
, a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e 
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Biologic Markers in Urinary Toxicology 
http://www.nap.edu/catalog/4847.html

http://www.nap.edu/catalog/4847.html


IgA nephropathies, membranoproliferative glomerulonephritis, minimal change disease and tubulointerstitial
nephritis (Oliveira, 1992). Although some claim to have established significant associations, the results remain
controversial, requiring study of larger populations and more investigation. Evidence has suggested a role of
genes of Class I major histocompatibility antigens in susceptibility to injury by immunological mechanisms. At
present, however, it seems that linkage-disequilibrium phenomena can explain the link to Class I antigens, given
the strong association with Class II antigens of the histocompatibility complex. Genetic deficiencies of the
complement system, many of them also mapping in the major histocompatibility complex, have been shown to
be predisposing factors in lupus nephritis and IgA nephropathy. Studies with animal models have identified
highly significant genetic components of susceptibility to experimental tubulointerstitial nephropathies, but little
or no similar evidence is available on humans (Ballardie, 1992).

Nutrition

The glomerular hyperfiltration that regularly follows the ingestion of a protein-rich diet can induce
glomerulosclerosis and chronic renal failure in animals deprived of their renal reserve. Furthermore, variation in
the body's mineral content has been linked with chronic renal injury, as in the case of severe hypokalemia
induced by eating disorders, and shown to augment toxicant-caused injury, as in the association of calcium
depletion with lead nephropathy or of salt depletion with analgesic nephropathy.

Socioeconomic Factors

The relationship between income and the incidence of ESRD has previously been described (see Chapter 2).
It is not clear whether income is a true independent variable or is closely associated with race or other factors.

Age

Age is a well-recognized factor in determining the severity of acute renal failure—particularly that acquired
in hospitalized patients (Porter, 1989). In older patients, not only is there an increased susceptibility to injury, but
once injury has occurred the rate of recovery is decreased. For example, weanling rats, as opposed to adult rats,
are relatively resistant to the nephrotoxic effects of aminoglycoside antibiotics and have a greater capacity for
tubular epithelial-cell repair (Fernandez-Repollet et al., 1992).

There is indirect support of the proposition that the elderly are at increased risk for the development of
toxicant-induced chronic renal failure. In a study of patients who were 70 years old or older (Chester et al.,
1979), 29% of the
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patients were classified as having chronic interstitial nephritis, a diagnosis quite compatible with toxicant-
induced renal failure. The proportion was much higher than the 10.4%, observed when patients 50 and older
were included (Marcias-Nunez and Cameron, 1987). Because toxicant-induced chronic renal failure is theorized
to occur after years of low-level exposure, it stands to reason that the incidence of chronic renal failure would be
clustered in elderly patients.

Coexisting Chronic Disease

Pre-existing renal insufficiency is well documented as a risk factor in acute nephrotoxic renal failure. For
chronic renal failure, the information is circumstantial. Patients with sickle-cell disease who have a high
incidence of renal papillary necrosis as a result of their underlying disease process also have a predisposition to
analgesic use because of the pain associated with "sickle crisis." In this situation, it is difficult to determine
whether the analgesic use increases the severity of the papillary necrosis. Another example of the relationship
between pre-existing renal insufficiency and acute nephrotoxic renal failure is the increased risk of nephropathy
associated with contrast medium in patients with diabetes mellitus or multiple myeloma. It has been suggested
(Mudge, 1980) that in up to 25% of diabetic patients with contrast-medium-induced renal injury, the serum
creatinine concentration does not return to baseline, and further deterioration of renal function occurs. The role
of hypertension was alluded to in the discussion of race. Presence or absence of coexisting chronic disease in
other organs can modify the effects of some urinary tract toxicants.

Addictive Behavior and Recreational Drug Use

Drug abuse is increasingly common among young people, and it is not surprising that it has been linked to
renal injury. Heroin use is associated with a severe form of nephropathy and is a recognized cause of focal
sclerosing glomerulonephritis with associated nephrotic syndrome. The resulting glomerular injury often
progresses to ESRD and might account for up to 10% of the cases of ESRD in cities with large addicted
populations (Cunningham et al., 1983). Renal ischemia can be an acute effect of cocaine inhalations, although
cardiac ischemia and cerebral ischemia are more common (Pogue and Nurse, 1989; Singhal et al., 1990).
Rhabdomyolysis and acute renal failure can accompany free-basing inhalation of cocaine (Horst et al., 1991).
Various acid-base and electrolyte abnormalities can result from solvent abuse, as occurs with exposure to toluene
from gluesniffing (Carlisle et al., 1991; Gupta et al., 1991). When intravenous amphetamine (speed) was a
popular street drug, a form of drug-induced polyarteritis nodosa

BIOLOGIC MARKETS OF SUSCEPTIBILITY AND EXPOSURE 57

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 re
co

m
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 th

e 
or

ig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 th

e 
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, 

he
ad

in
g 

st
yl

es
, a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e 
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Biologic Markers in Urinary Toxicology 
http://www.nap.edu/catalog/4847.html

http://www.nap.edu/catalog/4847.html


with progressive renal failure and severe hypertension was a recognized outcome.

Occupational or Environmental Exposure

Drugs and environmental toxicants have in some instances induced acute renal failure but evidence of their
causing the development or progression of chronic renal failure is circumstantial and thus less compelling. That
is not surprising, given the insidious and progressive nature of chronic renal failure and the long latency between
exposure and the onset of disease. Compounding this is the superimposition of other chronic conditions that are
also associated with progressive renal failure and the lack of a uniform system of classifying renal disease.
Finally, the presence of many potential nephrotoxicants in our environment suggests that the causes of many
forms of renal failure are multifactorial (Sandler, 1987).

It has been estimated that nearly 4 million workers were exposed to known or suspected nephrotoxicants in
the workplace in 1971–1972 (Landrigan et al., 1984). It is of interest to note that the specific nephrotoxicants
that were cited in preparing that estimate are those believed to be capable of producing chronic renal failure and
eventually ESRD. They include heavy metals (e.g., lead, mercury, uranium, and cadmium), solvents (especially
light hydrocarbons), silica, beryllium, pesticides, and arsenic.

Solvents have been implicated as inducers of glomerulonephritis (Sandier and Smith, 1991), and the
association between chronic interstitial nephritis and analgesic abuse is widely recognized (Gregg et al., 1989).
The association between hypertensive renal disease (nephrosclerosis) and lead nephropathy continues to be
explored (Staessen et al., 1990). In evaluating the occurrence of lead nephropathy in the general public, Staessen
et al. (1992) concluded that although lead exposure could impair renal function, they were unable to demonstrate
a cause-effect relationship. Examples of environmental contamination that have renal consequences are many.
One that stands out is the poisoning by methyl mercury in industrial effluents that occurred in the Minamata Bay
region of Japan and resulted in neurologic and renal impairment in several hundred adults who ate tainted fish
(Iesato et al., 1977).

Table 3-1 provides a breakdown of some common chemical agents that cause nephrotoxicity.

MARKERS OF SUSCEPTIBILITY

One of the most important factors in the development of a xenobiotic-induced disease process is
susceptibility. It would be of great advantage to be able to predict an individual's susceptibility to the adverse
effects of a xenobiotic. Given the broad definition of biologic markers in general as indicators of variations in
cellular or physiologic components or processes that alter structure or function, it is reasonable to
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TABLE 3-1 Common Chemical Agents That Cause Nephrotoxicity

Industrial and Environmental Substances

•  Glycols
•  Heavy metals
•  Organic solvents
•  Insecticides, herbicides, fungicides

Drugs

•  Prescription

Antibiotics
Antibacterial agents
Antiviral agents
Antifungal agents
Immunosuppressive agents
Antineoplastic agents

•  Nonprescription, including nonsteroidal anti-inflammatory drugs
•  Illicit (recreational), including heroin and cocaine

extend the definition to include genotypic (reflecting genetic constitution of the individual) or phenotypic
(reflecting the entire' physical, biochemical, and physiologic makeup of an individual as determined both
genetically and environmentally) markers as indicators of susceptibility. Genetic changes can result from
exogenous exposures to occupational or environmental toxicants. These changes or mutations in DNA are
usually considered markers of effect but under some circumstances can serve as markers of susceptibility.

The objective of this section is to provide a framework for identifying markers of susceptibility and
determining their relative value for individual risk assessment. Ideally, the relationship between the presence of
the marker and the incidence of disease has high degrees of sensitivity and specificity (see Chapter 1). If that is
not the case, many people with a given marker of susceptibility might be monitored unnecessarily.

It is reasonable to use the techniques of molecular biology to identify new or more precise markers of
susceptibility. Care must be taken to distinguish between the effects of acute high-level exposure and chronic
low-level exposure. For example, in two separate population studies of the relationship of exposure to aromatic
amines and the development of bladder cancer, outcome could not be predicted on the basis of the industrial-
hygiene guidelines for estimates of peak exposure, but outcome and duration of exposure were statistically
correlated. Epidemiologic studies are useful for identifying xenobiotic substances with overt health effects and to
set standards for exposure, but it might be difficult to determine the percentage of people who suffer adverse
health effects of low-level exposure or of exposures to multiple agents in population studies. The interaction of
multiple low-level toxicants might be difficult to elucidate even in a multivariate analysis.

Modifying Factors of Susceptibility

In assessing potential risk, it is important in any model to account for individual variability of drug-
metabolizing
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enzymes and health or environmental status. Differences in those factors will alter susceptibility to potential
chemical-induced injury. Three main conditions can alter susceptibility: underlying disease or altered
physiologic function, nutritional status, and renal workload. Whether each of those conditions affects
susceptibility depends on the chemical in question and on the route of exposure.

Pharmacokinetics can play an important role because metabolism in other organs might be required for the
generation of the eventual nephrotoxic metabolite, For example, many nephrotoxicants are metabolized by
hepatic enzymes (e.g., cytochrome P-450 or GSH S-transferase) to generate a substrate for a renal enzyme; this
substrate is transported to the kidneys, where the eventual reactive and toxic metabolite is produced. Hence, any
disease state that compromises liver function (e.g., cirrhosis) can alter delivery of protoxicant to the kidneys and
thus modify susceptibility to nephrotoxicity. Xenobiotics that are ingested depend on proper intestinal function
for delivery to the site of action; intestinal disease or another defect that diminishes absorption can modify
susceptibility to injury. Similarly, xenobiotics that are inhaled depend on proper pulmonary function; any form
of pulmonary disease that results in decreased absorption across the lung epithelium can modify susceptibility to
injury. Other general disease states that can modify the response to a nephrotoxic chemical include diabetes and
ischemia.

Reduction of functional nephron number, such as occurs after removal of a diseased kidney or in renal
failure, can markedly alter drug metabolism, energy metabolism, and susceptibility to injury (see Fine, 1986, and
Wolf and Neilson, 1991, for recent reviews on the physiologic and biochemical effects of reduced nephron
number). Unilateral nephrectomy and the compensatory growth that follows increased renal GSH concentrations,
particularly in the proximal straight tubule, where GSH concentrations are increased by more than 50% after
compensatory growth, compared with normal conditions (Lash and Zalups, 1992; Zalups and Lash, 1990; Zalups
and Veltman, 1988). The mechanism by which this increase occurs appears to be an increase in GSH synthesis in
renal proximal tubules (Lash and Zalups, 1994).

Nutritional status can be an important determinant of responsiveness to toxicants. For example, essentially
all the major drug-metabolism (both bioactivation and detoxification) pathways are directly or indirectly energy-
dependent. Changes in nutritional status, such as starvation or vitamin deficiencies, can have profound effects on
activities of numerous drug-metabolism pathways.

Finally, renal workload is particularly relevant for renal function and susceptibility to nephrotoxicants
because of the high energy requirements for maintaining basal renal function. Changes in transport work (e.g.,
altered sodium or potassium ion loads) can directly lead to changes in the supply of energy available
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for drug metabolism and detoxification. Hence, such changes in renal function can produce changes in
susceptibility to chemical injury.

A major question to be addressed is the scientific approach to be adopted for identifying markers of
susceptibility. The methods involved can include in vitro studies, in vivo animal models, study of patients with
clinical disease that might have been associated with a xenobiotic, and studies of populations at risk. Identifying
a specific marker of susceptibility to a xenobiotic substance requires the identification of the active xenobiotic.
Clues to the identification of an active xenobiotic might come from epidemiologic data or from the finding of the
xenobiotic in a tissue.

Parenchymal Renal Disease

Although the liver has generally been the focus of most drug-metabolism studies and is one of the most
important sites of metabolism, numerous studies over the last 2 decades have shown that the kidneys are capable
of extensive oxidation, reduction, hydrolysis, and conjugation (Table 3-2) (Anders, 1980; Jones et al., 1980).
Enzyme systems similar to those found in other tissues are involved in renal drug metabolism, including both
Phase I enzymes (which catalyze oxidation, reduction, and hydrolysis) and Phase II enzymes (which generally
catalyze conjugation). Moreover, the kidneys are critical sites of biotransformation of many classes of
xenobiotics because some metabolic pathways that are present at low activities in other tissues are present at
high activities in specific regions of the nephron. One of the best examples is the mercapturic acid pathway.

Pharmacokinetics and interorgan metabolism are important to consider in studying the role of metabolism in
chemically induced nephrotoxicity (Cohen, 1986). Interorgan pathways can depend on the specific chemical
involved and on the route of administration. The simplest scheme involves a chemical, such as cyanide or carbon
monoxide, that does not require enzymatic activation to elicit nephrotoxicity and is delivered, via the circulation,
directly to the kidneys; but there are few such nephrotoxicants—most toxic (or carcinogenic) chemicals require
bioactivation to elicit their effects (Anders, 1985). In an alternative scheme, a chemical is delivered directly to
the kidneys and metabolized by renal enzymes to a toxic form. Other, more complex schemes of interorgan
processing of nephrotoxicants, involving both renal-hepatic and enterohepatic pathways, can also occur.

Species and strain differences in interorgan levels and distributions of enzyme activities are also important.
An example of how species differences contribute to differences in interorgan patterns of metabolism is the
processing of GSH and GSH S-conjugates, which undergo a series of metabolic transformations involving
enzymes of the liver, biliary epithelium, small intestinal epithelium, and renal proximal tubular epithelium (Lash
et al., 1988). In mammals,
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TABLE 3-2 Drug-Metabolism Enzymes in Kidneya

Phase I Enzymes Phase II Enzymes Ancillary Enzymes

Cytochrome P450 Esterase GSH peroxidase

Microsomal FAD-containing mono-oxygenase N-Acetyltransferase GSSG reductase

Alcohol and aldehyde dehydrogenases GSH S-transferase Superoxide dismutase

Epoxide hydrolase Thiol S-methyltransferase Catalase

Prostaglandin synthase UDP glucuronosyl transferase DT-diaphorase

Monoamine oxidase Sulfotransferase NADPH-generating pathways

a Phase I enzymes catalyze oxidation, reduction, or hydrolysis. Phase II enzymes generally catalyze conjugation. Ancillary enzymes function
in a secondary or supporting manner to facilitate drug metabolism.

gamma-glutamyltransferase activity is at its highest in the kidneys; there is also a wide range of activities in
the liver and biliary epithelium (Ballatori et al., 1988; Hinchman and Ballatori, 1990). The relative contributions
of the various organs can differ substantially in different species. Both intrarenal and interorgan metabolic
pathways are important in the determination of susceptibility and the development of markers of toxic exposure.

Each cell population possesses a distinct complement of drug-metabolism pathways, so the bioactivation
mechanism for a specific chemical might differ among regions of the nephron. For example, one mechanism
might occur in proximal tubular cells and another in the medullary thick ascending limb cells. Such biochemical
heterogeneity probably contributes to the targeting of nephrotoxic chemicals to particular nephron cell types, and
a given chemical might be a potent toxicant in one cell population and relatively inert in another (Lash, 1990).

Renal drug-metabolism pathways and their role in bioactivation have been the subject of several excellent
reviews over the last decade (Anders, 1980, 1989; Anders et al., 1988; Commandeur and Verneulen, 1990;
Dekant et al., 1988a; Gram et al., 1986; Jones et al., 1980; Kaloyanides, 1991; Lash et al., 1988; Rush et al.,
1984; Walker and Duggin, 1988). The major renal bioactivation pathways are cytochrome P-450, prostaglandin
synthase, GSH conjugation, and the cysteine conjugate beta-lyase.
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Cytochrome P-450-Dependent Activation of Nephrotoxicants

The basic biochemistry of the renal cytochrome P-450 system is essentially the same as that of the more-
studied hepatic system, but there are important differences involving substrate specificity patterns and
inducibility (Jones et al., 1980). The various cytochrome P-450 isozymes and the associated electron-transport
systems composed of both NADPH- and NADH-dependent cytochrome P-450 reductases are not uniformly
distributed in the kidney but are found predominantly in the proximal tubular region (Guder and Ross, 1984;
Jones et al., 1980). The toxicologic implication of this observation is that the cellular localization of the
bioactivating enzyme system determines the site specificity of the toxicity. The basic principle is that reactive
metabolites are generated by this enzyme system and are responsible for toxicity near the site at which they are
produced. Examples of nephrotoxicants that are bioactivated by renal cytochrome P-450 are chloroform (Smith,
1986), acetaminophen and p-aminophenol (Newton et al., 1982), and cephaloridine (Tune, 1986).

Prostaglandin H Synthase-Dependent Activation of Nephrotoxicants

The ability of renal medullary tissue to oxidize drugs even though it lacks the cytochrome P-450 mono-
oxygenase system (Guder and Ross, 1984) suggested that another system brings about these reactions (Spry et
al., 1986). Prostaglandin H synthase (PHS) is a hemecontaining protein found predominantly in the interstitial
and collecting duct cells of the renal medulla and in smaller amounts in Henle's loop and medullary thick
ascending limb, and it is associated with the endoplasmic reticulum and nuclear membranes. Two reactions are
catalyzed: a fatty acid cyclo-oxygenase step and a prostaglandin hydroperoxidase step. The cyclo-oxygenase
activity, which is specifically inhibited by aspirin and indomethacin, is responsible for the initial his-
dioxygenation of unsaturated fatty acid substrates, such as arachidonic acid. The product, a hydroperoxy cyclic
endoperoxide, is reduced by the hydroperoxidase activity to the hydroperoxy form.

The heme moiety of the peroxidase loses two electrons or gains oxygen during the reduction of peroxides.
Rereduction of the peroxidase heme is accomplished by enzymatic removal of two electrons or donation of
oxygen to a suitable electron donor, which acts as a reducing cosubstrate and is thereby oxidized (Spry et al.,
1986). Although the specific endogenous cosubstrate has not been identified, tryptophan, ascorbate, and uric acid
might function in vivo. Of toxicologic importance is the ability of some xenobiotics to function as reducing
cosubstrates (Spry et al., 1986; Zenser and Davis, 1984). The cooxidations include dehydrogenations,
demethylations, epoxidations, sulfoxidations, N-oxidations, C-oxidations, and dioxygenations (Anders, 1989).
Once oxidized to reactive metabolites, the cosubstrates
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might covalently bind to critical cellular macromolecules and thereby produce cytotoxicity. Several examples of
xenobiotics known to undergo renal PHS-dependent cooxidation are acetaminophen, benzidine, nitrofurans, and
diethylstilbestrol. Benzidine and nitrofurans are both nephrotoxicants and bladder carcinogens and
diethylstilbestrol is a nephrocarcinogen. This bioactivation pathway might thus be a risk factor for humans
exposed to those or similar chemicals in the workplace or in the environment.

Glutathione-Dependent Activation of Nephrotoxicants

The traditional view of the mercapturic acid pathway is that GSH forms conjugates with reactive
electrophiles, the conjugates are processed to highly polar mercapturates, and these are readily excreted in the
urine (Chasseaud, 1979). This pathway can also lead to bioactivation, however, and the role of conjugation of
xenobiotics with GSH as a mechanism of nephrotoxicity has been the subject of numerous recent reviews (e.g.,
Anders et at., 1988; Dekant et al., 1988a; Elfarra and Anders, 1984; Lash et al., 1988; Stevens and Jones, 1989).

Extrarenal Conjugation and Interorgan Metabolism

Xenobiotics that undergo bioactivation by this pathway include a variety of chemically unrelated
compounds; many are halogenated alkanes or alkenes. The metabolism of GSH S-conjugates demonstrates
several important principles of pharmacokinetics that are determinants of interorgan metabolism. Many of the
byproducts in this pathway might be useful as markers of exposure. Depending on the route of exposure to the
parent chemicals, different patterns can occur. Although these chemicals are potent and specific nephrotoxicants,
the kidney might not be the first site of exposure. A substantial portion of most chemicals reaches the liver (the
first-pass effect). The liver will usually be the predominant site of GSH S-conjugate formation because it
contains particularly high amounts of GSH S-transferase activity (the cytosolic forms constitute up to 5% of
cytosolic protein). But the kidney has the highest levels of metabolism, and the general pattern observed is that
GSH S-conjugates are excreted from liver, either by transport across the canalicular membrane into bile or by
transport across the sinusoidal membrane into plasma; the specific pattern of interorgan metabolism differs
among species because levels of hepatic GSH and GSH S-conjugate metabolism differ (Hinchman and Ballatori,
1990). It is not known what determines the membrane across which S-conjugate efflux occurs. Many studies
have found the biliary route to be predominant (Gietl and Anders, 1991; Koob and Dekant, 1990), possibly
because of the hydrophobicity and size of most GSH S-conjugates; in some cases, possibly because the S-
conjugates are more polar, excretion occurs into both bile and plasma (Grafström et al., 1979).
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A unique feature of the GSH and GSH S-conjugate degradation pathway is that the two enzymes, gamma-
glutamyltransferase and cysteinylglycine dipeptidase, that catalyze the reactions whereby cysteine and cysteine S-
conjugates are formed, are membrane-bound with their active sites facing the tubular lumen. GSH S-conjugates
that are transported into bile are delivered to the small-intestinal lumen intact or are acted on by gamma-
glutamyltransferase and cysteinylglycine dipeptidase in the biliary epithelium to yield the corresponding cysteine
S-conjugates (Ballatori et al., 1988; Lash et al., 1988; Stevens and Jones, 1989). Both the intestinal epithelium
(Grafström et al., 1979) and the intestinal microflora (Larsen, 1985) can metabolize both the GSH and the
cysteine S-conjugates to other sulfur-containing metabolites. Those metabolites are excreted in the feces or
undergo enterohepatic circulation via the portal vein and are thereby returned to the liver for additional
metabolism or for translocation to the kidneys. The N-acetylcysteine S-conjugates (i.e., mercapturates) and the
cysteine S-conjugates (Stevens and Jones, 1989) are the predominant metabolites that are delivered to the
kidneys, although GSH S-conjugates can also be delivered, depending on the route of parent-chemical
administration and the metabolic or nutritional state of the organism (Lash et al., 1988).

Conjugates that undergo glomerular filtration are either excreted in the urine (generally the mercapturates)
or reabsorbed into renal proximal tubular cells by active, sodium-dependent transport across the brush-border
membrane (Schaeffer and Stevens, 1987). Because only 30% of plasma is filtered through the glomeruli during a
single pass through the renal circulation, a substantial portion of chemicals cleared by the kidneys is taken up by
processes localized to the basal-lateral membrane (Lash et al., 1988). Transport processes have been identified
for several conjugates and their metabolites on the basal-lateral membrane in various in vitro systems, including
renal cortical slices, membrane vesicles, isolated perfused kidney, isolated proximal tubules, and isolated
proximal tubular cells (Boogaard et al., 1989; Inoue et al., 1981, 1984; Lash and Anders, 1989; Lash and Jones,
1983, 1984, 1985; Lock and Ishmael, 1985; Lock et al., 1986; Ullrich et al., 1989; Wolfgang et al., 1989; Zhang
and Stevens, 1989). The plasma membrane transport systems play key roles in regulating the flux of metabolites
and in determining the specific tissue patterns of accumulation. An important factor in the nephrotoxicity of S-
conjugates and, indeed, in the proximal tubular specificity of that nephrotoxicity, is the presence of these
transport systems for uptake into the cell (Lash et al., 1988; Monks and Lau, 1987). These transport systems can
also deliver GSH to protect epithelial cells from oxidative injury (Hagen et al., 1988; Lash et al., 1986b) or to
deliver prodrugs specifically to their sites of metabolism, where they can then exert their therapeutic effects
(Hwang and Elfarra, 1989).

Formation of the cysteine S-conjugates constitutes a branch point in the metabolic pathway, in that N-
acetylation
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to form the mercapturate is a detoxification reaction, whereas further metabolism by other renal enzymes,
including the cysteine conjugate betalyase, is a bioactivation process that leads to the formation of reactive,
sulfur-containing metabolites that produce nephrotoxicity (Table 3-3). Regulation of flow through the competing
pathways is not completely understood, but the chemical properties of the specific conjugates and the kinetics of
the interactions of these conjugates with the various enzymes involved are important in producing nephrotoxicity
and are thus of fundamental concern in the determination of susceptibility and in developing markers of exposure
to the parent compounds.

GSH Conjugation of Halogenated Alkanes and Alkenes by Cytosolic and Microsomal GSH S-Transferases

Enzymatic conjugation of nephrotoxic halogenated alkanes and alkenes with GSH is the initial step in the
bioactivation process. Hepatic GSH S-transferases are found as a family of isoenzymes in cytosol and as a single,
membrane-bound form in the endoplasmic reticulum that is distinct from any of the cytosolic forms. The liver is
considered the primary site of GSH conjugation. Indeed, hepatic conjugation of GSH with several halogenated
alkanes and alkenes—including tetrachloroethylene (Dekant et al., 1986b, 1987a; Green et al., 1990),
trichloroethylene (Dekant et al., 1986c), tetrafluoroethylene (Odum and Green, 1984), hexachloro-butadiene
(Dekant et al., 1988b; Gietl and Anders, 1991; Reichert et al., 1985; Wallin et al., 1988), hexafluoropropene
(Koob and Dekant, 1990), and chlorotrifluoroethylene (Dohn and Anders, 1982; Dohn et al., 1985a)—has been
demonstrated.

Because of the interorgan pathway of GSH and GSH S-conjugate metabolism, it is generally assumed that
the hepatic GSH S-transferases are responsible for the initial conjugation reaction between parent compound and
GSH and that later reactions in the mercapturate or beta-lyase pathways occur in extrahepatic tissues, including
the biliary and small-intestinal epithelium and the kidney. There has been little focus on the potential role of
renal GSH S-transferases in the initial conjugation reaction, even though the ultimate target site for toxic
metabolites is the kidney and the kidney contains GSH S-transferase activity. Koob and Dekant (1990) found
that S-conjugates of hexafluoropropene formed by the hepatic enzyme are eliminated in bile and are not
translocated to the kidney and that only intrarenal conjugation of hexafluoropropene is associated with
nephrotoxicity. That suggests the importance of some additional complicating factor in the pharmacokinetics of
GSH S-conjugates.

Cysteine Conjugate Beta-Lynse-Dependent Bioactivation

In Vivo Toxicity of S-Conjugates

The toxicity of cysteine S-conjugates
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TABLE 3-3 Renal Enzymes Acting on Cysteine S-Conjugates and Their Metabolites

Enzyme Reaction Catalyzed

Cysteine S-conjugate N-acetyltransferase RCyS  RNAcCyS

Deacetylase RNAcCyS  RCyS

Cysteine conjugate beta-lyase RCyS  R- or RCyS  RSPyr  R

L-2-Amino (L-2-hydroxy) acid oxidase RCyS  RSPyr  R

Cysteine conjugate S-oxidase RCyS  RCyS(O)  RSOH

3-Mercaptopyruvate S-conjugate reductase RSPyr  RSLact

Thiol S-methyltransferase R-  RSCH3

Flavin-containing monooxygenase RSCH3  RS(O)CH3  RS(O)2 CH3

Abbreviations of metabolites: RCyS, cysteine S-conjugate; RNAcCyS, mercapturic acid; R-, reactive thiol metabolite; RSPyr,
3-mercaptopyruvate S-conjugate; RCyS(O), sulfoxide of cysteine S-conjugate; RSOH, sulfenic acid of cysteine S-conjugate;
RSLact, 3-mercaptolactate S-conjugate; RSCH3, thiomethyl metabolite; RS(O)CH3, sulfoxide of thiomethyl metabolite; RS(O)
2 CH3, sulfone of thiomethyl metabolite.

was first reported in 1957, when McKinney et al. identified the toxic factor in trichloroethylene-extracted
soybean meal as S-(1,2-dichlorovinyl)-L-cysteine (DCVC). DCVC produces aplastic anemia and nephrotoxicity
in cattle (McKinney et al., 1957, 1959; Schultz et al., 1959) and is a potent nephrotoxicant in all other
mammalian species tested (mice, rats, guinea pigs, and rabbits). Minor hepatic and pancreatic damage was
observed in some animals, but nephrotoxicity was the primary toxic response (Terracini and Parker, 1965). More
recent studies on the nephrotoxicity of various GSH and cysteine S-conjugates in rats found evidence of
proximal tubular damage (Dohn et al., 1985b; Elfarra and Anders, 1984; Elfarra et al., 1986a).

Many halogenated hydrocarbons that are bioactivated by this pathway are used in industrial processes and
are environmental contaminants. A complete understanding of the bioactivation pathway is therefore essential
for assessing human risk of injury and for developing useful markers of exposure.
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Role of Cysteine Conjugate Beta-Lyase in Bioactivation of Cysteine S-Conjugates

Early studies with the model nephrotoxicant cysteine S-conjugate DCVC described its enzymatic
breakdown by a C-S lyase in liver and kidney to pyruvate, ammonia, and an unidentified sulfur-containing
fragment that formed covalent adducts with GSH and protein (Anderson and Schultze, 1965). The cysteine S-
conjugates that are beta-lyase substrates are either haloalkyl or haloalkenyl S-conjugates. Although the reaction
mechanism of the cysteine conjugate beta-lyase does appear not to differ in those two classes of substrates, the
fates of the reactive metabolites formed are markedly different (Vamvakas et al., 1989a). Nonhalogenated, alkyl-
substituted cysteine S-conjugates, such as S-methyl-L-cysteine, are not substrates for mammalian beta-lyases.
Some of the biochemical and physiologic properties of the renal enzymes are summarized in Table 3-4.

Although the kidney is the target organ, cysteine conjugate beta-lyase activity is present in liver. The
hepatic cytosolic cysteine conjugate beta-lyase activity depends on pyridoxal phosphate (PLP) and is a catalytic
property of kynureninase (Stevens, 1985a). Bacteria in the intestinal microflora also contain cysteine conjugate
beta-lyase activity (Larsen, 1985). That indicates that factors besides a bioactivating enzyme are necessary to
determine the tissue and cell-type specificity of cysteine S-conjugate toxicity because nontarget tissues can also
produce reactive metabolites from cysteine S-conjugates.

Renal cysteine conjugate beta-lyase activity is PLP-dependent and is found in the cytosolic and
mitochondrial fractions of renal proximal tubule (Dekant et al., 1987b; Elfarra et al., 1986a,b, 1987; Lash et al.,
1986c, 1990a; Stevens, 1985b; Stevens et al., 1986, 1988). The renal and hepatic forms are immunologically
distinct (Stevens, 1985b). Immunocytochemical studies have localized the renal beta-lyase to the pars recta
segment (i.e., S3 segment) of the proximal tubule, which is coincident with the nephron site specificity of
cysteine S-conjugate nephrotoxicity (Jones et al., 1988; MacFarlane et al., 1989). No beta-lyase activity was
detected in glomeruli or in distal tubular segments of the nephron, but this does not preclude cytotoxicity in these
nephron segments by additional bioactivation mechanisms. In fact, immunocytochemical and other biochemical
data are consistent with the presence of multiple cysteine conjugate beta-lyase activities in rat kidney (Jones et
al., 1988; MacFarlane et al., 1989; Stevens, 1985b).

Parent chemicals for which an unequivocal role of beta-lyase-dependent bioactivation has been established
include trichloroethylene, perchloroethylene, hexachlorobutadiene, and chlorotrifluoroethylene. An additional
critical proof that the beta-lyase pathway functions in bioactivation and nephrotoxicity is to isolate and
demonstrate formation of reactive metabolites; this has recently been achieved through chemical
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TABLE 3-4 Biochemical and Physiologic Properties of Mammalian Renal Cysteine Conjugate Beta-Lyase Activities

Property Description

Subcellular localization Cytosolic and mitochondrial

Intramitochondrial localization Matrix and outer membrane

Intrarenal localization
Predominantly in S3 segment of pars recta of proximal tubule

Cofactor Pyridoxal phosphate

Substrate specificity Good leaving group on beta carbon; haloalkyl or haloalkenyl cysteine S-conjugates are
substrates; nonhalogenated, alkyl-substituted conjugates are not substrates

Cosubstrate specificity 2-Keto acids with relatively hydrophobic substituents on beta carbon (e.g., 2-keto-4-
mercaptobutyrate, phenyl pyruvate, 2-keto octanoate)

Reaction mechanism Beta-elimination or transamination followed by reverse Michael elimination

Inhibitor Amino-oxyacetic acid

Other reactions catalyzed Cytosolic and mitochondrial matrix forms identical with glutamine transaminase K

trapping experiments for chlorotrifluoroethylene (Dekant et al., 1987b), hexachlorobutadiene (Dekant et al.,
1988c), and for trichloroethylene and perchloroethylene (Dekant et al., 1988d).

The metabolism of nephrotoxic and nephrocarcinogenic cysteine S-conjugates to thioacylating
intermediates is consistent with DNA and protein alkylation and inhibition of thioldependent enzymatic activities
as mechanisms of toxicity (Banki and Anders, 1989; Chen et al., 1990a; Lock and Schnellmann, 1990;
Vamvakas et al., 1989b,c). Adducts of reactive S-conjugate metabolites with cellular protein, lipid, and DNA
have been detected and characterized chemically (Hargus and
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Anders, 1991; Harris et al., 1992; Hayden et al., 1992; Hill et al., 1978; Inskeep and Guengerich, 1984). Those
adducts might be useful as markers of exposure because they are generally chemically stable. The chemical
nature of the thioacylating intermediate is important in determining the nephrotoxic response in that S-conjugates
of chloroalkenes are both acutely nephrotoxic and mutagenic, but S-conjugates of fluoroalkanes are acutely
nephrotoxic and not mutagenic (Green and Odum, 1985; Vamvakas et al., 1989c).

Other Enzymes Involved in Cysteine S-Conjugate Metabolism

Although the cysteine conjugate beta-lyase is the best characterized of the enzymes known to be involved in
cysteine S-conjugate bioactivation, recent work has shown that several other enzymes can metabolize cysteine S-
conjugates, and some of them also produce nephrotoxicity (Anders et al., 1988; Dekant et al., 1988a). These
alternative metabolic pathways include the L-2-amino (hydroxy) acid oxidase found in rat kidney cytosol and
peroxisomes, pathway 3 (Lash et al., 1990b; Stevens et al., 1989; Tomisawa et al., 1986; Webster and Anders,
1989); the cysteine conjugate S-oxidase, pathway 6, which is a flavin-containing mixed-function oxygenase
found in both renal and hepatic microsomes (Lash et al., 1994; Sausen and Elfarra, 1990); the thiol S-
methyltransferase, pathway 8 (Jakoby and Stevens, 1984); and N-acetylation to form the mercapturic acid,
pathways 1a and 1b. The latter two are detoxification pathways that generate stable, nontoxic, and readily
excreted products. As the kinetics and regulation of those interacting pathways become better understood, they
will increase the ability to define susceptibility. Moreover, many of the terminal metabolites or products of
reactive metabolites and cellular macromolecules can be developed into early markers of exposure.

Susceptibility Factors in Cancers of the Genitourinary Tract

Susceptibility factors for cancer can be either hereditary or acquired. Hereditary factors can be divided into
factors that result from inheritance of one inactive allele for a tumor-suppressor gene and factors that result from
inheritance of a metabolic type that places the individual at higher risk by virtue of how carcinogens or
procarcinogens are metabolized. Heritability of defective alleles follows the original hypothesis of Knudson
(1971), who demonstrated that retinoblastoma followed such a heritable pattern. Recently, Wilms's tumor has
been shown to follow this pattern of heritance with the WT1 gene. One important finding has been that although
such inherited cancers as retinoblastoma and Wilms's tumor are rare, the genes involved are often involved in
sporadic cancers that develop later in life. In these cases, somatic damage to both alleles occurs. The human
genome comprises 23 pairs of chromosomes, including one pair of sex chromosomes. Females have a pair of X
chromosomes;
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males have one X chromosome and one Y chromosome. The total display of these 46 chromosomes is called the
human karyotype. Conventional karyotyping and interphase karyotyping with fluorescence in situ hybridization
(FISH) are being used to identify common chromosomal abnormalities, which might identify chromosomes that
contain tumor-suppressor genes or oncogenes. An inherited genotype can be a marker of susceptibility, but
additional somatic alterations can provide markers of effect or disease that have utility as markers of prognosis.

Cancer of the Kidney

Familial and Sporadic Nonpapillary Renal-Cell carcinoma

Karyotypic analysis of the individual chromosomes at mitosis, in cases of familial renal-cell carcinoma, has
revealed translocations involving chromosomes 3 and 12 and chromosomes 3 and 6. Those translocations
involve the exchange of segments of two chromosomes without the loss of any material. As described in
Chapter 2, karyotypic analysis of patients with the von Hippel-Lindau disease has also identified abnormalities at
chromosome 3 (Latif et al., 1993). The studies strongly implicate the short arm of chromosome 3 in the
pathogenesis of renal-cell cancer; that is, the short arm might harbor a suppressor oncogene.

The nonfamilial form of adenocarcinoma of the kidney is also linked to the short arm of chromosome 3 but
in a different fashion (Gnarra et al., 1994; Herman et al., 1994). In the sporadic form of nonpapillary renal-cell
carcinoma, there are deletions in chromosome 3 (Gnarra et al., 1994; Herman et al., 1994). In addition to
deletions in chromosome 3, 65% of the cases of renal-cell carcinoma involve another chromosome, most
frequently chromosome 5.

Papillary Renal-Cell Carcinoma

Papillary renal-cell carcinoma is a second type of renal parenchymal tumor. In contrast with the
nonpapillary type, papillary renal-cell carcinomas do not demonstrate abnormalities principally on chromosome
3. The tumors have some of the characteristic changes consistent with duplications in chromosomes 7 and 17 and
a loss of the Y chromosome in men. Polysomy of chromosomes 7 and 17 has been reported in 70–75% of the
cases studied (Kovacs et al., 1991). Other findings include trisomy of chromosomes 12, 16, and 20, and the p53
tumor-suppressor gene is on chromosome 17.

Cancer of the Bladder

Karyotypic Studies

To date, no gene has been specifically linked to bladder cancer, but gene mutations have been identified on
a number of chromosomes that are commonly involved. The most frequent anomalies in bladder cancer are
associated with chromosomes
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1, 7, 9, 5 and 11 and the Y chromosome. The most frequently observed anomaly is loss of all or part of
chromosome 9, which is believed to be the most important cytogenetic event; it has been hypothesized that this
chromosome contains the tumor-suppressor gene in bladder cancer, particularly cancer that develops along the
low-grade papillary-tumor pathway. It has been proposed that markers of chromosomal loss, such as the deletion
of chromosome 9, can occur not only in the tumor, but in dysplastic areas in the bladder.

Metabolic Pathways and Susceptibility to Bladder Cancer

The factors that activate or inactivate xenobiotic toxicants might be primary in bladder carcinogenesis. For
example, acetylation inactivates aromatic amines, which are important carcinogens. Consequently, slow
acetylators exposed to those compounds have a higher incidence of bladder cancer than do fast acetylators. The
N-acetyltranferase (NAT) gene occurs as a single copy, and the rate of acetylation seems to depend on both
transcriptional and translational events. Phenotypic analysis has revealed marked differences among ethnic
groups. For example, there is a 1: 1 distribution of slow to fast acetylators among North American Caucasians
but a 1:9 distribution in the Japanese population.

The metabolic pathways for acetylation and the differences in mutagenicity of the products complicate the
scheme of slow and fast acetylators. For example, acetylation of some compounds, such as arylamines, reduces
their carcinogenicity because the N-acetylated arylamines are poor substrates for PHS—a key enzyme in the
oxidation of 2-naphthylamine and the expression of its carcinogenicity. But benzidine, which requires oxidation
for its activation as a carcinogen, is a poor substrate for PHS in its unacetylated form. Thus, to characterize the
susceptibility of a population to bladder cancer as a consequence of its exposure to those compounds, one should
design a strategy that includes characterization of the metabolic pathways and the particular compounds to which
the population is exposed. The NAT gene, which controls acetylation, and the CYP2D6 gene, which is a member
of the P-450 oxidative enzymes, have each been a focus of such studies. Epidemiologic studies (Lower et al.,
1979) support the metabolic information noted above.

DNA Adducts

DNA adducts constitute a direct, measurable chemical change in DNA in susceptible cells and can result
from carcinogen exposure (Hemminki, 1993). DNA adducts are a more specific indication of exposure than is
the excretion of metabolites; because the presence of DNA adducts demonstrates that the target molecule has
been affected by the exposure, they can also be considered as the first marker of effect. In the bladder,
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the urothelial cells normally sloughed into the urine are convenient for monitoring bladder carcinogen exposure
(Talaska et al., 1993). Although the identification of adducts does demonstrate exposure, it does not demonstrate
that particular critical genes have been damaged. Adducts are often found in superficial cells, which will
eventually be sloughed, so only the presence of adducts in bladder stem cells is significant for long-term
carcinogenesis. The adducts indicate sites where mutations might occur when the cell divides. If these mutations
persist, they potentially can serve as markers of effect.

DNA adducts can be identified with very high sensitivity in the range of one adduct per 107 base pairs by
32P-post-labeling or immunoassays, but the concentration of adducts does not necessarily correlate with disease,
nor has a dose-response been documented. The lack of a dose-response relationship might reflect the efficiency
of DNA repair processes or the absence of adduct formation in critical basal cells. Alternatively, in the bladder it
might reflect the efficiency of the bladder's protective mechanisms that limit exposure of the critical basal layer
(Bodenstab et al., 1983). The efficiency of these mechanisms suggests that carcinogens delivered through the
blood can be more effective than those delivered through the urine unless there is some pre-existing damage to
the protective layer or urinary retention. As with all markers of exposure, interpretation in terms of individual
risk requires linkage to susceptibility and specific effects.

Acquired Conditions Predisposing to Bladder Cancer

Some congenital and acquired clinical conditions influence susceptibility to bladder cancer. The most
common and important might be urinary stasis and infection, both of which can result from bladder-outlet
obstruction secondary to benign prostatic hyperplasia or neurologic dysfunction. An increase in the incidence of
transitional-cell carcinoma by a factor of 15 has been associated with diverticulum of the bladder, which can be
congenital or acquired. Stone disease, which also can be congenital or acquired, can predispose the bladder and
renal pelvis to the development of cancer, which often is manifested in squamous cell carcinoma (Catalona,
1992).

Special cases associated with the increased risk of cancer include inflammatory conditions, such as cystitis
cystica and cystitis glandulares (Catalona, 1992). Patients with ureterosigmoidostomy (anastomosis of the ureter
to the colon) can develop cancer at the site of anastomosis (Ambrose, 1983; Bergerheim et al., 1991; Filmer and
Spencer, 1990). A common feature of the increased risk of these conditions might be the formation of
nitrosourea compounds (which can be mutagenic) as a consequence of urinary stasis and infection. These special
cases might provide clues to the identification of biologic markers of susceptibility.

The linkage between cellular differentiation, proliferation, and carcinogen exposure is complex. Cohen and
Ellwein
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(1991) point out that the target for carcinogens is the stem cells of any epithelial layer because differentiating
cells are fated to die apoptotically. Alterations in the ratio of differentiating to stem cells will lead to clonal
expansion of an initiated cell. The role of differentiation can be complex. With 2-acetylaminofluorene (2-AAF)
carcinogenesis, initiated bladder cells dedifferentiate sufficiently so that they no longer produce the enzyme that
metabolizes 2-AAF to the proximate carcinogen and are therefore resistant to additional carcinogenic ''hits.''
Carcinogenesis must then depend on endogenous processes. In the liver, that is not true, so the two organs show
quite different dose-response curves. Loss of apoptosis in differentiating cells will result in retention of an
altered genotype that can continue to progress to the malignant phenotype. In summary, the balance between
differentiating cells fated for apoptotic death and initiated cells, the differential effects of xenobiotic exposure on
foci of initiated cells and on normal cells, and any differential proliferative responses among stem and
differentiating cells or among initiated cells can lead to carcinogenesis.

Cancer of the Prostate

Few data support a prominent role for occupational or environmental toxicants in the genesis of prostatic
carcinoma, but the sharp differences in prevalence of prostatic cancers around the world and the convergence
toward a prevalence in migrated ethnic groups similar to that in indigenous populations suggest prominent
environmental factors. Whether these factors are protective or promotive is not known. Familial studies indicate
the presence of predisposing genetic factors, and families can be useful for defining markers of susceptibility in
the form of suppressor genes or other genetic markers. Karyotypic changes that occur in prostatic cancer suggest
the presence of a tumor-suppressor gene, as discussed below. An additional important factor is the introduction
of prostate-specific antigen (PSA) as a marker of prostatic cancer that serves as a useful model of the advantages
and disadvantages of identifying an early marker to detect disease; this is discussed in Chapter 4.

Population Studies

A finding of increased risk of prostatic cancer in probands of family members with prostatic cancer
indicates the importance of genetic factors in disease susceptibility. In a case-control study, Spitz et al. (1991)
observed an increased risk of 2.41 if a first-degree relative (i.e., father or brother) had prostatic cancer. Carter et
al. (1992) conducted a case-control study of 691 men with prostatic cancer and 640 spouse controls. Fifteen
percent of the cases but only 8% of the controls (p<0.001) had a father or brother with prostatic cancer. A
proband with two or three
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first-degree relatives with the disease experienced a risk of developing prostatic cancer increased by a factor of
5-11. In the same study, 29 "cancer families" were identified; they had an earlier age of onset of malignancies of
multiple organ sites. Other cancers, including multiple myeloma and head and neck tumors, have been associated
with prostatic cancer; this suggests the potency of the underlying carcinogenic process.

In another study, Umbas et al. (1992) interviewed 355 patients with histologically proven prostatic cancer
and 339 controls. Of the cancer patients, 21 (4%) had a family member with prostatic cancer, but 9.5% of the
controls. With a first-degree relative affected, the incidence is 2.8 times that of the general population; with both
a first-and a second-degree relative, incidence is 6.1 times. In an earlier study, Woolf reported a statistically
significantly increased incidence of prostatic cancer in a Mormon population compared with controls (Woolf,
1960). That was also true of the family members of those originally identified as having prostatic cancer. For
deaths related to cancers other than prostatic cancer, there were no significant differences between the two groups.

In another study reported by Ghadirian et al. (1991), 140 prostatic cancer patients' families and families of
101 controls were interviewed. Of the prostatic-cancer patients, 15% gave history of the same cancer among first-
degree relatives, compared with 2% of the controls (OR=8.7; CI=95%). The major limitation and the most
difficult factor to control in these studies was the influence of the environment.

Karyotypic Analysis

Bergerheim et al. (1991) found deletions in chromosomes 8, 10, 16, and 18. The most frequent deletions (in
65% of cases) occurred on 8p, and the long arm of chromosome 16 had deletions 56% of the time. The results
suggest that tumor-suppressor genes are localized on chromosomes 8, 10, and 16. Research to identify the genes
associated with susceptibility clearly should have a high priority.

Histopathologic findings confirm the importance of genetic alterations in chromosome 16. Additional
studies in animals and humans have focused on the E-cadherin gene, on chromosome 16, as an important site. E-
cadherin is a member of the cell-adhesion gene family, which is important in formation of gap junctions between
cells. Abnormalities in this gene could be responsible for the histologic appearance of prostatic cancer cells, as
reflected by the Gleason scoring system, and could be important in determining the tumor aggressiveness. Taken
together, the findings suggest the existence of a tumor-suppressor gene that could be altered by an environmental
toxicant so as to permit the development of cancer, as proposed in the Knudson hypothesis (see Chapter 2).
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MAKERS OF EXPOSURE

A critical issue in assessment of human exposure to environmental pollutants or other toxic chemicals is
development of a marker of exposure that is noninvasive and sensitive. The goal is to enable early detection and
therapeutic intervention and thereby prevent progression to chemical-induced injury. Measurements are typically
made in urine to indicate exposure that involves renal metabolism or later renal toxicity or correlates with
tumorigenesis in the genitourinary tract. Table 3-5 lists of environmental agents associated with cancer of the
urinary tract. A distinction must be made between markers of exposure and markers of effect (injury), which are
discussed elsewhere (see Chapter 4). Three issues must be considered: (1) What properties constitute a useful
marker of exposure? (2) What techniques are available to measure these markers? (3) How can a marker of
exposure be correlated with the dose that reaches a target tissue?

Because the goal in using a marker of exposure is to detect exposure as early as possible, the marker should
be highly sensitive and should be a stable indicator. The criterion of sensitivity means that the entity being
measured (e.g., presence of a metabolite) should be detectable at a concentration below that at which any overt
injury occurs. If that is not the case and the marker is not detectable until the exposure causes toxicity, the
marker is not useful in helping to prevent injury. Once again, establishing the relevant concentrations is difficult
when the risk of disease is low.

TABLE 3-5 Cancers of the Urinary Tract Associated with Environmental Agents

Renal parenchyma

Renal adenoma and adenocarcinoma

Aromatic amines

Nitroso compounds

Hydrazines

Alkylating agents

Anticancer drugs

Cadmium and lead

Squamous-cell carcinoma

Various chemical carcinogens

Chronic infections

Renal Pelvis or Ureter

Transitional-cell carcinoma

Papillary tumors Various industrial carcinogens

Urothelial carcinoma

Balkan nephropathy

Analgesics

Bladder

Transitional-cell carcinoma

Cigarette-smoking

Coffee-drinking

Aromatic amines (2-naphthylamine, xenylamine)

Squamous-cell cancer

Chronic irritation, such as presence of urinary calculi

Chronic urinary tract infection

Neurogenic bladder

Parasitic infection

Adenocarcinoma

Bladder extrophy

Persistent urachus

The criterion of stability refers to the chemical properties of the marker or metabolite; markers of exposure
are generally terminal metabolites that are chemically unreactive (or not very reactive)
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and thus do not spontaneously decompose to other substances. If the marker is stable, it is assumed that it is
formed in amounts that are proportional to exposure dose. That assumption depends on the kinetic properties of
the enzymatic pathway responsible for generation of the metabolite. For example, if the enzyme that generates
the terminal metabolite saturates at a relatively low substrate concentration, the amount of metabolite formed
will not be proportional to exposure at normal doses. The Km of the critical enzyme therefore must be higher
than substrate concentrations that are typically encountered. Most terminal metabolites are highly polar
molecules that are readily excreted from the body. That provides a marker source (e.g., urine or feces) that makes
the detection procedure noninvasive. The terminal metabolites that can often be used as markers and that are
relevant to chemicals that can produce renal injury include N-acetylcysteine S-conjugates, sulfoxides, sulfones,
thioethers, glucuronide conjugates, and sulfate conjugates. For most parent chemicals of interest, the metabolites
are recovered in urine. It must be kept in mind that some xenobiotics, such as pesticides, can be retained within
the body in fat; if they can mimic or alter hormonal factors, the tiny amounts that leach into circulation can have
profound effects and be difficult to detect in the form of excreted metabolites.

Many analytic techniques for detection and quantitation of terminal metabolites of drugs are available. The
choice of method depends on the sensitivity required and on whether the analysis is being performed in
laboratory animals or in humans. Radiolabeled drugs can be used and recovery of labeled metabolite can be
determined as a sensitive marker of exposure, but this method is generally suitable only for laboratory animals.

A variety of chromatographic methods can be used to identify metabolites of xenobiotics. They include
high-performance liquid chromatography (HPLC) and gas chromatography-mass spectrometry (GC-MS) and can
provide unambiguous identification and measurement of metabolites by comparison with standards. The recent
development of nuclear magnetic resonance (NMR) spectrometry techniques has expanded the ability to detect
stable, terminal metabolites noninvasively, but NMR techniques are generally not very sensitive.

HPLC analysis of urinary metabolites obtained after exposure of rats to the hepatotoxic and nephrotoxic
halogenated hydrocarbon trichloroethylene showed only the oxidation products generated by cytochrome P-450
(Dekant et al., 1986a). It has been demonstrated, however, that a small portion of the administered
trichloroethylene is metabolized by the GSH conjugation pathway and that this minor pathway is associated with
nephrotoxicity (Dekant et al., 1987a). Therefore, even though more than 90% of metabolites is recovered by
HPLC and it might be sensitive enough to indicate exposure, it might not be sensitive enough to detect the
metabolites that are critical indicators of potential nephrotoxicity.

For some of the halogenated hydrocarbons,
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many of which are potent and specific nephrotoxic agents, 19 F NMR spectroscopy has been used to detect
terminal metabolites in urine and in experimental situations. An example of the latter was the detection of
stoichiometric amounts of chlorofluoroacetate as a stable metabolite of the nephrotoxicant chlorofluoroethene
(Dekant et al., 1987b). Although the studies were performed for analytic purposes in in vitro preparations, the
basic method is easily applied to metabolites of halogenated hydrocarbons in rat and human urine. A recent study
by Harris and Anders (1991a,b) demonstrated formation of aldehydes and glucuronides as terminal metabolites.
The relevance for human exposure analysis and risk assessment is that these and many similar
chlorofluorocarbons are being investigated as substitutes for the ozone-depleting chlorofluorocarbons now in
use. Because of the potential commercial importance of the substitutes, there is notable potential human
exposure to them.

As mentioned previously, HPLC or NMR might not be sensitive enough to detect metabolites of interest,
GC-MS was used to detect and measure urinary metabolites of S-carboxymethyl-L-cysteine (CMC) in human
urine (Hofmann et al., 1991). CMC is a model compound for characterizing the relative roles of the pertinent
biotransformation pathways in humans. Many analogues of CMC, including several cysteine S-conjugates of
halogenated hydrocarbons, are nephrotoxic and thus pose a health risk to humans. Study of human metabolism of
CMC can suggest how the other nephrotoxic chemicals are handled.

A different approach to the use of biologic markers for nephrotoxicant exposure was developed by Woods
and colleagues (Bowers et al., 1992). They determined that urinary porphyrin excretion patterns are altered in
response to methyl mercury exposure and that the changes can correlate with both the magnitude of exposure
and whether irreversible renal injury has occurred. That is, a molecule other than a terminal metabolite of the
chemical under study is being used as a marker of exposure.

The HPLC, GC-MS, and NMR studies illustrate how the methods can be used for noninvasive measurement
of stable terminal metabolites. They can provide two types of information: metabolite data can show which
enzymatic pathways are involved in biotransformation of a xenobiotic, and a detected metabolite can be used as
a marker of exposure to the xenobiotic. Interpretation of the first type of information can generally be
straightforward because many terminal metabolites can be formed by only one pathway. In the latter case,
however, it is not always simple to correlate urinary concentrations of a terminal metabolite with exposure; with
the appropriate choice of metabolite, this can be achieved, and the metabolite can function as an early marker of
exposure.

SUMMARY

For diseases of the urinary tract, the
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most efficient program for determining the importance of occupational and environmental toxicants and
carcinogens requires the identification of susceptible populations and the correlation of disease processes with
the magnitudes and durations of exposure to the agents. Various factors modify human susceptibility to the
effects of occupational and environmental nephrotoxicants and carcinogens.

Although much of the information on nephrotoxic chronic renal failure is circumstantial and comes from
epidemiologic surveys that started with ESRD patients, for some agents the evidence is substantial. The most
obvious group at risk consists of persons exposed to known or suspected nephrotoxicants in the workplace. Also
at risk are people who live in regions of documented contamination. The possible link between a family history
of renal disease and the development of renal failure might be an inherited susceptibility or a common
geographic exposure. Altered nutrition and some coexisting diseases, including addictive behavior, are additional
characteristics that indicate increased risk associated with nephrotoxicants.

Gender, race, and socioeconomic status provide tantalizing clues, but much more information needs to be
collected than is currently available. Targeting populations at risk for future evaluation and followup is the most
efficient strategy for the identification of patients early in the course of their toxic injury. This strategy might
make it possible to introduce protective measures to reduce the progression of renal disease and to decrease the
rate of entry of patients into ESRD programs.

Susceptibility factors for cancer can be either hereditary or acquired. For example, various hereditary
conditions are associated with the development of progressive renal disease. Moreover, specific genes that
predispose people to develop disease, such as tumor-suppressor genes, have been identified. These people inherit
one defective copy and are at much greater risk for cancer than people who have two intact copies. Likewise,
individual variations in the metabolic pathways play a large role in susceptibility to both urogenital cancer and
nephrotoxicity.

The identification of specific markers of susceptibility and exposure is a daunting task. A susceptible person
might be characterized by specific genotypic or phenotypic markers. Identifying these markers is likely to
require a more complete understanding of the biochemical and physiologic properties of the kidney and lower
urinary tract, as well as better insight into factors that control links between cellular growth, differentiation,
proliferation, and malignant transformation. Consequently, these issues are addressed in detail in this report. The
goal of identifying the markers is not to separate one population from another, but rather to identify exposures
that can be tolerated by all.
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4

BIOLOGIC MAKERS OF EFFECT

Biologic markers of effect are perhaps the most important set of markers. Markers of effect permit the early
identification of adverse effects of toxic xenobiotic exposure. They constitute the missing link in the continuum
of disease development, linking markers of exposure and susceptibility with onset of disease and offering the
possibility of detecting disease at the very early stages of development. They offer the most potential for clinical
intervention before irreversible effects have occurred. With proper use of such markers, carcinogenesis can be
detected before clinically apparent tumors result, and nephrotoxicity can be identified while sufficient kidney
function still remains.

This chapter focuses on relatively noninvasive measurements of early genitourinary consequences of human
exposure to noxious chemical, biologic, or physical agents. It discusses available markers of renal effects, their
limitations, and directions for future work, but it excludes in vitro procedures extensively used for evaluating
cytotoxic effects in animals (which is covered in Chapter 5) or for studying mechanisms of nephrotoxicity. It
also discusses markers of carcinogenesis that signal tumor development and address other disorders, such as
interstitial cystitis.

Our objective here is to identify and evaluate markers of general or specific effects on renal function and
integrity. Measurement of these markers is preferably minimally invasive, accurate, and suitable for screening
populations at risk. A number of techniques have been developed to assess renal function, but these techniques
generally lack the sensitivity and specificity necessary for detecting preclinical disease or are not applicable to
large populations. For example, renal biopsy and radioisotopic procedures are not appropriate for screening, and
classical clearance procedures are seldom reproducible to within ±10%, even in the laboratory. Compromises
have therefore been made with respect to convenience, sensitivity, and invasiveness. The conventional markers
are reviewed from this perspective, and newer results from cellular
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and molecular studies are presented in light of their potential to provide new markers of effect that will be more
sensitive to early nephrotoxicity and can be applied widely to at-risk populations. The conventional markers also
can play an important role in validating new markers, particularly in people with compromised renal function
who are exposed to additional potentially damaging events. The loss of a small number of tubular cells in a
person with only minimal residual kidney function can lead to large changes in conventional markers whereas
the same loss in a normal person would be undetectable. Such a change, now easily detectable in a compromised
person, can be used to validate new markers against conventional markers.

EXTERNAL VISUALIZATION

Several techniques permit external visualization of the kidney and delineation of functional changes.
Radiopaque contrast media and ultrasonic agents permit imaging of changes in blood or urine flow or in renal
solute accumulation and secretion. Similar results are routinely obtained with gamma-emitting radioisotopes. In
addition to the risks associated with radiation exposure, these tests do not reflect subtle changes in renal function
and are therefore limited in their applicability to population screening.

A visualization technique that might hold promise and that has been applied to small animals is magnetic
resonance imaging (MRI). Acara et al. (1991) observed conspicuously hyperintense regions in renal papillae in
rats and related them to early hydronephrotic changes. Further improvements in MRI might make the technique
more useful for screening human populations, but it is still time-consuming and expensive.

URINARY CLEARANCE MEASUREMENTS

Direct

Measurement of urinary clearances is not convenient for use in large populations at risk, but it continues to
constitute a basic approach to evaluating renal function. Indeed, the introduction of the clearance concept into
renal physiology by Moller et al. in 1929 provided for the first time a relatively simple and informative measure
of renal function and was a critical contribution to the study of the kidney. Urinary clearance (C) is the virtual
volume of plasma that is cleared per unit time by excretion into urine; it is expressed as Cx = Ux V/Px, where Ux

V is the amount of substance x excreted per unit time and Px is the plasma concentration of substance x.
Depending on the solute chosen, clearances can provide information on glomerular and tubular function; they are
useful under many conditions for evaluating functional integrity of the kidney in humans or animals.

The direct measurement of clearance, however, has disadvantages, especially for the study of large
populations. It is clear from the formula Cx = Ux V/Px that it is essential to keep Px constant during the clearance
period or at least to be able
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to calculate the mean plasma concentration of the chosen solute. For exogenous solutes, such as inulin (often
used to evaluate renal function), this requirement is best met by continuous intravenous infusion of I hour or
longer, but it can at times be approximated by subcutaneous or intramuscular depot injection. In either case,
blood has to be sampled repeatedly to ensure the required constancy of P. The procedure is simplified by reliance
on an endogenous solute, such as creatinine, which is usually produced in the body at a constant rate and
normally excreted almost entirely by glomerular filtration. Creatinine clearance can be a measure of glomerular
filtration rate. Clearance of endogenous urea has also been used to evaluate glomerular function, but it suffers
from the double disadvantage of less-constant plasma concentration than that of creatinine and substantial
influence by urinary flow rate.

The need for accurately timed and complete urine collection presents a second difficulty in clearance
procedures. Because of the cumulative errors arising from lack of constant plasma concentrations and from
inaccurate timing or incomplete urine collection (and because of analytic errors), clearance determinations are
seldom reproducible to within ±10%, even in a laboratory setting. Such low reproducibility might be adequate
for many clinical purposes, but it interferes with attempts to demonstrate early changes in the ability of the
kidney to excrete a given solute. In addition, early effects of nephrotoxicants might result in diminution of
glomerular reserve capacity without changes in overall clearance (as described in Chapter 2). The glomerular
reserve capacity reflects the ability to increase the glomerular filtration rate in response to stimuli. A failure to
elicit such a response implies the presence of a subclinical disease process.

Total functional reserve capacity of the kidney can be measured by, for example, imposing a stress, such as
ingestion of a high-protein meal. The increase in creatinine clearance during pregnancy can also reflect
functional reserve capacity. For tubular secretion or reabsorption, total capacity is evaluated at saturating levels
of a test solute, in which case secretion is expressed as excreted load minus filtered load, whereas reabsorption is
calculated as filtered load minus excreted load. These techniques require determination of the glomerular
filtration rate (GFR) as well as prolonged infusion of large amounts of solute and therefore are not suitable for
routine screening.

Direct clearance measurement takes place primarily in the laboratory or special clinic. It can be simplified
in some cases by use of radioisotopes, but this is not appropriate for general screening. It would be useful if
convenient and sensitive chemical procedures could be developed for such compounds as chromium
ethylenediaminetetraacetic acid (Cr-EDTA) and iodothalamate, both good solutes for measurement of GFR but
so far used only in the radiolabeled form.

Indirect

A number of indirect measures of
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renal clearance have been proposed. They are generally simple but lack sensitivity and precision, as can be
illustrated by reference to the formerly extensively used measurement of the rate of excretion of a chemical after
injection of a standard dose of some substance. For instance, the dye phenol red (PSP) is excreted by tubular
secretion, and the rate of its recovery in urine is therefore controlled by independent variables, such as renal
plasma flow, the integrity of tubular transport mechanisms, and a linear dependence of the rate of transport on
plasma concentration of the dye at the dose used. Measurement of fractional excretion of a standard dose of PSP
over 15 or 30 min can yield little information on specific aspects of renal function.

A more commonly used indirect method measures the declining slope of plasma concentration of an
injected solute after a suitable equilibration period. An example is the estimation of GFR with iodothalamate.

Another indirect measurement of urinary clearance is based on the assumption that creatinine is filtered and
excreted at a constant rate. Even in the presence of diurnal variations in GFR, normalizing urinary concentrations
of a specified substance by the urinary concentration of creatinine permits conclusions to be drawn from spot
urine samples and avoids the difficulty of obtaining 24-hour collections. Any deviation of a solute-to-creatinine
concentration ratio from normal is equated to a corresponding change in the clearance of this solute.
Normalization can also be achieved on the basis of total urine concentration as reflected in its specific gravity,
with the empirically derived mean value of 1.018 as a reference point. Because GFR undergoes diurnal variation,
spot samples should be collected at the same time each day. It must be kept in mind that specific lesions cannot
always be blamed for a change in fractional excretion. For instance, the fractional excretion of filtered sodium
normally falls below 1%. If GFR becomes depressed for any reason, maintenance of normal sodium excretion in
the face of a reduced filtered load necessitates an increased fractional excretion.

In selected cases, clearance values can be computed indirectly from analysis of serum. The solutes most
commonly studied in this manner are creatinine and urea. Creatinine is synthesized and excreted at an
approximately constant rate. It follows that its steady-state concentration in plasma will vary indirectly with
GFR. The agreement between measured creatinine clearance and that predicted from plasma creatinine
concentration shows considerable variation. The predicted creatinine clearance is based on the formula Ccr =
[(140-age in years) (weight in kg)]/72Scr' where C is in milliliters per minute and S in milligrams per deciliter
(Cockroft and Gault, 1976), for men. For women, 85% of the value is chosen. Both may be expressed in terms of
body weight or body surface area. Blood urea has been similarly used as an indicator of glomerular function, but
variations in the rate of urea synthesis and tubular reabsorption render it unsuitable for quantitative

BIOLOGIC MAKERS OF EFFECT 84

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 re
co

m
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 th

e 
or

ig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 th

e 
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, 

he
ad

in
g 

st
yl

es
, a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e 
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Biologic Markers in Urinary Toxicology 
http://www.nap.edu/catalog/4847.html

http://www.nap.edu/catalog/4847.html


purposes. Attempts have also been made to use plasma concentrations of beta2-microglobulin to measure GFR;
this is further considered in the next section. All these methods are of qualitative, rather than quantitative, use.

URINALYSIS

Toxic injury to the kidney can involve any of the tissue compartments of the urinary tract. Ultimately, the
products of such injury—whether sloughed necrotic renal epithelial cells themselves or the products of the
functional, inflammatory, and reparative responses that the injury provokes—find their way into the urine.
Simple urinalysis remains perhaps the most useful screening test for the detection of renal injury in large
populations. Changes in urinary excretion of numerous solutes have been suggested as markers of exposure and
effect. Bowers et al. (1992), for instance, showed that urinary porphyrin can serve as a marker of mercury
accumulation and nephrotoxicity. It is unlikely, however, that porphyrin analysis provides more information than
some of the simpler tests routinely performed.

Total Urinary Solute Concentration

In almost all cases of nephrotoxic injury, an early and reliable marker is the failure of the kidney to excrete
concentrated urine. The failure is caused by the inability of the damaged kidney to generate and maintain a high
osmolar concentration in the renal papilla. The two routine tests of this capacity are the urinary specific gravity
(SG) and osmolality.

Urinary SG correlates well with the osmolar concentration with some exceptions. Normally, urinary SG
exceeds 1.020 after overnight water deprivation, and values below 1.015 indicate a concentration defect. Care
must be taken to correct the determined values for abnormally high glucose or protein concentrations. SG can be
determined directly with a hydrometer. Indirect, easy-to-use measurements are gaining acceptance. The most
common of these is based on the change in ionization of a polyelectrolyte as a function of the ionic strength of
urine; the resulting change in pH is noted with a dipstick.

Osmolality can be measured with vapor-pressure osmometry or freezing-point depression. In the United
States, subjects ingesting a normal diet excrete urine of up to around 900–1,200 mOsmol/L. By comparison, the
osmolality of plasma is 280 mOsmol/L. In chronic renal disease or after acute toxic injury, the ability to
concentrate urine maximally is impaired; and with severe injury, the maximal urine osmolality approaches that
of plasma.

Dipsticks

Dipsticks have found extensive use for evaluation of urinary pH and the presence of proteins, glucose,
hemoglobin, and bile pigments.
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•   pH. This is not greatly affected by most renal diseases, and the ability to acidify urine maximally is
preserved even in severe forms of renal dysfunction. However, some forms of renal injury are associated
with defects in acid excretion. Such so-called tubular acidosis can be induced by some xenobiotics, by
solvents and metals, and by obstruction of the urinary tract. Urine excreted in cases of lead, cadmium, and
toluene toxicity might be alkaline. The samples should be collected after overnight water deprivation to
avoid the alkaline pH produced by stimulation of gastric HCl production.

•   Proteinuria (discussed in detail later). The colorimetric reagent strip of most dipsticks uses tetrabromphenol
blue for the semiquantitative detection of protein. The test is more sensitive for albumin than for other
urinary proteins, and its sensitivity is greatly diminished at high pH.

•   Glucosuria. Like proteinuria, glucosuria generally accompanies acute renal injury after exposure to
nephrotoxicants. The glucose oxidase reagent is highly specific for glucose.

•   Hematuria. Presence of hemoglobin (or large amounts of myoglobin) is readily demonstrated. The presence
of red blood cells in the urine is abnormal. It does not necessarily reflect renal lesions themselves, inasmuch
as diseases in any portion of the urinary tract can lead to this finding.

•   Bile pigments. Nephrotoxicants often damage liver and red-cell membranes, so bilirubin and urobilinogen
are important indicators of liver injury. Because bilirubin is unstable and light-sensitive, samples should be
stored in the dark.

Microscopic Analysis

Little information is usually gained from microscopic examination of urinary sediment if chemical analysis
had negative results. In large screening studies, microscopic examination of urine should be reserved for urine
samples whose chemical screens were positive. First morning specimens, which are highly concentrated, as
opposed to those passed later in the day, are not useful for this purpose, because cells rapidly deteriorate in
hypertonic bladder urine. Therefore, freshly voided samples should be used only after partial hydration, which
will result in a lower urine specific gravity. Preservatives can be added to ensure the integrity of cellular
elements. This preservation will be especially important when more sophisticated techniques—such as
immunocytology, in situ hybridization, and polymerase chain reaction (PCR), are introduced to examine these
specimens (see the next major section, on markers of cytotoxicity). Formaldehyde-releasing tablets are now
available as a preservative, but all preservatives might interfere with routine tests. For example, false-positive
results for protein and glucose have been observed after addition of the preservatives thymol and formalin,
respectively.

Preparation of the sediment should be standardized. Most commonly, 15 ml of urine is spun at 2000 g for 5
min. The supernatant is partially decanted and the
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sediment resuspended in 1 ml of supernatant. In such a preparation, the normal concentration of red cells and
white cells is 1-2 cells per high-power field. The presence of casts, which can be formed especially at high salt
concentrations in acidic urine, reflects injury to the glomerular capillary wall (in the case of red-cell casts) or
tubules; the presence of granular and hyaline casts probably depends on the combined effects of tubular
epithelial damage, inflammatory reactions, and abnormal protein excretion and aggregation.

Study of urinary cells is discussed in greater detail in the next major section. Normal urine specimens can
contain epithelial cells and cells of the pelvic, ureteral, bladder, and urethral epithelium that cannot be
distinguished by routine light microscopy. Some inflammatory cells can also found. A recent study by Mandal
(1986) failed to identify tubule cells in normal urine with electron microscopy. Under pathologic conditions, cell
identification requires a variety of techniques to identify phenotypic markers. Granular casts, consisting of
contents of disintegrated cells, and Tamm-Horsfall protein (see the next section) are commonly found in the
urine from patients with acute renal failure (ARF), and acute or chronic tubulointerstitial disease. Muddy-brown
casts, coarsely granular casts, red cells and casts, and white cells are all associated with ARF. Their presence
correlates with the degree of damage, so mild cytotoxicity is accompanied by few urinary abnormalities.
However, major renal impairment can be present in acute interstitial nephritis with little or no abnormality of the
urinary sediment. Acute interstitial nephritis with prominent peripheral eosinophilia can lead to the presence of
eosinophils in urine.

Proteinuria

Under normal circumstances, the glomerular capillary wall provides a barrier to the filtration of protein.
Permeation of the glomerular basement membrane by proteins is influenced by the size, charge, and rigidity of
individual protein molecules. Small uncharged molecules, such as horseradish peroxidase, pass freely into the
urinary space. Negatively charged molecules of intermediate size, such as albumin, are impeded at the
endothelial-cell surface and the proximal layers of the glomerular basement membrane. Uncharged or positively
charged molecules, such as myeloperoxidase, permeate the glomerular basement membrane and are retarded at
the slit diaphragm of epithelial cells. The net effect of those properties is to exclude relatively large, negatively
charged, and rigid proteins from passage into the urinary space. Thus, although albumin and gamma globulin
account for the preponderance of serum protein in normal humans (5.0 and 1.5 g/dL, respectively), less than 60
mg and 20 mg, respectively, is excreted in the urine daily. Serum proteins that weigh less than 20,000 daltons
(low-molecular-weight proteins) and peptide hormones contained in plasma pass readily into the urinary space,
but almost the entire
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filtered load is later reclaimed in the proximal tubule.

Measurement of Urinary Protein

The urinary dipstick is the most common device for semiquantitative measurement of urinary protein.
Although it can detect protein concentrations as low as about 10–15 mg/dL, it is relatively insensitive and
unreliable at concentrations below 30 mg/dL, yielding negative or trace-positive results in more than half such
samples tested (Rennie and Keen, 1967). Although the test is sensitive to small quantities of negatively charged
proteins, such as albumin, it is insensitive to positively charged proteins, such as some immunoglobulin light
chains, and to Tamm-Horsfall protein. Low-molecular-weight proteins (which are less negatively charged than
albumin), even when present in abnormal amounts, do not usually reach a concentration high enough to give a
clearly positive test result.

Urinary protein can also be estimated with precipitation. Urinary protein is precipitated either by adding 5%
sulfo-salicylic acid, 10% trichloroacetic acid, or concentrated nitric acid to the urine or by heating the urine and
adding 5% glacial acetic acid. Those methods detect positively charged proteins, as well as albumin, but they
have the same limitations as the dipstick test in quantifying total protein; that is, small amounts of protein might
not be detected in dilute urine, and normal amounts of protein might be detected in concentrated urine. For mass
screening purposes, precipitation tests offer little advantage over the dipstick method and are more difficult to
perform. Neither dipstick tests nor precipitation tests are useful in testing for abnormal low-molecular-weight
proteinuria.

Neither the dipstick methods now in use nor the usual qualitative tests for acid precipitation of protein are
sensitive enough to function as reliable screening tests for the detection of borderline or low concentrations of
proteinuria (200–500 mg/g of creatinine) in random urine samples. For example, the sample sensitivity of two
dipstick methods was less than 50% in consecutively acquired specimens, and the negative predictive value, or
the ability to establish the absence of proteinuria, was only 64–69% (Allen et al., 1991). Quantitative assessment
of protein excretion with measurement of the protein-to-creatinine ratio has been recommended to supplement
the dipstick in screening for proteinuria in cases in which misclassification would lead to serious problems
(Shaw et al., 1983). Interpretation of borderline positive results for protein in screening examinations is further
clouded by the fact that functional proteinuria—elicited by upright posture, by exercise, and even by excitement—
is frequently encountered, particularly in adolescents and young adults (Houser, 1987; Houser et al., 1986).
Woolhandler et al. (1989) thought that screening healthy, asymptomatic young adults for proteinuria was not
helpful, in that population-based studies showed that less than 1.5% of patients with a positive result for protein
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on the dipstick test had a serious and treatable disorder of the urinary tract. However, the yield might well be
much higher in selected populations, such as hospitalized patients, older subjects, or those exposed to
environmental hazards.

Albuminuria

Albumin is a 69-kilodalton polyanionic macromolecule with a Stokes radius of 3.6 nm, and a pI of 4.8. In
urine, it is considered a high-molecular-weight protein. Albumin is synthesized in the liver and has a relatively
high concentration in the plasma (about 4 g/dL). Because this high concentration of albumin is maintained within
the vascular space, it generates so-called ''oncotic pressure'', which prevents fluid from moving into the tissues
and causing edema. Albumin is thought to exist almost entirely in monomeric form in biologic fluids. Some
albumin is normally filtered by the glomeruli with low-molecular-weight proteins. Filtered protein is primarily
reabsorbed in the proximal tubules by brush-border enzymes. Albumin has less affinity for the brush-border
enzymes than does the low-molecular-weight protein beta 2-microglobulin. Absorption of beta2-microglobulin
averages 99.7%, but that of albumin only 90%. In normal people, the fractional excretion of albumin is about 90
times higher than that of beta2-microglobulin (Peterson et al., 1969). Isolated albuminuria without increased
excretion of low-molecular-weight proteins results from change in the glomerular filtration of high-molecular-
weight proteins and thus has been termed glomerular proteinuria.

Various mechanisms have been proposed to explain increases in glomerular filtration of albumin. In
advanced renal disease, when GFR is 25–30 mL/min, the remaining functional nephrons might have increased
perfusion, which could disrupt the cellular integrity of capillary membranes and lead to increased albuminuria
(Hostetter et al., 1982). Reduction in the fixed anionic charge of the glomerular filtration barrier enables greater
leakage of serum albumin across the glomerular basement membrane. Nephrotic syndrome induced by
puromycin aminonucleoside is associated with reduction of glomerular anionic sites (Michael et al., 1970).
Conversely, if the serum protein itself is modified to be less negatively charged, it might result in increased
filtration, as has been proposed for glycosylated albumin in diabetes (Ghiggeri et al., 1985). In general, then, the
clinical finding of isolated urinary excretion of high-molecular-weight proteins, particularly albumin, is seen as a
manifestation of disturbances of the glomerular filtration barrier.

Increased excretion of albumin is usually the result of glomerular injury but sometimes is the consequence
of reversible hemodynamic changes. Exercise, fever, infusions of epinephrine or norepinephrine, emotional
stress, prolonged assumption of the lordotic position, and congestive heart failure are often accompanied by mild
to moderate albuminuria. Those stresses amplify the excretion of albumin when albuminuria is already present.
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Proteinuria in excess of 1 g/g of creatinine, or 1 g/day in an adult, is almost always indicative of glomerular
injury. Excretion of large amounts of abnormal, positively charged immunoglobulin light chains, as in multiple
myeloma, constitutes the chief exception to this rule. Although, with the foregoing exception, albumin is always
the predominant constituent, proteins of higher molecular weight are excreted in small amounts in proportion to
the degree of injury to the glomerular barrier. Thus, in minimal-change childhood nephrosis, in which glomeruli
appear normal with light microscopy, virtually no proteins larger than albumin appear in urine, but in
inflammatory or infiltrative glomerular diseases, the proteinuria is "nonselective," so urine contains variable
amounts of high-molecular-weight plasma proteins, such as immunoglobulin G.

Day-to-day variation of 35–50% in urinary albumin excretion is well documented (Giampetro and Clerico,
1990). Normalizing urinary albumin with creatinine (discussed earlier) can increase the sensitivity and
specificity of the test, but it requires a second assay, which increases cost and imprecision. Besides the
physiologic factors noted above, various disease states and a number of nephrotoxic agents can increase
albuminuria as well.

Microalbuminuria

The standard detectability limits for screening albuminuria are far above the normal range; this decreases
the rate of false-positive results and thereby approaches a specificity of 100% but substantially reduces the
sensitivity (Steffes et al., 1989). The hallmark of overt diabetic nephropathy is dipstick-positive proteinuria, as
seen with "Albustix" (Ames Company). However, by the time the specified albuminuria (250–300 mg/L of urine
or 250–300 mg/24 hours) is present, the progression to end-stage diabetic renal failure might be inexorable. In
the patient with Type I or insulin-dependent diabetes mellitus (IDDM), once persistent proteinuria of this degree
develops, the progression to ESRD is predictable (Konen et al., 1990; Mathiesen et al., 1984). Before clinical
(dipstick-positive) proteinuria appears, there is a period of increased albumin excretion not detectable by dipstick
(Mogensen, 1987). The small amount of albumin excreted can be conveniently detected with radioimmune
assays. This "microalbuminuria" is said by some to be a marker of the likelihood of diabetic nephropathy.
However, its prognostic utility in individual cases is uncertain, in that many patients with diabetes and
microalbuminuria do not develop dipstick-positive proteinuria even after many years. Microalbuminuria in the
absence of hypertension and decreased creatinine clearance does not accurately elucidate the severity of the
underlying glomerular lesion in patients with type I diabetes (Chavers et al., 1989).

There has been disagreement regarding the albumin excretion that constitutes microalbuminuria. In 1985, a
consensus conference agreed to define microalbuminuria as a urinary excretion
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rate (UAER) of greater than 20 µg/min but no higher than to 200 µg/min in an overnight or 24-hour sample
(Mogensen et al., 1985–1986). A UAER of 20–200 µg/min is approximately equivalent to 30–300 mg/24 hr or 3–
30 mg/mmol creatinine.

Low-Molecular-Weight Proteinuria

Virtually all filtered low-molecular-weight proteins are reabsorbed in convoluted and straight portions of
the proximal tubule. Brush-border receptors have a considerably higher affinity for low-molecular-weight
proteins than for albumin (which is why the concentration of these proteins in urine is so low), and a high
absorptive capacity exists in relation to the normal filtered load for all low-molecular-weight proteins that have
been tested (Maack et al., 1985). Nevertheless, with an increase in filtered load, urinary excretion generally
increases well before the tubular maximum for absorption is reached (Waldmann et al., 1972).

Because low-molecular-weight proteins are reabsorbed solely and virtually completely in the proximal
tubule, their appearance in urine in increased amounts is generally taken to indicate a reduction in proximal
tubular function and an early sign of proximal tubular damage. But low-molecular-weight proteinuria can have
other causes that lead to increases in the plasma concentration and glomerular filtration of the proteins. An
increase in beta2-microglobulin occurs in lymphoproliferative malignancy. An increase in the plasma
concentration can also be secondary to renal insufficiency; functional competition for absorption at brush-border
sites by charged molecules, such as lysine, arginine, and aminoglycosides; and nonrenal febrile diseases.

One of the important low-molecular-weight proteins in urine is beta 2-microglobulin, whose molecular
weight is 11800. For accurate assay results, urine must be made alkaline to prevent hydrolysis of the protein. The
protein was isolated in 1968 by Beggard and Bearn from the urine of patients with two conditions characterized
primarily by proximal tubular damage: Wilson's disease and chronic cadmium poisoning (Beggard and Bearn,
1968). Urinary beta2-microglobulin has been used often to detect proximal tubular injury in clinical and
experimental settings and to test for toxic effects of environmental exposures and antibiotic and
chemotherapeutic agents.

Normal adults produce 150–200 mg of beta2-microglobulin a day. It is cleared from the plasma almost
completely by the kidney with a half-life of about 2 hours in persons with normal renal function. Serum
concentration averages 2.0 mg/ml (range, 1.1–2.7 mg/ml), and the normal urinary excretion is less than 370 µg
per day (Schardijn and Statius van Eps, 1987). An increase in beta2-microglobulin production occurs whenever
nucleated-cell turnover increases and results, even in the absence of renal malfunction, in raised serum
concentration and urinary excretion. When serum beta2-microglobulin exceeds 5 mg/ml, its urinary excretion is
invariably high,

BIOLOGIC MAKERS OF EFFECT 91

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 re
co

m
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 th

e 
or

ig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 th

e 
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, 

he
ad

in
g 

st
yl

es
, a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e 
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Biologic Markers in Urinary Toxicology 
http://www.nap.edu/catalog/4847.html

http://www.nap.edu/catalog/4847.html


which means that the threshold for maximal tubular reabsorption has been exceeded (Bernard et al., 1988).
The same receptor on the brush-border membrane is likely to be involved in the tubular reabsorption of

beta2-microglobulin and of albumin; however, the brush-border membrane has far less affinity for albumin than
for beta2-microglobulin and other low-molecular-weight proteins. Proximal tubular injury, therefore, results in a
disproportionate increase in the excretion of low-molecular-weight proteins like beta2-microglobulin, compared
with that of albumin. In contrast, an increase in albuminuria without concomitant increase in urinary excretion of
low-molecular-weight proteins signifies an increase in the glomerular filtration of albumin.

The urinary excretion of beta2-microglobulin varies throughout the day in a circadian rhythm, the maximum
occurring around midday to early afternoon and the minimum around 4 a.m. (Koopman et al., 1987). This day-
night variability must be taken into account when single, spot samples of urine are measured in clinical or
epidemiologic surveys.

The normal range of excretion of beta2-microglobulin by adults can be expressed as micrograms of beta2-
microglobulin per milligram of creatinine. In adults, the ratio of beta2-microglobulin clearance to creatinine
clearance does not change with age (Evrin and Wibell, 1972). Urinary excretion of beta2-microglobulin does not
depend on body mass, sex, water load, or moderate physical activity, but it has been shown to increase with
furosemide-induced diuresis (Guarnieri et al, 1979; Poortmans and Jeanloz, 1976; Wibel and Karlsson, 1976).

Because most heavy metals accumulate in the kidney, especially in the proximal tubules, beta2-
microglobulin excretion has been studied extensively as an early indicator of renal toxicity due to industrial
exposure. Cadmium is a common pollutant in industrialized countries. Frank (glomerular) proteinuria has been
recognized as a sign of renal dysfunction associated with chronic cadmium toxicity since 1948 (Friberg, 1948),
but the earliest sign of cadmium toxicity is tubular proteinuria. The incidence and degree of beta2-
microglobulinuria increase with the duration and intensity of exposure to airborne cadmium and with increasing
urinary cadmium. Cadmium workers can have beta2-microglobulin excretion 100–1,000 times higher than
normal people who have not been exposed. Inhabitants of areas exposed to cadmium in Sweden, Japan, and the
United Kingdom had an increase in urinary excretion of beta2-microglobulin related to duration of exposure,
dietary cadmium, and urinary cadmium content (Elinder et al., 1985).

Another low-molecular-weight protein excreted in urine is retinol-binding protein (molecular weight,
21400). It is more stable than beta2-microglobulin at acidic pH in urine, and its excretion has therefore been
suggested as a practical and reliable test of tubular protein reabsorption.

Finally, alpha1-microglobulin has been proposed for evaluation of tubular function
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(Guder and Hofmann, 1991). In healthy adults, alpha1-microglobulin is present in the urine at approximately 20–
100 times the normal concentration of beta2-microglobulin and of retinol-binding protein; this circumstance
might facilitate its measurement. Like albumin excretion, its excretion increases after exercise, so exercise
proteinuria might be tubular, as well as glomerular (Murakami and Kawakami, 1990). The diurnal variation in
alpha1-microglobulin excretion is similar to that of beta2-microglobulin, but the changes are less marked than
those of albumin. Excretion is usually lower at night than during the daytime.

The usefulness of alpha1-microglobulin was compared with that of urinary N-acetyl-beta-D-
glucosaminidase (NAG) and albumin in 409 urine samples sent to a clinical chemistry laboratory for screening.
The results were compared with the usual test-strip procedure (for pH, protein, leukocytes, blood, and glucose).
Two-thirds of the samples had an abnormal result in at least one test. In this series, alpha1-microglobulin
excretion was rarely increased without a simultaneous increase in urinary NAG activity (Hofmann and Guder,
1980).

Alpha1-microglobulin excretion might well be useful in monitoring early signs of renal toxicity after
industrial exposures. Its ultimate utility in this field remains to be established.

Brush-Border Proteins

An early event in most forms of ischemic or toxic injury to the kidney is sloughing of the brush border of
proximal tubules, particularly in the straight portion (S3) in the outer medulla and in the medullary rays of the
cortex (Chewing and Swaminathan, 1989). Appearance of specific brush-border proteins in the urine might
therefore be a sensitive early test for renal damage, and monoclonal antibodies that react specifically with such
proteins have been developed (Birk et al., 1991). Examples of such tests include those for adenosine deaminase-
binding protein (Birk et al., 1991), Na+-D-glucose cotransporter protein (Birk et al., 1991), intravillus brush-
border proteins (Birk et al., 1991), and the intestinal type of alkaline phosphatase (Verpooten et al., 1989). Those
techniques, as yet experimental and therefore expensive, have great promise because of their inherent specificity
and sensitivity. They have yet to be applied to large populations in screening tests, and their practicality in
comparison with other measures of proximal tubular damage, such as enzyme excretion, remains to be
determined.

Tamm-Horsfall Protein

The so-called Tamm-Horsfall protein (THP) has been found to be the most abundant protein in normal
human urine (Lynn et al., 1982) and the predominant protein in hyaline casts (Fletcher et al., 1970; McQueen,
1962; Rutecki et al., 1971). In humans, the daily urinary excretion of THP ranges from 20 to 200 mg with an
average of about 2 mg/hr, or
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about 50 mg/day. THP Is synthesized and secreted into the urine by cells that line the thick ascending limb of
Henle's loop. This "urinary mucoprotein" was first described by Morner in 1895, but its function is still not clear
(Kumar and Muchmore, 1990). Tamm and Horsfall described in 1950 the salt precipitation of a normal human
urinary glycoprotein that inhibited myxovirus-induced hemagglutination (Tamm and Horsfall, 1950). The more
recently described "uromodulin" (Muchmore and Decker, 1985) is identical in amino acid sequence with THP
and has immunosuppressive properties.

THP is an 85-kD, 616-amino-acid mature protein with a 24-amino-acid leader sequence (Fletcher et al.,
1970; Hession et al., 1987; Kumar and Muchmore, 1990). It is homologous with the human low-density
lipoprotein receptor, epidermal growth factor (EGF), and GP-2, the major component of zymogen granule
membranes of the exocrine pancreas (Hoope and Rindler, 1991). It is rich in cysteine and has numerous
intrachain disulfide bonds. THP is about 30% carbohydrate by weight and about 1% lipid (Fletcher et al., 1970).
The predominant carbohydrate-protein bonds are N (as opposed to O) linkages (Fletcher et al., 1970; Muchmore
and Decker, 1987; Muchmore et al., 1987). Hydrophobicity plotting shows that THP does not have a classic
transmembrane hydrophobic region; it appears to attach to the lipid bilayer via phosphatidyl inositol. It is likely
to be released from the membrane by proteolytic or phospholipolytic cleavage (Rindler et al., 1990). THP has a
low isoelectric point and has a tendency to form gels in aggregates of several million daltons. Gel formation is
increased by the presence of albumin, acidic pH, high THP concentration, sodium and calcium ions, and possibly
radiocontrast media (Kumar and Muchmore, 1990). Methods for determining THP in human urine include salt
precipitation (as first noted by Tamm. and Horsfall), radioimmunoassay, radial immunodiffusion,
electroimmunoassay, and lectin adherence.

THP has been found in the kidneys of numerous placental mammals but not marsupials or reptiles (Wallace
and Nairn, 1971). The rate of THP excretion can differ in a given individual over the course of a day by as much
as a factor of 18 (Hession et al., 1987). The pattern of excretion varies from person to person, with no obvious
circadian rhythm. Eating and recumbency do not appear to influence THP excretion. Radioactive-tracer
experiments indicate that THP is formed de novo in the renal tubules, rather than transported there; it has been
identified in urine produced by isolated perfused kidneys (Cornelius et al., 1965). Most studies have localized
THP in humans to the ascending part of Henle's loop, the early distal convoluted tubule, and tubular casts (Hoyer
et al., 1974; Lewis et al., 1972; Pollak and Arbel, 1969; Schenk et al., 1971; Wallace and Nairn, 1971). There is
conflicting evidence as to its presence in macula densa cells (Hoyer and Seiler, 1979; Sikri et al., 1981). In
normal humans, THP is characteristically absent from glomeruli, proximal tubules, and the
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interstitium. It appears to be produced by the aforementioned tubular cells, transported to the tubular lumen, and,
as noted above, attached to the lipid bilayer via phosphatidyl inositol. The daily excretion of THP is about equal
to its content in the kidneys, so the total amount of THP must be synthesized de novo each day (Schoel and
Pfleiderer, 1987).

Localization of THP to the distal tubule and the gel-forming tendency of THP have led to speculation that it
is partly responsible for the impermeability of the thick ascending limb to water (Kumar and Muchmore, 1990).
In patients with chronic renal failure, THP excretion is diminished. Large amounts of the protein might be
present in hyaline casts; this could be related to its distal secretion into relatively acidic tubular fluid. Changes in
renal THP have also been extensively found in patients with glomerular nephritis, the nephrotic syndrome, and in
renal-allo-graft recipients.

Although THP is the major protein in normal human urine, measures of its excretion have unknown utility
as indexes of renal function or markers of renal injury.

MARKERS OF CYTOTOXICITY AND CELLULAR RESPONSE

Toxic agents have been implicated in the etiology of diseases in every major histopathologic category of
glomerular and tubulointerstitial nephritis. For that reason, any marker of renal-cell damage or inflammation
must be considered a possible indication of toxic insult. Toxic injury can affect the cells in any major
compartment: glomeruli, tubules, interstitium, and vessels. A single agent can damage cells in more than one
compartment. Furthermore, the structural and functional interdependence of cells in different compartments can
complicate or confound the identification of primary targets of injury. Injurious effects can be acute, chronic, or
both. Both acute and chronic damage can result from direct toxicity and from immunologic responses (allergic,
autoimmune, and inflammatory) triggered by a toxicant. In addition, nonimmunologic factors, such as
hemodynamic stress, can contribute to cell damage after exposure to toxicants. Furthermore, the cellular sites of
injury can be different for acute and chronic effects of a single toxicant and can change during the course of a
chronic disease, especially if immunologic factors become important.

Mechanisms of injury can be evaluated in vitro with tissue cultures, isolated kidney or nephron components,
and cell-free extracts, but it is absolutely essential that nephrotoxicity be studied in vivo to elucidate the cell
interactions and systemic factors that can trigger the response to injury or perpetuate a chronic disease. Studies of
mercury nephropathy in rats, especially by the group of Druet (Dubey et al., 1991; Pelletier et al., 1987; Pelletier
et al., 1988), documented this well. The rat model of mercury exposure is a paradigm of the potentially complex
natural history of toxic injury to the kidney. The complex, long-term
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effects of exposure to such drugs as adriamycin, cyclosporin, and puromycin have also been studied successfully
in animal models by several laboratories. Those investigations provide valuable insights into the possible
relationships between acute and chronic effects of nephrotoxicants, and might provide important clues to cell-
specific markers of renal injury.

Abnormal changes within the kidney can involve endogenous cells, marrow-derived cells, and connective-
tissue matrix. The endogenous cells of the kidney that can be affected by toxicants include those of glomeruli,
tubules, interstitium, and vessels. Despite the microanatomic and functional heterogeneity of the cells those
compartments, responses to injury can be divided into a few major categories: hypertrophy, proliferation,
degeneration (detachment, vacuolization, lysis, necrosis, and apoptosis), altered metabolism (synthesis,
secretion, and uptake), surface-membrane remodeling (changes in shape, charge, antigen, and receptor
expression), regeneration, inclusion formation, alterations in cytoskeleton or organelle composition, and activity.

A substantial population of marrow-derived cells can be found in the glomeruli, interstitium, and
perivascular tissue of normal kidneys. In pathologic states, those blood-borne cells can increase in number
through infiltration and local proliferation, differentiate into functionally or phenotypically distinct cells, and
become metabolically activated.

Abnormal functions of endogenous cells and marrow-derived cells can lead to alterations in the
extracellular matrix of the kidney. The direct action of a toxicant and the accumulation of immune reactants,
coagulation factors, etc., can also cause pathologic changes that affect the structure of the matrix (thickening,
thinning, splitting, duplication, and disruption), its biochemical composition (inclusions and abnormal
constituents), and its physical properties (charge and permeability).

Urinary Cells

Conventional light-microscopic examination of cells in urinary sediments does not permit precise
distinctions between types of epithelial cells and leukocytes. Therefore, the cellular composition of urinary
sediment has not proved useful as a marker of renal injury. That is unfortunate, in that accurate analysis of
urinary cells is a potentially powerful tool for identifying the site, severity, and mechanism of renal damage.

Some recent innovations hold promise, but further technologic advances and clinical studies will be
required before they can be applied in routine screening of urine samples. The use of monoclonal antibodies and
immunohistochemical staining should make it possible to distinguish among epithelial cells arising from
individual nephron segments or structures of the lower urinary tract. Similarly, cell-specific antibodies should
allow precise and detailed characterization of macrophages and lymphocytes that reach the urine. The
cytocentrifuge should prove valuable for
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preparing cells for both conventional and histochemical staining (Schumann, 1986). Even more important might
be the development of techniques for preparing urinary cells that were developed in the course of successful
studies that used urinary cells in the diagnosis and management of bladder cancer. These techniques, when
coupled with fast image-analysis systems, offer the potential for automated analysis to detect cells from specific
regions of the kidney. Transmission electron microscopy could also aid in the identification of epithelial cells
(Mandal, 1986; Mandal and Bennett, 1988). Methods of tissue culture might provide clinically useful
information about the metabolism of cells isolated from urine (Racusen et al., 1991). Techniques of in situ
hybridization have been widely disseminated in recent years for analyzing changes in gene expression that
accompany tissue damage. Those methods of molecular biology have been applied successfully to the
investigation of mechanisms of renal injury in tissue samples and should prove similarly useful in detecting
abnormal gene expression or synthetic capacity among cells in urinary sediments.

Hematuria is an important and often early marker of renal injury. Analysis of the red cells in urine (number,
structure, and cast formation) can sometimes provide clues about the nature and site of the lesions (Kohler et al.,
1991; Pollock et al., 1989). However, despite persistent attempts to identify criteria that might increase the
diagnostic value of red cells in urine, their presence remains a relatively nonspecific indication of injury.

Markers of Injury or Inflammation in Renal-Tissue Samples

With the widespread use of the kidney biopsy for diagnosis, a systematic approach to the evaluation of
renal-tissue samples has been developed that facilitates the detection of changes in kidney architecture.
Histologic abnormalities can be recognized and analyzed with considerable sophistication, rigor, and reliability.
Conventional methods of light and electron microscopy permit ready identification of deviations from the normal
appearance, configuration, and number of endogenous cells. Immunofluorescence and immunohistochemical
staining procedures, which constitute a powerful adjunct for the microscopic examination of renal tissue, are
now used routinely to identify antibodies, complement components, coagulation factors, mononuclear cells, and
basement-membrane constituents. With the recent rapid dissemination of highly specific monoclonal antibodies
and genetic probes, it is becoming possible to obtain detailed information on the metabolism of renal cells from
appropriate studies of tissue specimens.

Conventional methods of histology have been especially useful in the identification and classification of
glomerular damage. A major limitation has been that early (preclinical) stages of human glomerular damage
have not been available
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for study. Histologic aspects of tubular injury have not been as comprehensively or formally described. That
deficiency is especially unfortunate, inasmuch as tubular cells are most commonly the primary site of toxic
injury. Optimal preservation of tubular cell structure requires techniques of perfusion fixation that can be applied
in vivo to animals only. As a result, mild damage to the luminal membrane, slight alterations in tubular diameter,
and other subtle features of tubular injury can be difficult to assess or even be completely overlooked in human
tissue samples. Furthermore, samples obtained by biopsy often fail to provide adequate representation of the
highly specialized segments of the tubular system. Finally, the interstitial cells that lie near the tubular cells
remain mysterious. Until the microanatomic heterogeneity, functional specialization, and developmental origins
of normal interstitial cells are better understood, it will be difficult to identify subtle deviations from normal
conditions. Inflammation of the interstitium is usually easy to recognize, and immunohistochemical staining
methods have made the mononuclear cell composition of interstitial infiltrates amenable to sophisticated analysis.

Markers of renal-cell injury have been studied more analytically in animals than in humans (see Table 4-11).
The animal models cover a wide array of pathogenic mechanisms, including immune complex disease, specific
antibody-mediated injury, heavy-metal exposure, drug toxicity, ischemia, surgical reduction of renal mass,
hypertension, diabetes, and systemic autoimmunity. In addition to methods of microscopy, cell abnormalities
associated with renal injury in animal models have been evaluated with tissue culture, isolated whole-kidney
perfusion, tubular microperfusion, micropuncture, cell fractionation and extraction, and the study of kidney-slice
preparations and isolated membrane vesicles. The biologic markers that have been linked to cell injury on the
basis of studies of renal tissue can be divided, for the purposes of review, into several categories:

•   Immunologic factors:

  -- Humoral—antibodies and antibody fragments; components of complement cascade, and coagulation factors.
  -- Cellular—lymphocytes, mononuclear phagocytes, and other marrow-derived effectors (eosinophils,

basophils, neutrophils, and platelets).

•   Lymphokines.
•   Major histocompatibility antigens.
•   Growth factors and cytokines: platelet-derived growth factor, epidermal growth factor, transforming growth

factor (TGF), tumor-necrosis factor, interleukin-1, etc.
•   Lipid mediators: prostaglandins, thromboxanes, leukotrienes, and platelet activating factor.
•   Extracellular-matrix components:

  -- Collagens.

1 All tables referenced in this chapter can be found at the end of the chapter.
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  -- Procollagen.
  -- Laminin.
  -- Fibronectin.

•   Adhesion molecules.
•   Reactive oxygen and nitrogen species.
•   Transcription factors and proto-oncogenes: c-myc, c-fos, c-jun, c-Ha-ras, c-Ki-ras, and Egr-1.
•   Tubule antigens, Tamm-Horsfall protein, brush-border molecules, and cystatin.
•   Heat shock proteins.
•   Endothelin.

Some methods permit precise identification of cell sites of response to injury. Proliferation, evaluated
microscopically according to the uptake of appropriately labeled nucleic acid precursors, has been localized in
individual cells or histologic compartments of the kidney in various animal models. Special tracers and staining
methods have been used to recognize and localize alterations in charge distribution of cell and basement
membranes. Theoretically, with appropriate probes (e.g., monoclonal antibodies and genetic probes) it should be
possible to identify with high precision the cell sources of synthesis or the sites of accumulation of most of the
molecules that reflect metabolic alterations produced by injury. In practice, however, relatively few markers
have been unequivocally linked to cell-or site-specific injury. Technical problems are considerable. For example,
it has been very difficult to distinguish the secretory activities of mesangial cells of the glomerulus from those of
marrow-derived cells that are near and might be numerous in hypercellular glomeruli. In addition, metabolic
responses to injury might be similar in cells in different compartments of the kidney and in exogenous and
endogenous cells.

Potential sources of biologic markers of cell injury or inflammation in renal tissue samples are listed in
Table 4-2. It can be seen, for instance, that cytokine production has been attributed to mesangial cells,
macrophages, and tubular cells; the expression of major-histocompatibility-complex class II antigens is also a
potential of all three cell types. A wide variety of hormone-like proteins and biologic response modifiers can be
produced in the kidney in response to cell damage and tissue inflammation. Although marrow-derived
mononuclear cells are a major and well-studied source of those molecules, many can also be produced by cells
intrinsic to the kidney. The table summarizes a large and rapidly growing literature on possible intrarenal sources
of some biologic markers of cell injury that might have clinical value. Glomerular sites of synthesis of individual
molecules have been relatively easy to identify, because glomeruli are readily separated from other renal
components for extraction, tissue culture, and other analytic procedures. Tubular, interstitial, and vascular cells
have been less amenable to detailed investigation. Recent advances in tissue-culture methods, however, hold
promise of more complete characterization of the metabolic and synthetic capacity of specialized renal cells
outside the glomerulus.
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Markers of Renal-Tissue Injury in Urine

Some of the potential markers of cell injury identified through studies of renal tissue have been detected in
urine, but many of the findings have been isolated, inconclusive, or fragmentary. Urinary concentrations of some
cytokines, arachidonic acid metabolites, adhesion molecules, growth factors, and connective-tissue matrix
components have been measured in animal models and human diseases (see Table 4-1). That urinary
concentrations of the markers are usually correlated with at least one histopathologic or pathophysiologic index
of disease severity indicates the potential value of urine assays in detecting or monitoring for nephrotoxicity.

Results of studies with EGF suggest that its urinary excretion can be especially useful as a marker of effect
(see Chapter 6). The origin of urinary EGF seems to be the kidney. That renal clearance of EGF exceeds that of
inulin in rats and mice indicates renal secretion (Nielson et al. 1989). Removal of other sources of EGF does not
affect its renal excretion, and removal of one kidney reduces urinary EGF excretion by half (Olsen et al., 1984).
With the finding of its mRNA in the kidney, results of those studies strongly suggest that urinary EGF is derived
from the kidney. Several recent studies in experimental renal failure and human renal disease demonstrate that
both the renal production and the renal excretion of EGF fall after renal injury. Cisplatin (Safirstein et al., 1989)
and aminoglycoside nephrotoxicity (Verstrepen et al., 1991) reduce renal production of the mRNA associated
with the EGF precursor molecule prepro-EGF and reduce EGF excretion. Ischemia (Safirstein et al., 1990)
markedly reduces prepro-EGF mRNA and excretion, as does unilateral or bilateral ureteral obstruction (Storch et
al., 1992). In those studies, the decline in EGF excretion correlated very closely with the degree of renal
impairment. The renal excretion of EGF falls in human diabetic renal disease (Mathiesen et al., 1988) and
correlates well with the degree of renal damage. Urinary EGF excretion is low in patients soon after receipt of a
renal allograft (Kvist and Nexo, 1989) and rises as renal function is restored. In experimental models of
polycystic renal disease, prepro-EGF mRNA is reduced (Gattone et al., 1990). The assay of urinary EGF is
simple, and urine samples can be collected under routine conditions and stored under refrigeration for long
periods.

Urinary Enzymes

The modern era of using urinary enzymes in the investigation and diagnosis of renal injury or disease was
initiated by Rosalki and Wilkinson, who reported increased lactate dehydrogenase (LDH) activity in the urine of
patients with renal disease (Rosalki and Wilkinson, 1959). Acceptance of urinary enzymes, in contrast with
serum enzymes, as a diagnostic tool has been slow; in his sentinel review of the application of urinary
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enzymes in evaluating both nephrotoxicity and renal disease, Price (1982) concluded that ''the principal reason
for the slow development of this field [urinary enzymes] is the difficulty involved in the assay of enzymes in a
fluid which varies in volume, composition, and which is a hostile environment for many enzymes.'' In the 1990s,
the difficulty might be rephrased: the major barriers to widespread acceptance of urinary enzymes as diagnostic
markers include uncertainty about the exact location of the enzyme in the nephron and about how it reaches the
urine. Questions also remain about pathologic correlates of urinary enzyme activity, its relationship with
exposure dose and percentage of tissue destruction, and its therapeutic or prognostic importance.

Dubach, who has contributed much to the understanding of the diagnostic application of urinary enzymes,
has concluded that "empiricism" dominates the field and that only by focusing on the definition of the cellular
location of the enzyme can this application gain respect (Dubach and LeHir, 1984). This focus and the
characterization of the mechanisms by which enzymes gain access to urine, are the principal tasks of the basic
investigator. For the clinical investigator, the problem is "clarifying pathophysiological mechanisms for
increased excretion of urinary enzymes." Dubach and LeHir (1984) discourage the use of urinary enzymes in
screening for renal disease, because drugs, diagnostic procedures, and co-existing systemic diseases (e.g., sepsis
and hyperthyroidism) and myocardial infarction can markedly influence urinary enzyme activity. However,
enzymuria has proved useful in screening for selected circumstances of occupational exposure and should be
used to evaluate new drugs or procedures with potential renal effects. A recent interest has been the early
diagnosis of renal-transplant rejection and the differentiation of upper from lower urinary tract infections.

Theoretical and Diagnostic Importance

The theoretical basis for recommending the use of urinary enzymes in assessing renal injury is well
reasoned. Enzymes are uniquely distributed along the course of the nephron; at least 10 separate segments have
been defined (Guder and Ross, 1984). Furthermore, enzyme location in renal cells is restricted to specific
subcellular components, thus providing further detail about injury site and potential mechanism. Access of
plasma enzymes to the glomerular filtrate is limited by the permeability of the glomerular membrane.

In discussing the assessment of renal injury with urinary enzymes, Plummer et al. (1985) summarized the
various possibilities that might explain how enzymes reach the urine. In addition to their low rate of filtration,
the processes include the normal shedding from tubular cell surfaces and the release of enzymes that occurs with
cell injury or death. Other cells in urine might contribute (i.e., bacteria, red cells, white cells, and lymphocytes),
as might other
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components of the genitourinary system (i.e., bladder, glandular secretions, semen, and tumors). Under
experimental conditions, contamination from food, feces, etc. might also contribute enzymatic activity to urine.

Well over 100 urinary enzymes have been investigated for diagnostic use in various states of renal injury,
although only a few have gained notable acceptance for routine clinical use. To be clinically useful, the baseline
excretion rates of a urinary enzyme must be low and allow recognition of an increase without excess background
noise. Recent advances in technology have improved both detection and the reproducibility of measurement,
including the application of automation for processing large numbers of samples, such as might arise from field
screening projects. Substantiation of the theoretical basis of urinary enzymes as a renal diagnostic tool has not
come easily. To understand the unresolved problems, it is best to start by defining the criteria by which urinary
enzymes should be judged if they are to be accepted as diagnostic markers.

Recently, Guder and Hofmann (1991) stipulated the following criteria for the diagnostic use of tubular
enzymes or antigens. They divided the items to be evaluated into technical and biologic groups. The following
five items were to be considered in judging the technical aspects of specific urinary enzymes as diagnostic tools:
precision, standardization (accuracy), interferences, technical performance (automation), and cost. Six biologic
items were to be considered: origin (in or outside the nephron), intracellular location, mechanisms of release into
urine, stability in urine at 37°C, sampling conditions, and the influence of other factors (diet, blood pressure, and
biologic variation).

The two major applications of urinary enzymes are monitoring for subtle renal dysfunction and clarifying
mechanisms of nephrotoxicity. Only a few enzymes have been generally accepted as valuable urinary markers,
including NAG, alanine aminopeptidase (AAP), and LDH. Others, such as intestinal alkaline phosphatase, are
emerging, but they lack the wide application and reporting enjoyed by the first three. NAG has now been defined
to have its highest activity in the straight (S3) location of the proximal tubule of humans, with less activity in the
collecting-duct portion of the distal nephron (Schmid et al., 1986). That observation, coupled with the refinement
of colorimetric assays, makes it one of the most useful and best studied of the diagnostic urinary enzymes. Both
enzymes are stable in the frozen state. For acute changes—such as those induced by drugs, transplant rejection,
and acute renal injury—the enzymes offer an excellent diagnostic aid, although baseline values are often
required to ensure proper interpretation of the findings.

Disadvantages as Markers

Urine is readily available and convenient to sample, but it constitutes a
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harsh environment for most enzymes because its low pH, slight buffering capacity, and the presence of many
inorganic and organic compounds, which can act as either inhibitors or activators. To circumvent those
problems, urine is stored at 4°C until collection is complete, and it is dialyzed or diluted before analysis
whenever possible.

Unless a convenient reference standard, such as creatinine, is available, accurate timing and volume
measurements of urine specimens for analysis are essential. The debate continues about whether the proper
method for expressing urinary enzyme excretion is concentration in units per liter, with or without correction for
creatinine, or rate of excretion in units per unit time. Because of diurnal variation, especially for NAG and AAP,
the use of a concentration expression demands that similar collection intervals during the day be used if
comparisons are to be useful.

Another source of difficulty in the use of urinary enzymes arises from lack of information on several
factors: What is the influence of aging on the excretion of urinary enzymes? Does it follow the same pattern as
creatinine? Does sex have any influence? Another deficiency of urinary enzyme studies is the absence of
pathophysiologic correlations. In addition, the overlap between normal ranges and values recorded in patients
with stable chronic renal disease provides poor specificity and sensitivity for the diagnosis of renal disease.
Finally, identification of location in the nephron has been lacking, although this is changing with the advent of
specific isoenzymes such as intestinal alkaline phosphatase (Verpooten et al., 1989).

MARKERS OF NEOPLASIA

General Considerations

By the time many cancers are detected on the basis of symptoms, it is already too late for effective
intervention. Although conventional therapy might prolong life, most patients with metastatic disease eventually
die of it. It is clear, therefore, that reducing cancer death rates will depend on prevention. Elimination of
exposure can be effective, but it is of no use for those already exposed; such an approach cannot achieve
significant cancer reduction except over long periods. Cancer usually has a roughly 20-year latent period in
humans, and recent findings strongly suggest that carcinogenesis can be detected through biologic markers and
inhibited by treatment with chemopreventive agents. Markers of effect play a crucial role in this process by
identifying people who have demonstrable intermediate end points short of clinical disease. Detecting people in a
more easily treatable preclinical phase shifts the emphasis from treatment to prevention.

Modern research is identifying hundreds of potential markers. If a marker is to be useful in the clinical
setting, its accuracy must be sufficient to allow treatment decisions. The "gold standard" is the 5-year
prospective study, but when the additional costs of developing
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a laboratory test with quality control suitable for widespread implementation are included, it is clear that only a
very small number of markers can be subjected to the final test of the prospective study. Strategies will need to
be developed that can quickly identify markers worthy of clinical study.

Proliferation

A hallmark of cancer initiation, promotion and progression is an increase in cell proliferation. Increased cell
proliferation can promote the carcinogenic process itself by increasing the likelihood of inheritable changes that
promote carcinogenesis. That is, cells are more likely to mutate during cell division and acquire invasive and
metastatic potential. The frequency of mitotic figures and the presence of abnormal mitotic figures are good
indicators of malignancy and are used in pathologic grading of tumors. But an increase in the number of
proliferating cells is not always diagnostic of malignancy because many benign conditions—including
hyperplasia, repair, inflammation, and stones—can also increase cell division. In addition, although tumor size
and progression are correlated, bulky tumors do not necessarily invade and metastasize. For instance, many
benign prostatic glands are larger than primary prostatic cancers, and many low-volume, high-grade prostatic
cancers metastasize (Norming et al., 1989, 1992; Wheeless et al., 1991, 1993).

Tumors commonly have abnormal cell divisions that result in abnormal numbers of chromosomes, and
therefore abnormal amounts of DNA, but it is difficult to estimate these with precision in hyperdiploid tumors
when there are overlapping populations of cells. The hyperdiploid fraction is the most reliable predictor of
bladder-cancer behavior and is accurate for determining proliferating cells in diploid tumors (Wheeless et al.,
1991, 1993). The biologic characteristics of the tumor are not the only source of error in the determination of the
fraction of cells in the synthetic phase of the cell cycle. Others include individual laboratory accuracy, variation
in mathematical modeling programs, and percentage of apoptotic and necrotic cells that can influence dye
binding, Tritiated-thymidine uptake assays that use autoradiographic techniques (Steel, 1977) to determine DNA
synthesis are generally considered the "gold standard" for cell proliferation, and assays that use 5-
bromodeoxyuridine incorporation are the next best (van Weerden et al., 1993; Waldman et al., 1993), but both
are too complex for routine clinical studies. More recently, in vivo labeling has been used with
iododeoxyuridine; this reflects the biology of invasion and metastasis more accurately.

Figure 4-1 depicts some of the most common proliferation-associated antigens and markers used to estimate
proliferative rates and dissect the cell cycle. Until recently, proliferating-cell nuclear antigen, PCNA (Galand and
Degraef, 1989; Raska et al., 1989; Thaete et al, 1989; van Dierendonck et al., 1991;

BIOLOGIC MAKERS OF EFFECT 104

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 re
co

m
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 th

e 
or

ig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 th

e 
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, 

he
ad

in
g 

st
yl

es
, a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e 
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Biologic Markers in Urinary Toxicology 
http://www.nap.edu/catalog/4847.html

http://www.nap.edu/catalog/4847.html


Figure 4-1. Markers of the cell cycle. Superimposed on the diagram of the cell cycle are indications of where
different proliferation markers are positive. PCNA and p105 are positive in all cells that are not in G0, including the
G1 transition phase. Ki-67 is positive in all but the transition area; BrdU and PC10 are positive during much more
restricted portions of the cycle. Use of different markers can lead to different estimates of the fraction of
proliferating cells.
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Waldman et al., 1993) and p105 (Clevenger et al., 1987a,b) were the only markers useful for retrospective
studies with paraffin tissue blocks. Cyclin, an auxiliary protein of DNA polymerase-δ, is perhaps the best-
characterized marker of cycling cells, but even here there is no universal agreement (McCormick and Hall,
1992). Newer antibodies to recognize PCNA and other antibodies to proteins that mark the S phase of the cell
cycle are under investigation (see below). PC10 (Figure 4-1) reportedly reacts only with cells in the S phase
(Landberg and Roos, 1991) but might have a longer duration in the cell-cycle phase than previously thought
(Scott et al., 1991). Ki-67 closely correlates with BrdUrd labeling, and the new anti-Ki-67 MIB1-3 antibodies
(Key et al., 1993) are now available, allowing retrospective studies of paraffin-embedded tissue. Evaluation of
data in the literature is difficult. Assay control standards have not consistently been used to assess the quality of
each assay. The use of different assay methods by different investigators can result in discrepancies. And,
different vendors offer different antibodies that might recognize different sites of a protein or even different
epitopes. Clearly, the one feature of DNA ploidy analysis that consistently correlates with cancer survival
involves cell-proliferative rates. Biologic markers to assess populations of cells in each stage of the cell cycle
accurately should prove beneficial in evaluating the efficacy of chemotherapy and predicting tumor
aggressiveness. Systematic studies with standard controls of well-established proliferative rates need to be
performed to determine which technically feasible proliferative markers are clinically useful in predicting
metastases or survival.

Renal-Cell Carcinoma

Several secondary chromosomal abnormalities occur in nonpapillary renal-cell carcinoma. Various
aberrations, including deletions and duplications, have been reported in chromosomes 3, 5, 7, 8, 9, 14, and 20
and the Y chromosome. Those aberrations, used as markers, are presumed to be associated primarily with tumor
progression and might reflect the marked genetic instability of tumors. Trisomy of chromosome 5 has been
observed in about 15% of the cases. Abnormalities of chromosome 5, including segment loss and translocation,
have also been associated with renal-cell carcinoma and the familial adenomatosis gene in sporadic colon
cancers. The c-fos gene on chromosome 14 has also been observed to be aberrant in nonpapillary renal-cell
carcinoma. Another common abnormality has been reported in chromosome 17, where deletions have been
documented in high-stage nonpapillary renal-cell carcinoma. Chromosome 17 contains the important suppressor
gene p53, which is associated with oncogenesis. Table 4-3 contains a list of various potential biologic markers of
renal cancer.
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Bladder Cancer

Conventional Markers in Bladder Cancer

The urinary epithelium consists mainly of a single type of cell, and exfoliation of these cells into urine
provides a noninvasive source of both cellular and soluble markers. The cardinal sign of bladder cancer has been
hematuria with or without irritative bladder symptoms. The hematuria can either be gross or microscopic. Most
studies have shown that a majority of high-grade tumors have already progressed to metastasis by the time gross
hematuria is evident, so its usefulness as a marker is slight.

Dipstick Testing

The sensitivity of dipstick and microscopic analysis for the detection of microhematuria is controversial,
and the results afforded by the two methods have not always correlated. It has been estimated that a single-
dipstick method for detecting blood in urine has a sensitivity of about 37% for detecting bladder cancer. A major
consideration in the use of microhematuria as a marker of bladder cancer is that the microhematuria is
intermittent and that in some cases neovascularization of the lesion must have occurred to a marked degree
before the patient presents with gross hematuria. It can, however, be detected as long as 8 years before the
detection of a tumor. Because of the lack of sensitivity of a single-dipstick test, Messing and colleagues (1990,
1992) introduced sequential dipstick analysis by the patient at home for 14 consecutive days. This method is
inexpensive and has been estimated to detect about 80% of bladder cancers, although compliance is a relatively
poor 45%. About 21% of the patient population aged 50 and older who smoke will have microscopic hematuria
on at least one analysis, so many patients might require more extensive and high-cost testing to rule out the
presence of bladder cancer. In re-testing patients who have initially tested negative, it was found that 6% of
patients were positive for hematuria on the second screen, and 1% of these patients were found to have bladder
cancer. These results suggest the need for methods of detecting bladder cancer that have a higher degree of
sensitivity and specificity.

Cytologic Analysis

The routine evaluation of Papanicolaou cytology for bladder cancer has recently been reviewed (Farrow,
1990). Papanicolaou cytology under most circumstances has a sensitivity between 20 and 85%, depending on
stage and grade. Sample type—i.e., bladder wash or voided urine—also affects the sensitivity and specificity of
the test. Papanicolaou cytology has been found to be particularly useful for monitoring patients who have
established high-grade disease but
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has been generally ineffective in screening programs to detect bladder cancer in xenobiotic-exposed cohorts who
are at risk for developing malignancy (Cartwright, 1986). Nearly 50% of such patients have been missed in
conventional screening and have progressed to invasive disease. With an incidence of bladder cancer in the
general population of 3/10,000, many persons need to be screened to detect one bladder-cancer case. Therefore,
attempts have been made to automate urinary cytology; although some success has been achieved (Azzopardi
and Evans, 1971; Bauer, 1988), it is still hard to distinguish atypia or dysplastic changes associated with
inflammatory conditions from changes associated with malignant disease.

Karyotypic changes

Low-grade papillary tumors have been associated with changes in chromosome 9, and high-grade
carcinomas and carcinoma in situ appear to develop along a second pathway that often involves alterations in
suppressor oncogenes, such as p53. Whether those alterations are primary and initiate carcinogenesis or
secondary and result from genetic instability remains to be determined. The genetic mutations in the p53 gene on
chromosome 17 are frequent and varied. Whether specific mutations are associated with various types of
carcinogenic exposure is a point for future investigation, which might shed light on the underlying mechanisms
of carcinogenesis.

Markers in Occupationally Exposed Cohorts

Several cohorts are being monitored nationally and internationally for bladder cancer with markers of varied
effectiveness (Davies et al., 1988; di Sant' Agnese, 1988; di Sant' Agnese and de Mesy Jensen, 1987; Doctor et
al., 1986; Eaton et al., 1988). The markers include elements of conventional urinary cytology, the addition of
DNA ploidy (to determine the presence of an excessive number of chromosome sets) and various forms of
differentiation markers, growth factors and their receptors, and oncogenes and their protein products.

Table 4-4 outlines a number of markers that should be useful for bladder cancer. The most widely used
marker in the genitourinary tract is quantitation of DNA ploidy, which has been applied to routine cytology with
either flow cytometry or image analysis. The significance of cells that are atypical in appearance has been a
major issue for cytologists particularly with respect to low-grade malignancies of the genitourinary tract.
Experiments with acridine orange dye, Hoechst dye, and Feulgen staining have demonstrated that with the
addition of tests of DNA ploidy some degree of increased sensitivity is gained in bladder-cancer detection.

Studies of bladder-field disease have identified several cellular markers that become abnormal at different
times in the development of disease, including altered ploidy as a late event (Rao et al., 1993). A major group of
potential markers is monoclonal antibodies to tumor-related antigens.
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Prostatic Cancer

Prostatic cancer is the second-most common cancer of men; about 200,000 cases of prostatic cancer will be
diagnosed in the United States in 1994. That is substantially more than in previous years and is almost certainly
due to the introduction of prostate-specific antigen (PSA) testing. PSA is a protease specific to prostatic tissue
that is secreted into the serum and constitutes a marker of effect. Its introduction has highlighted a number of
important issues with regard to biologic markers of effect, including health-care costs, its effective use, its
sensitivity and specificity, and the relationship between cryptic and active disease. Current research into the
molecular and cellular biology of the prostate and of growth regulation are expected to result in new tests with
higher specificity and sensitivity that should permit individual risk assessment and differentiation of indolent and
active disease. The introduction of PSA without completing a prospective long-term followup study illustrates
one of the major problems in prostatic cancer research in that such a study would have required 15 years for
completion. Because the discovery of organ-confined disease is often life-saving, there is a reluctance to defer
the application of a new technology until the results of a long-term study are available.

The complex organization of the prostatic architecture reflects the multiplicity of potential cellular
interactions critical to cellular homeostasis. Any of the cellular types can abort normal regulatory control and
directly or indirectly participate in tumorigenesis. Hormonal growth control has been the primary focus of
investigational research and clinical therapy. However, in today's clinical setting, the tumor cells that progress
and the eventual demise of the patient are hormone-independent and can reflect a reawakening of mechanisms
that were active during embryogenesis. Hidden in the histopathologic architecture of the gland are
neuroendocrine cells that are adjacent to basement membrane cells and associated stromal cells that support the
functional epithelial cells. These neuroendocrine cells are the participants in supporting the biologic media so
important to human fertility and reproductive success. The scientific challenge is to determine which cells are the
primary targets of xenobiotics and which genetic factors are implicated in the deregulation of adult paracrine
growth control and the emergence of autocrine independence.

Investigations at the cellular and molecular levels have begun to identify structural and biochemical changes
associated with the emergence of the malignant phenotype. At the structural level, a series of graded dysplastic
changes is now recognized as being premalignant. These changes are known as prostatic intraepithelial neoplasia
(PIN). Investigations of molecular biologic markers using immunohistochemistry and quantitative morphology
have shown a strong correlation between PIN and other recognized biologic markers of malignancy, such as
aneuploidy. Quantification at the single-cell level and a definition of biochemical "cell talk" promise to define
further the biochemical

BIOLOGIC MAKERS OF EFFECT 109

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 re
co

m
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 th

e 
or

ig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 th

e 
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, 

he
ad

in
g 

st
yl

es
, a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e 
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Biologic Markers in Urinary Toxicology 
http://www.nap.edu/catalog/4847.html

http://www.nap.edu/catalog/4847.html


changes responsible for the histopathologic alterations and the selection of the deadly hormone-resistant clones.
Each of the histopathologic manifestations of increased cellular proliferation, invasion, and metastasis reflects
subtle quantitative alterations.

Serum Prostate-Specific Antigen

Biologic markers of disease have been detected primarily in the serum and are nonspecific for malignancy,
reflecting quantitative alterations in normal cellular constituents. Until recently, acid phosphatase, an enzyme
normally expressed in prostatic epithelial cells, was the principal serum biologic marker. Because of its poor
specificity for detecting early disease, more recent efforts have focused on the evaluation of PSA (Wang et al.,
1979). PSA is a glycoprotein found in the seminal plasma. Antibodies to this 30-kD molecule were produced by
Wang et al. (1979). PSA is found only in prostatic tissues, benign prostatic hypertropby (BPH), and prostatic
cancer. The gene coding for PSA has been sequenced and is on chromosome 19. Genetic deletions or mutations
of this chromosome will result in clonal cells that do not predominantly express the protein so important for the
liquefaction of seminal ejaculate. PSA production is limited to the epithelial cells, and its quantification within
these cells establishes its potential as a cellular biologic marker for prostatic cancer. The chymotrypsin-like
activity of the protein cleaves the seminal vesicle-specific antigen produced by the seminal vesicle cells. This
interaction establishes the rationale for the theoretical development of perhaps more specific and sensitive assays
in the future (see Chapter 6). It should be kept in mind that some cancers seem to have deleted the gene for PSA
production, which might mean that they do not produce PSA or contain less of it than normal or BPH cells.
However, PSA is still usually increased because it is not normally released into the serum unless the cell
membranes are altered or damaged. Serum PSA can be increased in BPH or prostatic infection, in addition to
cancer.

Because PSA is increased in patients with BPH and inflammatory conditions of the prostate, attempts have
been made to improve the sensitivity and specificity of this assay for the diagnosis of prostatic cancer. Various
thresholds were established before implementation of the assay in wide scale clinical testing. This has raised
multiple issues concerning uncritical reliance on the PSA test in clinical medicine. The use of this assay has
stimulated interesting questions related to technology transfer and assay evaluation; optimal methods for
interpreting test results in light of PSA's poor specificity (age-adjusted PSA, PSA density, PSA velocity); the
detection of clinically inactive or latent prostatic cancer; adaptation as a screening test without clinical trials to
establish efficacy; and the cost-benefit relationship in the management of patients with prostatic cancer.

BIOLOGIC MAKERS OF EFFECT 110

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 re
co

m
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 th

e 
or

ig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 th

e 
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, 

he
ad

in
g 

st
yl

es
, a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e 
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Biologic Markers in Urinary Toxicology 
http://www.nap.edu/catalog/4847.html

http://www.nap.edu/catalog/4847.html


Prostatic Intraepithelial Neoplasia

A strong association between the presence of prostatic intraepithelial neoplasia (PIN) and high-grade
prostatic cancer suggests that PIN can be a precursor of prostatic cancer. Using PIN tissue, McNeal and
Bostwick (1986) have proposed a group of potential biologic markers of prostatic cancer (Table 4-5).
Assessment of any of them awaits the development of more sensitive methods for detecting alterations in serum,
prostatic secretions, or urine. Fine-needle aspiration of cells is also possible with needles smaller than those
commonly used in venipuncture to obtain blood. A grading scale based on the distribution of vimentin and
various keratins might prove helpful.

Morphometric analysis of PIN has revealed graded alterations in nuclear size, roundness, membrane
ruffling, and nuclear chromatin similar to those in frank cancer. The greatest utility of such tissue might be as a
resource to develop genotypic changes correlated with progression. One potential strong advantage of the use of
such tissue is that some phenotypic changes that can predict progression are seen in otherwise normal cells of the
field; this could allow detection of a cancer in the prostate, even if the lesion itself cannot be sampled. That
feature might be applicable to the design of programs to screen persons at risk with fine needle aspiration and to
use more specific core biopsies for confirmation.

Cytokeratins are used mainly to identify the origins of cells in complex epithelia. Research on cytokeratins
has focused on delineating the integrity of the basement membrane adjacent to the prostatic epithelial cells in
normal tissue, benign lesions, premalignant lesions, PIN, and malignant lesions. Studies with monoclonal
antibodies, such as MH-903 (Shah et al., 1991), revealed disruption of the basement membrane in 39 of 40
cancer lesions with a graded increase in frequency noted in PIN.

DNA Ploidy and Prostatic Cancer

DNA ploidy can be determined with such techniques as flow cytometry and image analysis. Image analysis
facilitates rare-event detection, correlates with cytologic characteristics, and tends to be more precise in
biochemical quantification of epitopes (complex antigenic molecules). Flow cytometry is particularly useful for
studying suspensions of cells with recognized homogeneity—i.e., blood cells as opposed to mixtures of stromal
and epithelial cells found in the prostate. The lack of standardization of sample collection and processing and
signal analysis continues to hinder the usefulness of these approaches to defining ploidy, but further refinement
of ploidy studies and combination of ploidy studies with antibodies to various proliferation markers are possible.

A major limitation of marker research
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in prostatic cancer is the requirement for long-term longitudinal followup of patients. Archival specimens that
are available might or might not have been appropriately fixed to maintain the quantitative or qualitative
characteristic of the reacting epitope. Aneuploidy reflects genetic instability and marked tumor heterogeneity.
Fluorescent in situ hybridization studies should improve the sensitivity of ploidy analysis and lead to a
redefinition of ploidy changes in the future. The identification of markers of specific events in cellular
proliferation, invasion, and metastasis should supplant the rather crude measure of DNA ploidy based on flow
cytometry or image analysis.

Cytoskeletal and Nuclear-Matrix Proteins

Recent evidence suggests that the actin filaments of the cytoskeleton and nuclear matrix might be useful as
early markers of tumorigenesis (Pienta et al., 1989; Partin et al., 1993; Rao et al., 1990, 1991, 1993). Recently,
Partin et al. (1993) identified a nuclear-matrix protein uniquely present in all of 14 prostatic cancers but absent
from normal prostates and benign-prostatic-hypertension (BPH) tissues. Characterization of the protein revealed
an isoelectric point of 6.58 and a molecular weight of 56000.

Tumor-Suppressor Genes

Prostatic cancer can be latent (or occult) or progressive (or biologically active). Latent disease is identified
with great frequency at autopsy. It is not known whether the biologically active form develops along a separate
oncogenic pathway or occurs as an additional mutation in the low-grade form of the disease.

In addition to oncogenes and growth factors, cancer research has focused on the tumor-suppressor genes.
Several tumor-suppressor genes have been identified in prostatic cancer, including Rb and p53. Various methods
are available for detecting tumor-suppressor genes. The importance of p53 in relation to growth control was
delineated by Gumerlock and DeVere White (Chi et al., 1994), who demonstrated a biologic correlation between
p53 mutations and concentrations of IL-6, a cytokine known to be important in cellular proliferation. Growing
evidence suggests that changes in the p53 expression occur late in tumorigenesis, are associated with local
invasions, and reflect marked tumor heterogeneity. It remains to be determined whether the marker is a stronger
marker for predicting tumor invasion and metastasis than is DNA ploidy or tumor grade. Data on Rb are scant,
compared with data on p53.

Growth Factors

•   Nerve growth factor. One of the ex
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citing advances in prostatic cancer is the recognition of the potential importance of neuroendocrine cells, the
associated growth factors, and their potential neuroendocrine function. Cohen and Ellwein (1991) pointed
out the importance of neuroendocrine cells as a component of the ducts and acini. They reported that half of
all clinically manifest tumors show neuroendocrine differentiation, and suggested that the cells are of greater
prognostic value than conventional histopathologic grading systems. Cultured stromal and epithelial cells
from prostatic cancer contain a protein-like nerve growth factor (NGF) tissue. The NGF-like protein is
localized to the stroma in normal prostatic tissue, which has undergone benign hypertrophy, and cancerous
tissue. However, NGF receptors reside primarily on the epithelial component of the prostate. The
neuroendocrine cells in the prostate can be stained with chromogranin A; in benign hypertrophy, these cells
also stain positive for the androgen receptor. Cohen hypothesized that the cells lacking the androgen
receptor might be important in the evaluation of prostatic cells that lack neuroendocrine regulation (Cohen et
al., 1991 a).

•   Epidermal growth factor. The DU145 prostate cell line has epidermal growth factor (EGF) and EGF
receptor, which provide an autocrine loop for growth control of these cells (Connolly and Rose, 1990). An
anti-EGF-receptor antibody reduces growth in these cells. However, no increase in urinary EGF excretion
was found in males with prostatic or bladder cancer. Mattila and others found that adenocarcinoma did not
stain for EGF in 15 of 20 cases (Mattila et al., 1988).

•   Insulin-like growth factor. There might be a complex interaction between the insulin-like growth factors
(IGF-1, IGF-2) and EGF receptors (Connolly and Rose, 1992). In vitro results with the DU145 human
prostatic-cancer cell line suggest an interrelationship between the response mediated by IGF receptors and
the autocrine EGF response. Results of a second set of experiments involving a rat transplantable prostatic-
cancer line that metastasizes to bone reveal the presence of the IGF-1 receptor and the absence of the IGF-2
receptor (Polychronakos et al., 1991). Prostatic epithelial cells in tissue cultures were found to respond to
IGF-1 and not IGF-2 or insulin. The effect of IGF-1 might be modulated by a 24-kilodalton IGF-binding
protein (Cohen et al., 1991 a). Recent studies suggest that fibroblasts from BPH express increased mRNA
for IGF-2. The importance of IGF-2 remains to be determined. The quantity and presence of IGF-binding
protein is potentially an important and rate-limiting factor.

•   Transforming growth factor alpha. Transforming growth factor alpha (TGF alpha) has been identified in the
premalignant expression in four of 27 benign and 18 of 34 malignant biopsies. Positive staining has also
been identified in premalignant lesions and within the stromal elements. TGF alpha might enhance the
detection of premalignant
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lesions (Lloyd et al., 1992). In tissue sections from the prostate, TGF alpha is preferentially expressed in
prostatic-cancer cells in comparison with EGFR, which stains primarily the basal cells in both BPH and
prostatic cancer.

MARKERS OF INTERSTITIAL CYSTITIS

Several causes of interstitial cystitis (IC) have been suggested. The various suggestions are not necessarily
mutually exclusive, and the syndrome could have multiple etiologies. Each proposed etiology tends to be
associated with a marker. One difficulty has been the inadequacy of diagnostic criteria. Spontaneous remission is
common in the disease, and it has been difficult to define specific markers or to monitor the effects of treatment.

The suggested etiologies of IC were recently reviewed by Messing (1989). Table 4-6 lists the proposed
etiologies, briefly summarizes the evidence for and against each, and indicates the potential markers that might
be useful. The suggested etiologies include infection, obstruction of vascular and lymphatic channels,
neuropathy, endocrinopathy, inflammation, autoimmunity, deficiencies in the bladder protective mechanisms,
and the presence of toxic substances in urine.

Several recent studies have linked bladder damage with various mechanisms of inflammation. Elgebaly and
co-workers (1992) found that high concentrations of neutrophil chemotactic factors were released after bladder
injury by an acidic solution (pH 4.5) in a rabbit model and that this preceded an inflammatory response with high
concentrations of neutrophils in the bladder tissue. They hypothesized an early step in an inflammatory response
that eventually produces IC. Of great interest was the finding that 11 patients with IC had high urinary
concentrations of neutrophil chemotactic factors; but these were not found in patients with diseases other than IC
or in interstitial-cystitis patients treated with the anti-inflammatory agent dimethyl sulfoxide (DMSO).

A recent study suggested a further link among inflammation, symptoms, and altered innervation in IC. A
population of interstitial-cystitis patients—selected to have a consistent set of symptoms, including mastocytosis—
showed nerve content in submucosa and muscle 4 times greater than that in controls; much of the additional
nerve content was ascribable to nonadrenergic noncholinergic fibers (Hohenfellner et al., 1992). Recent advances
in neurochemistry with in situ identification of neuropeptides and other neurotransmitters have made it possible
to readily identify the functional system to which nerves belong (Hohenfellner et al., 1992). The authors
(Hohenfellner et al., 1992) point out the existence of links between the nervous system and inflammatory tissue
reactions, which are referred to as neurogenic inflammation, in that increased sympathetic outflow can lead to
increased local mast-cell populations and pain; they report similar findings in autoimmune diseases,
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such as rheumatoid arthritis and inflammatory bowel disease.
Although the presence of mast cells in the detrusor muscle has been a variable feature considered by some

to be an important diagnostic factor and by others to have no importance (Yun et al., 1992), an interesting study
showed that urinary histamine concentrations after hydrodistention more than doubled in interstitial-cystitis
patients; in patients without this diagnosis, there was no significant increase. (There was no significant difference
in urinary histamine concentration before hydrodistention.) It is not clear how histamine released from mast
cells, which are found in the muscularis well below the urothelial surface, would be able to reach the urine.

In contrast, functional characteristics of peripheral lymphocytes examined with flow cytometry did not
support an autoimmune etiology (Miller et al., 1992). There was no discernible difference between normal and
interstitial-cystitis patients with respect to the distribution of lymphocyte immunophenotypes before stimulation,
after incubation with and without autologous urine and with and without mitogenic stimulation, or in activation
of T cells. The investigators concluded that no primary immunologic disorder was evident in patients with IC
and that urine, which might leak into the bladder if the urothelium were leaky, does not stimulate the immune
system. However, studies of lymphocytes in bladder tissue showed that CD4-positive lymphocytes (helper T
cells) predominated over CD8-positive lymphocytes (suppressor/cytotoxic T cells) in the lamina propria in IC
and other forms of cystitis; in the urothelium, CD8-positive lymphocytes predominated in IC and CD4-positive
lymphocytes predominated in bacterial and mechanical cystitis (MacDermott et al., 1991). That suggested that
the urothelium was not involved in the inflammatory process in IC, and the authors therefore suggested that the
initiating factor did not originate in the bladder lumen. Those findings seem to contradict findings of a slightly
earlier study that produced distinct evidence of persistent inflammatory reactions in both peripheral and bladder
lymphocytes (Harrington et al., 1990).

A recent study of markers of cellular activation in urothelial cells showed that urothelial cells from
interstitial-cystitis patients expressed increased HLA-DR but not increased ICAM-l or IL-là (Liebert et al.,
1993). Urothelial cells in culture respond to cytokine stimulation in the same way as most epithelial cells—that
is, ICAM-l and HLA-DR increase simultaneously. The authors concluded that the simultaneous increase in
ICAM-l and HLA-DR, although not peculiar to IC, might be a useful marker of this condition. The marker might
indicate an unusual type of activation of the urothelial cells in IC.

Further evidence has also accumulated to support the theory that the urothelium becomes deficient in the
protective layer of glycosaminoglycan. An extensive investigation of urinary concentrations of macromolecular
uronate (a measure of glycosaminoglycan and proteoglycan content) as a marker
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of IC showed that, as a group, subjects with the disorder had markedly less urinary macromolecular uronate than
did normal controls. The median values in the two populations differed by a factor of 2. As suggested by earlier
work with the acid-damaged rat-bladder model, the decrease is consistent with binding of glycosaminoglycan to
damaged bladder epithelium, rather than with a specific effect of IC. In preliminary studies with a relatively
unselected patient group at two centers, 58% sensitivity and 79% specificity were obtained with a diagnostic
threshold of macromolecular uronate of 40 nmol/mL (Nickel et al., 1993). An investigation of the ultrastructure
of the extensive cell-surface coating of the bladder-surface macromolecules with an antibody against bladder
mucin to stabilize the layer showed no discernible difference in the depth or ultrastructure of the layer coating
the umbrella-cell layer of urothelium. Any differences must therefore be in composition and would not affect
structure.

Whether or not the layer is abnormal, the bladder epithelium in IC was again shown to be much more
permeable than normal. In an extensive study of 31 normal persons and 56 with IC, a highly significant
difference in bladder-surface permeability to urea was demonstrated between interstitial-cystitis patients and
control urology patients (Fowler et al., 1988). In contradiction of an earlier report, no evidence of increased
permeability to Tamm-Horsfall protein was found in the bladders of interstitial-cystitis patients. It should be
noted that permeability to high-and low-molecular-weight substances might be quite different. A potential link
between changes in permeability to low-molecular-weight substances and inflammation was suggested by results
of a recent study that showed in a mouse model of autoimmune cystitis that permeability differences were
similar to those reported by Parsons in humans (Parsons et al., 1991).

SUMMARY

The ideal cytologic marker of nephrotoxicity would represent a nonspecific, if not universal, cellular
response to injury. Such a marker should be produced in the kidney and secreted into urine in a readily detectable
form. Substantial changes in urinary concentration of the marker should correlate well with patho-physiologic or
histopathologic manifestations of renal injury. The marker should be expressed soon after injury is sustained.
Persistence of marker expression would increase its clinical value. The marker should be relatively easy to
measure. It should be stable in storage, resistant to degradation, and unambiguously identifiable. In the search for
suitable markers, more emphasis should be placed on the response to injury of tubules and interstitium, because
these compartments appear to be the major sites of susceptibility to toxic injury. Finally, extensive use must be
made of appropriate animal models to evaluate potential markers because complex responses of intact organisms
(vis-a-vis) isolated systems) can influence response to injury, inflammation, and repair in vivo.
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Several markers that fulfill many of the above criteria have already been identified. Urinalysis and clearance
measurements will continue to provide important functional markers of renal injury. Of particular use in that
regard would be a nonisotopic technique for analyzing iodothalamate or Cr-EDTA, both markers of glomerular
filtration rate.

There is no ''ideal'' marker, i.e., a single marker able to provide all the information necessary to identify
people at risk. The main priority for research should be the identification of strong markers that define
preclinical, potentially dangerous disease. Addressing disease at this point minimizes costs, morbidity, and
mortality and is now possible because of the availability of biologic markers. To achieve this, the following
should be emphasized.

•   Interdisciplinary research will be needed in which clinical medicine, basic science, and statistics are
combined. None of these fields is capable of proceeding alone.

•   Because strong markers are necessary for accurate clinical decision-making, funding of marker research
should require that small studies demonstrating a high degree of separation of populations of interest be
undertaken early in the marker-development process.

•   Multiple marker profiles are likely to be necessary to provide all the information needed for individual risk
assessment.

•   Attention needs to be given to quality control and suitability of the method to use in a routine environment
before large-scale clinical trials with a marker are attempted.
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TABLE 4-2 Potential Sources of Biologic Markers of Cell Injury or Inflammation in Renal-Tissue Samples

Microanatomic Compartment Molecules*

Glomerular mesangium PDGF, IL-1, IL-6, IL-8, PAF, IGF-1, TNFα, MCP-1,
TGFβ, endothelin, prostaglandins, O2 and NO metabolites,
MHC antigens, adhesion molecules

Tubular epithelium TNFα, endothelin, MHC antigens, EGF, uromodulin,
adhesion molecules

Endothelium PDGF, PAF, MHC antigens, endothelin, adhesion
molecules

Bone-marrow-derived cells (glomerular mesangium,
interstitium, infiltrates)

PDGF, IL-1, IL-6, TNFα, TGFβ, PDGF, PAF, IGF-1,
MHC antigens, eicosanoids, O2 and NO metabolites

* Abbreviations: MHC = major histocompatibility; PAF = platelet-activating factor; PDGF = platelet-derived growth factor; IL = interleukin;
IGF = insulin-like growth factor; TNF = tumor-necrosis factor; TGF = transforming growth factor; EGF = epidermal growth factor; MCP =
monocyte chemotactic peptide
A wide variety of hormone-like proteins and biologic-response modifiers can be produced in the kidney as a response to cell damage and
tissue inflammation. Although bone-marrow-derived mononuclear cells are a major and well-studied source of those molecules, many might
be produced by intrinsic kidney cells as well. This table summarizes a large (and rapidly growing) literature documenting possible intrarenal
sources of some biologic markers of cell injury that might have clinical value. Glomerular sites of synthesis of individual molecules have
been relatively easy to identify because glomeruli are readily separated from other kidney tissue components for extractions, tissue culture,
and other analytic procedures. Tubular, interstitial, and vascular cells have been less amenable to detailed investigation, although recent
advances in tissue-culture methods suggest that the metabolic and synthetic capacity of the specialized kidney cells outside the glomerulus
will soon be more completely characterized.

BIOLOGIC MAKERS OF EFFECT 133

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 re
co

m
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 th

e 
or

ig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 th

e 
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, 

he
ad

in
g 

st
yl

es
, a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e 
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Biologic Markers in Urinary Toxicology 
http://www.nap.edu/catalog/4847.html

http://www.nap.edu/catalog/4847.html


TABLE 4-3 Potential Biologic Markers of Renal Cancer

Marker References

Clinical and pathologic markers

Nuclear grade Fuhrman et al., 1982; Medeiros et al., 1988; Madeiros and Weiss, 1990; Selli et al., 1983

Tumor size Fuhrman et al., 1982; Medeiros et al., 1988; Madeiros and Weiss, 1990; Selli et al., 1983

Tumor stage Fuhrman et al., 1982; Libertino et al., 1987; McNichols et al., 1981; Medeiros et al., 1988;
Robson et al., 1969; Skinner et al., 1971; Waters and Richie, 1979

Morphometric markers

Nuclear abnormalities Tosi et al., 1986

Quantitative morphometry Tarnowski et al., 1993; Unger et al., 1993; vanden Houte et al., 1991

Proliferative markers

BrDU Rew et al., 1991

DNA ploidy Baisch et al., 1985, 1990; Bringuier et al., 1993; el-Naggar, et al., 1994; Grignon et al.,
1989; Kloppel et al., 1986; Kumar and Kumar et al., 1993; Lanigan et al., 1993; Leyh et al.,
1992; Ljungberg et al., 1956; Oosterwijk et al., 1988; Rainwater et al., 1987, 1991; van
Leeuwen et al., 1987; Veloso et al., 1992; Yoshida et al., 1986

Ki-67 Baretton, et al., 1991; Chow et al., 1993; de Riese et al., 1993; Kaiser et al., 1991

PCNA Delahunt et al., 1993; Hiaish et al., 1993; Lipponen et al., 1994; Tanioka et al., 1993

Ploidy S-phase al-Abadi and Nagel 1988; Baretton et al., 1991; Ellis et al., 1992; Kieseweter et al., 1987;
Larsson et al., 1993; Masters et al., 1992; Rew et al., 1991; Tanioka et al., 1993; Yu et al.,
1991, 1993
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Marker References

Growth factors

EGF and EGF receptor Chow et al., 1993; Fuse et al., 1992; Ishikura et al., 1991; Kaiser et al., 1991; Kimball et al.,
1984; Kotake and Kinouchi 1994; le Coutre et al., 1992; Narayan and Roy, 1992; Tokito et al.,
1991; Volm et al., 1993; Weidner et al., 1990

Endothelin-2 (ET-2) Ohkubo et al., 1990; Onda et al., 1991; Shinmi et al., 1993; Tokito et al., 1991; Yorimitsu et
al., 1992

fgf Fujimoto et al., 1991; Herrera, 1991

tgf-alpha and tgf-beta Gomella. et al., 1989; Herrera et al., 1991; Kimball et al., 1984; Kotake and Kinouchi, 1994; le
Coutre et al., 1992; Mydlo et al., 1989; Petrides et al., 1990; Thalacker and Nilsen-Hamilton,
1987

tnf Dosquet et al., 1994; Muraki and Nakazano, 1992; Wade et al., 1989

IFN Hoogstraten et al., 1982; Nagata, 1993

IGF Martinerie and Perbal, 1991; Zumkeller et al., 1993

p170-glycoprotein Eguchi et al., 1992; Rochlitz et al., 1992

p-glycoprotein Inoue et al., 1989; Lizard et al., 1992; Moll et al., 1993; Moriyama et al., 1991; Nakagawa et
al., 1994; Sato et al., 1990; Volm et al., 1993; Yamazaki et al., 1988, 1991

Oncogenes

c1 4-2 Boldog et al., 1991

c-etsl Wemert et al., 1992

erb (c-erbB-2) Herrera, 1991; Lipponen et al., 1994; Lunec et al., 1992
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Marker References

fos, abl Peter, 1991; Sunderman et al., 1990

myc Drabkin et al., 1985; Gemmill et al., 1989; Kinouchi et al., 1989; Kotake and Kinouchi, 1994; Martinerie et
al., 1992; Weidner et al., 1990; Yao et al., 1988

neu Rotter et al., 1992; Toyoshima, 1990

ras (p2l) Karthaus et al., 1987; Kumar et al., 1991; Mannens et al., 1987; Nanus et al., 1989; Ohgaki et al., 1991;
Trapman, 1992; Volm et al., 1993; Waber et al., 1993; Weiss et al., 1991

src Nanus et al., 1991

Tumor-suppressor genes

p53 Bot et al., 1994; Brooks et al., 1993; Haber and Buckler 1992; Lipponen et al., 1994; Suzuki and Tamura
1993; Suzuki et al., 1992; Trapman, 1992; Weghorst et al., 1994

Rb Brooks et al., 1993; Horikawa and Oshimura, 1991; Sabatier et al., 1989; Strong, 1993; Trapman; 1992;
Waber et al., 1993

Cytogenetics

CA50 Hershman et al., 1987

CEA Akaza et al., 1987; Blouin et al., 1989; Cisternino et al., 1986; Lanzafame et al., 1986; Martin et al., 1976;
Popper et al., 1987; Uchida et al., 1986
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Marker References

Chromosome 3 Anglard et al., 1991; Boldog et al., 1991; Brauch et al., 1990; Dietrick and Droz, 1992; Erlandsson et
al., 1990, 1991a,b; Fournet et al., 1992; Fuzesi and Cober 1992; Glenn et al., 1991; Hoogstraten et
al., 1982; Kohno et al., 1993; Kovacs et al., 1989a, 1991a; Ljungberg et al., 1991; Presti et al., 1991,
1993; Sugao et al., 1992; Szymanski et al., 1993; Teyssier and Ferre, 1990; van der Hout et al., 1993;
Yamakawa et al., 1991

Chromosome 5 Hino et al., 1993; Jordan et al., 1989; Kovacs et al., 1987; Morita et al., 1991; Presti et al., 1991

Chromosome 7 Dal Cin et al., 1992; Emanuel et al., 1992; Hughson et al., 1993; Kovacs et al., 1991 b; Limon et al.,
1990; Ljungberg et al., 1991; Maloney et al., 1991; Miles et al., 1988; Nordenson et al., 1988; Sugao
et al., 1992; Weaver et al., 1988; Yoshida et al., 1988

Chromosome 16 Green et al., 1994; Grundy et al., 1994; Huff et al., 1992; Maw et al., 1992

Chromosome 17 Anglard et al., 1991; Bergerheim et al., 1989; Haugen et al., 1990; Kovacs, 1989; Kovacs et al.,
1991b; Ogawa et al., 1992; Presti et al., 1991; Reiter et al., 1993

Chromosome Y Dal Cin et al., 1989; Jordan et al., 1989; Kovacs et al., 1991b; Walker et al., 1992

Chromosome 12 Annab et al., 1992; Parshad et al., 1992

Chromosome 14 Boehm et al., 1988; Davis et al., 1991; Finver et al., 1989; Fournet et al., 1992; Royer-Pokora et al.,
1989

Chromosome 18 Casalone et al., 1992; Grollino et al., 1993; Presti et al., 1991

Chromosome 20 Kovacs et al., 1989b

Chromosome 21 Nanus et al., 1989
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Marker References

Cytokeratins Blouin et al., 1989; Dierick et al., 1991; Droz et al., 1990; Kaiser et al., 1991;
Kumar and Kumar, 1993; Kumar et al., 1988; Popper et al., 1987; Schroder et al.,
1992

Double minutes Moriyama-Gonda et al., 1991

Exo-l Klingel et al., 1992

Fibronectin Kloppel et al., 1986

Glutathione S-transferase Grignon et al., 1994; Kurokawa et al., 1990; Sabatier et al., 1989; Volm et al., 1993

IL-6 Koo et al., 1992; Miki et al., 1989; Sabatier et al., 1989; Takenawa et al., 1991

leu-7 Schroder et al., 1992

PDGF Ambrus et al., 1992

Pepsinogen II (PG II)

Polyamines Balitskaia et al., 1992; Koide, 1992

Tissue plasminogen activator (TPA) Blouin et al., 1989; Gohji et al., 1990; Hata, 1989; Popper et al., 1987; Yamazaki
et al., 1988, 1991

Tumor-associated antigens

C219 Rochlitz et al., 1992

Uromonoclonals Bander et al., 1989; Blouin et al., 1989; Cohen et al., 1988; Gu et al., 1991;
Hashimura et al., 1989; Kerr et al., 1990; Yagoda and Bander, 1989

Serum markers

CRP Blay et al., 1992

Erythropoietin Da Silva et al., 1990; Rigatti et al., 1990

fgf Fujimoto et al., 1991

gamma-Enolase Takashi et al., 1988
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Marker References

IGF-I Pollak et al., 1989

IL-6 Blay et al., 1992
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TABLE 4-4 Potential Biologic Markers of Bladder Cancer

Marker References

Clinical and pathologic markers

Dysplasia Berman et al., 1991

Host inflammatory response Levin et al., 1991; Nouri et al., 1991; Tomita et al., 1990

Morphologic variants of cancer Christopher et al., 1991; Fossa, 1992

Tumor volume Herr, 1992; Lee et al., 1993

Tumor stage Escudero Barrilero et al., 1991

Tumor grade, WHO Jordan et al., 1987

Morphometric markers

Chromatin abnormalities Van Velthoven et al., 1994

Nuclear abnormalities Lipponen and Eskelinen, 1990; Lipponen et al., 1991a, 1992; Nielsen et al.,
1988; Sanchez-Fernandez de Sevilla et al., 1992; van der Poel et al., 1991

Nucleolar abnormalities Cairns et al., 1989; Hitmair et al., 1994; Neilsen et al., 1988

Proliferative markers Cohen et al., 1993

BrDU Hattori et al., 1988; Waldman et al., 1993

Ki-67 Mulder et al., 1992

p105 Horowitz et al., 1990

PCNA Malmstrom et al., 1992; Waldman et al., 1993

Ploidy S-phase fraction Lipponen et al., 1991b; Wheeless et al., 1993

Ploidy analysis and genetic markers Trapman, 1992

Chromosome I Borland et al., 1992; Hopman et al., 1991

Chromosome 3 Kao et al., 1919; Klingelhutz et al., 1992

Chromosome 5 Borland et al., 1992
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Marker References

Chromosome 7 Berrozpe et al., 1990; Borland et al., 1992; Hopman et al., 1991; Waldman et al., 1991

Chromosome 9 Borland et al., 1992; Hopman et al., 1991; Tsai et al., 1990

Chromosome 11 Borland et al., 1992; Fearon et al., 1985; Hopman et al., 1991; Kao et al., 1919; Proctor et al.,
1991; Tsai et al., 1990

Chromosome 17 Borland et al., 1992; Olumi et al., 1990; Tsai et al., 1990

DNA ploidy Bonner et al., 1993; Gerber et al., 1991; Hemstreet et al., 1991; Koss and Czerniak; 1992;
Montironi et al., 1987; van der Poel et al., 1991; West et al., 1987; Wheeless et al., 1993

erb-B2 Coombs et al., 1991; Gardiner et al., 1992; Lunec et al., 1992; Moriyama et al., 1991b; Serio,
1991; Wright et al., 1991

Loss of heterozygosity Brewster et al., 1994; Cairns et al., 1991; Ishikawa et al., 1991; Oka et al., 1991

myc Kotake et al., 1990

neu (p185) Rao et al., 1993; Wood et al., 1991

p53 Borland et al., 1992; Fujimoto et al., 1992; Lunec et al., 1992; Morkve and Hostmark, 1991;
Oka et al., 1991; Sidransky et al., 1991; Trapman, 1992; Wright et al., 1991

ras (p21) Borland et al., 1992; Enomoto et al., 1990; Grimmond et al., 1992; Miao et al., 1991; Nagata et
al., 1990; Pratt, et al., 1992; Saito, 1992; Theodorescu et al., 1991; Wang, 1991

Rb Borland et al., 1992; Cairns et al., 1991; Goodrich et al., 1992; Horowitz et al., 1990; Ishikawa
et al., 1991; Trapman, 1992

src Fanning et al., 1992
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Marker References

Growth factors

e-cadherin Bringuier et al., 1993

EGF and EGF receptor Fuse et al., 1992, Harney et al., 1991 a,b; Ishikura et al., 1991; Kageyama et al., 1991; Messing
et al., 1987; Neal et al., 1989, 1990; Rao et al., 1993; Smith et al., 1989; Theodorescu et al.,
1991; Wood et al., 1992

fgf Ravery et al., 1992; Valles et al., 1990

P-glyprotein Kageyama et al., 1991; Moriyama et al., 1991a

Plasminogen activator Hasui et al., 1992; Hiti et al., 1990; See, 1992

tgf-beta and tgf-alpha Hiti et al., 1990; Kawamata et al., 1992

tnf Hitti et al., 1990

Differentiation

amf Javadpour and Guirguis, 1992; Nabi et al., 1992

Cytokeratin Basta et al., 1988; el-Mohamady et al., 1991; Helmy et al., 1991; Konchuba et al., 1992;
Schaafsma et al., 1990; Sumi et al., 1990

ECP Lose and Frandsen, 1989

EMA Ring et al., 1990

F-actin Rao et al., 1991, 1993

G-actin Rao et al., 1993

PNA, WGA Orntoft et al., 1988

Blood-group antigens

ABH Das and Glashan, 1988; Das et al., 1986; Limas, 1990; Malmstrom et al., 1991; Orntoft et al.,
1988; Sanders et al., 1991; Tichy et al., 1991; Yamada et al., 1991
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Marker References

Due ABC 3 Decken et al., 1992

HLA Cordon-Cardo et al., 1991; Eryigit and Kirkali, 1990; Levin et al., 1991, 1992; Nouri et al., 1990;
Tomita et al., 1990

Lewis-X Limas, 1991; Matsusako et al., 1991

Lewis antigens Fradet et al., 1990a; Langkilde et al., 1991a,b; Limas, 1991; Matsusako et al., 1991

Tumor-associated antigens

10D1 Hijazi et al., 1989

12F6 Hijazi et al., 1989

19A211 Cordon-Cardo et al., 1992; Fradet et al., 1990a

2A6 Messing et al., 1984

2E1 Messing et al., 1984

3-48-2, 48-1, 3-50-3 Summerhayes et al., 1985

3-71-1, 94-3 Summerhayes et al., 1985

3C6 Summerhayes et al., 1985

3G2-C6 Lin et al., 1988; Young et al., 1985

4-72-2 Summerhayes et al., 1985

486P 3/12 Arndt et al., 1987; Huland et al., 1990, 1991

6D1 Hijazi et al., 1989

7C12 Hijazi et al., 1989

8-30-3, 771-, 2-94-2 Summerhayes et al., 1985

9A7 Messing et al., 1984

AN43 Liebert et al., 1989

BB369 Liebert et al., 1989
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Marker References

BIUH4, BIUH6, BIUH9 Guo, 1992

BL 2-10D1 Longin et al., 1989

BLCA-8 Lose and Frandsen, 1989; Walker et al., 1989

C3 Young et al., 1985

CA50 Morote et al., 1990

CEA Boileau et al., 1987; Morote et al., 1990; Piana et al., 1991

DD23 Bonner et al., 1995; Grossman et al., 1992

G4,E7 Chopin et al., 1985

GF 26.7.3 Baricordi et al., 1985

HBA4, HBE3 Masuko et al., 1984

HBE10 Masuko et al., 1984

HBF2 Masuko et al., 1984

HBG9 Masuko et al., 1984

HBH8 Masuko et al., 1984

J143 Fradet et al., 1984, 1986

M344 Bonner et al., 1993; Cordon-Cardo et al., 1992; Fradet et al., 1987; Rao et al., 1993

Mano 4/4 Arndt et al., 1987

OM5 Fradet et al., 1984, 1986, 1990b

P7 A 5-4 Ben-Aissa et al., 1985

RBS-31, RBS-85, RBA-1, HBP-1 Masuko et al., 1989

SK 4H-12 Ben-Aissa et al., 1985

T16 Bretton et al., 1989; Fradet et al., 1984, 1986, 1990b

T23 Fradet et al., 1984, 1986
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Marker References

T43 Fradet et al., 1984, 1986, 1990b

T87 Fradet et al., 1984, 1986

T110 Fradet et al., 1984, 1986

T138 Fradet et al., 1984, 1986, 1990b

Thomsen-Friedenrich Yamada et al., 1991

Tu-MARK-BTA Yogi et al., 1991

urine TPA Carbin et al., 1989; Morote et al., 1990
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TABLE 4-5 Potential Biologic Markers of Prostatic Cancer

Marker References

Clinical and pathologic markers

Atypical adenomatous hyperplasia Bostwick et al., 1993

Hyperplasia metaplasia atrophy Morote et al., 1986

Host inflammatory response van Weerden et al., 1993

Morphologic variants of cancer Davies et al., 1988; Lloyd et al., 1992; Partin et al., 1989

Prostatic intraepithelial neoplasia Montironi et al., 1990

Tumor grade, (Gleason grade, nuclear grade) Abrahamsson et al., 1987

Tumor stage Azzopardi and Evans, 1971; Thompson, 1990

Tumor volume Helpap, 1988

Morphometric markers

Chromatin abnormalities Shah et al., 1987

Nuclear abnormalities Shah et al., 1987; Umbas et al., 1992

Nuclear abnormalities Wenk et al., 1977

Nuclear organizer region McNeal et al., 1988a

Proliferative markers

BrDU Abrahamsson et al., 1989; Ercole et al., 1987

Ki-67 Ercole et al., 1987; Shah et al., 1991; Thompson, 1990

PCNA Sherwood et al., 1990

Ploidy S phase Gittes, 1987; Grignon and Wright, (in press); Sporn, 1992; Stege et al.,
1992

Thymidine labeling Lovern et al., 1975

Growth factors

egfr Eaton et al., 1988; McManus et al., 1976; Sacks et al., 1975
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Marker References

fgf Schiebler et al., 1992; Visakorpi et al., 1991

IGF, NGF, PDGF, KGF Visakorpi et al., 1991

tgf Fjellestad-Paulsen et al., 1988; Ito et al., 1988; Mellon et al., 1992; Schiebler et al., 1992;
Tsukamoto et al., 1988

tnf Fruehauf and Sinha, 1992

Oncogenes

erb (c-erbB-2) McManus et al., 1976

myc Schiebler et al., 1992; Voeller et al., 1991

neu (p 185) Bostwick et al., 1994; Kuhn et al., 1993; Latil et al., 1994; Sadasivan et al., 1993; Veltri et al.,
1994; Zhau et al., 1994

ras (p21) Amico et al., 1991; Morote Robles and Ruibal Morell, 1987; Schiebler et al., 1992; Yoshiki et
al., 1987

src, fos, abl Visakorpi et al., 1991

Tumor-suppressor genes

p53 Amico et al., 1991; Epstein and Lieberman, 1985; McManus et al., 1976; Voeller et al., 1991

Rb Amico et al., 1991

Neuroendocrine differentiation

ACTH Bauer, 1988; Eble and Epstein, 1990; Fox et al., 1993; Fukutani et al., 1983; Hagood et al.,
1991; Nemoto et al., 1990; Park et al., 1987; Purnell et al., 1984; Rubenstein et al., 1988;
Sellwood et al., 1969; Tarle and Rados, 1991; Vuitch and Mendelsohn, 1981

ADH Doctor et al., 1986; Guinan et al., 1989; Newmark et al., 1973

Aldosterone Clar-Blanch et al., 1992
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Marker References

alpha-HCG Eble and Epstein, 1990

Argentaffin Turbat-Herrera et al., 1988, Weaver et al., 1992

beta-Endorphins Eble and Epstein, 1990; Nemoto et al., 1990

beta-HCG Eble and Epstein, 1990; Maddy et al., 1989; Nabi et al., 1992; Sesterhenn et al., 1991;
Sukumar et al., 1991; Tawfic et al., 1993; Webster et al., 1959

BOM Helpap, 1980; Purnell et al., 1984

Bombesin (GRP) Maddy et al., 1989

Calcitonin Bauer, 1988; Eble and Epstein, 1990; Eskelinen et al., 1991; Fox et al., 1993; Fuse et al.,
1991; Heim et al., 1977; Helpap, 1980; Maddy et al., 1989; Purnell et al., 1984; Sarkar et al.,
1992

CGRP Fuse et al., 1991

Chromogranin Bostwick et al., 1993; Maddy et al., 1989

Corticotropin Fox et al., 1993

Enkephalin Eble and Epstein, 1990

Glucagon Eble and Epstein, 1990; Maddy et al., 1989; Purnell et al., 1984

Glucocorticoids Clar-Blanch et al., 1992

HIAA Radjaipour et al., 1994

Lipofuscin Weaver et al., 1992

Neuron-specific enolase Maddy et al., 1989; Shalitin et al., 1991

Parathormone Fuse et al., 1991; Purnell et al., 1984

Prolactin Maddy et al., 1989

BIOLOGIC MAKERS OF EFFECT 148

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 re
co

m
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 th

e 
or

ig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 th

e 
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, 

he
ad

in
g 

st
yl

es
, a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e 
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Biologic Markers in Urinary Toxicology 
http://www.nap.edu/catalog/4847.html

http://www.nap.edu/catalog/4847.html


Marker References

Serotonin Broder et al., 1977; Eble and Epstein, 1990; Eskelinen et al., 1991; Helpap, 1980; Maddy et
al., 1989; Purnell et al., 1984; Sassine and Schulman, 1992

Somatostatin Eaton, et al., 1988; Eble and Epstein, 1990; Eskelinen et al., 1991; Maddy et al., 1989;
Purnell et al., 1984

TSH Eble and Epstein, 1990; Maddy et al., 1989

Other proteins

amf Coombes et al., 1974; Mahadevia et al., 1983; Watanabe et al., 1988

CA50 di Sant' Agnese and de Mesy Jensen, 1987;

Cadherins Delaere et al., 1988; Scrivner et al., 1991

Cathepsin B Buck et al., 1992; Guenette et al., 1994; Hasnain et al., 1992

CEA di Sant' Agnese and de Mesy Jensen, 1987; Milani et al., 1986; Morote et al., 1990;
Papapetrou et al., 1980

Cytokeratins Boag and Young, 1992; Jarrett et al., 1964; Partin et al., 1993; Perlman and Epstein, 1990;
Shulkes et al., 1991

Glutathione S-transferase Capella et al., 1981

Inhibin Fekete et al., 1989

leu-7 Grasso, 1952

nmp Kleer et al., 1993

5'-Nucleotidase Pretlow et al., 1994

Ornithine decarboxylase Wu et al., 1994

PD-41 Bostwick, 1990

Pepsinogen II (PG II) Grasso, 1952
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Marker References

Polyamines Doctor et al., 1986; Manteuffel-Cymbrorwska, 1993; Ryzlak et al.,
1992

Tissue inhibitor metalloproteinases (TIMPI–III) Baker et al., 1994; Knox et al., 1993; Stearns and Wang, 1994; Stetler-
Stevenson et al., 1993

Tissue plasminogen activator (TPA) Grasso, 1952

Type IV collagenase Epstein and Woodruff, 1986

Blood-group antigens

A and B Bussemakers et al.,1991

Lewis-X antigen Bussemakers et al., 1991

Serum markers

gamma-Seminoprotein Akimoto, et al., 1988; Anonymous, 1985; McNeal et al., 1988b;
Molland, 1978; Oesterling, 1991; Tetu et al., 1989; Trapman, 1992;
Wang and Kawaguchi, 1987

p2l (not ras) Beckett et al., 1993

PAP Bostwick, 1989; Cantrell et al., 1981; Gleason, 1990; McNeal et al.,
1988b; Miki et al., 1980; Oesterling, 1991; Piana et al., 1991; Sade
and Barrack, 1991; Steiner and Barrack, 1992; van Dalen et al., 1988;
Weber and Rohner, 1987; Wise et al., 1965

PSA Bookstein et al., 1993; Cantrell et al., 1981; di Sant' Agnese, 1988,
1992; Gleason, 1990; Miki et al., 1980; Nagle et al., 1991; Ohashi et
al., 1987; Rojas-Corona et al., 1987; Sherwood et al., 1991; Shinoda
et al., 1988; Stamey et al., 1987; Steiner and Barrack, 1992; Tinari et
al., 1993; van Dalen et al., 1988; Yogi et al., 1991
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5

BIOLOGIC MARKERS IN EXTRAPOLATION

Extrapolation is common in many scientific disciplines—so common that it can easily go unrecognized.
Extrapolation is concerned with the translation or transfer of relationships (e.g., clinical measures and
mathematical variables) observed in one setting to another setting. When we extrapolate from experimental
systems to humans, we assume that some cause-effect relationships are the same in humans as in the
experimental systems. The more we understand about the variables in an experimental situation, the more we
will understand about the validity of such extrapolation to human situations. In the context of biologic markers
and urinary toxicity, our goal is to gain a better understanding of the overall relationship between exposure and
disease by examining those markers. The relationships among markers that can be observed and tested in
experimental systems might be extrapolatable from those systems to situations of concern with respect to human
health risks, such as occupational or environmental exposures to urinary toxicants.

The main purpose of extrapolation in any context is to make it possible to predict. In the clinical setting, the
observation of particular symptoms in a patient leads clinicians to conclude that the patient has a particular
disease or will soon manifest other symptoms. In that case, the clinicians are extrapolating from their experience
with some patients to a new patient. Extrapolation is required to support prediction and the design of a suitable
treatment.

Extrapolation from epidemiologic studies is commonly used to predict risks to other cohorts. Every
epidemiologic study is restricted to some population. To extrapolate from a study population to other potentially
affected populations, one must consider the differences between the study population and the potential target
populations. Variables related to and affecting the development of the health effect under investigation must be
considered; differences between the study and target populations with respect to those variables will influence
how the extrapolation is completed by influencing or modifying
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the relationships between variables and the health effect.
Consider the situation of a new chemical that is proposed for use or that will be a byproduct of some new

operation. Direct evidence that the chemical causes adverse effects in humans is lacking. Some important
considerations include the potential for adverse health effects in humans exposed to the chemical and, if adverse
effects do result from exposure, the magnitude of the effects after exposures of different severities. It is clear that
predictions are required. However, the basis for the predictions cannot be the previous human experience; there
is no previous experience. It might be possible to extrapolate, but the model from which the extrapolation is
made will of necessity be a nonhuman model.

In the scenario just described, the need for extrapolations from experimental systems to humans is apparent.
Many other scenarios, both clinical and "population-based," will require the prediction of human responses from
data obtained in nonhuman test systems, especially in light of the thousands of chemicals that are produced,
used, and released into the environment as byproducts of our way of life. Indeed, it is the desire to be predictive
that drives the need to develop and apply good experimental systems. Such systems have at least four
advantages: they allow predictions of human health effects and the magnitude of those effects before human
exposure occurs or before adverse effects are manifested in exposed populations; they can be altered to clarify
aspects of the process leading from exposure to adverse health effects when similar experimentation in humans
would be unethical; they can be designed to eliminate many factors that confound the determination of cause-
effect relationships in epidemiologic studies; and they can suggest directions for epidemiologic investigation by
providing the hypotheses that epidemiologic studies might be able to test.

Previous chapters have focused on markers of susceptibility, exposure, and effect (particularly early effect)
and their value in clinical situations; the sooner a disease state or precursor of a disease state can be identified,
the greater the chance of successful therapy or treatment. This chapter focuses on the prediction of effects, not in
an individual patient but rather in a (hypothetical) population of humans potentially exposed to a supposed
toxicant. In this context, one is concerned about maintaining the health of the population by predicting whether
an activity or an exposure is likely to produce harmful consequences in that population—often without previous
observations of humans exposed at the magnitudes of interest. The objective is to learn how to tie chemical
exposure under various scenarios to the dose or amount of the chemical that reaches the body, to the amount that
is absorbed and distributed to target tissues, and ultimately to the effect.

How does one make such predictions? The discipline of risk assessment addresses that question. Human-
health risk assessment is a complex,
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multifaceted process that relies on data and scientific principles from many disciplines to determine whether a
chemical is toxic and the likelihood of manifestation of detrimental effects under specific conditions. Risk
assessment draws on a variety of methods and models to examine and evaluate information about the toxicity of
a chemical. A useful and well-described system for looking at toxicity information is the risk-assessment
paradigm originally depicted by the National Research Council in the 1983 publication Risk Assessment in the
Federal Government: Managing the Process. That system for organizing and analyzing risk information follows
an understandable series of steps portraying qualitative and quantitative aspects and typically includes some or
all of the following: hazard identification, dose-response assessment, exposure assessment, and risk
characterization (NRC, 1983). The result is a characterization of the potential adverse health effects of human
exposures to a chemical.

The characterization of potential adverse human health effects requires extrapolation. That typical of many
risk assessments includes extrapolation from animal test species to humans, from large exposure to small
exposure, and from one route of exposure to another. Risk assessments are not infallible, and the relative
accuracy of a risk assessment depends not only on the scope and quality of the scientific data but also on the
reliability of the methods and the validity of the models used. The degree of confidence in a risk assessment
depends on how well data and model quality are validated and on the extent to which uncertainty is quantified.

As described in Chapter 2, various aromatic amines are recognized human bladder carcinogens (NRC,
1981). Consider, for example, an assessment of human bladder-cancer risk associated with dermal exposure to
one of those aromatic amines—4,4'-methylene-bis(2-chloroaniline), or MOCA. For such an assessment, we
might be required to extrapolate relationships that were observed in dogs exposed to MOCA in their diet (Stula
et al., 1977) at doses far greater than the human exposures of interest. The conclusion that the occurrence of
bladder cancers in dogs exposed to MOCA implies a bladder-cancer risk for humans assumes that the qualitative
relationship between MOCA exposure and bladder cancer can be extrapolated from dogs to humans. Such cross-
species extrapolation is typical of the hazard-identification component of risk assessment, that is, the
determination of the existence of a cause-effect relationship between chemical exposure and adverse health effect.

Mathematical extrapolation is particularly relevant to risk assessment of a most useful kind, i.e., quantitative
risk assessment. Quantitative risk assessment is a means of providing a measure of the risk of some harm as a
result of a specific exposure to some substance or activity (Almeder and Humber, 1987), and mathematical
extrapolation can be conceived of as the transfer of the quantitative relationships estimated in one scenario to
another scenario, whether
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those scenarios differ in species (animal-to-human extrapolation), in magnitude of exposure (dose extrapolation),
or in route of exposure (route-to-route extrapolation). Again, it is assumed, lacking data to the contrary, that a
relationship observed in one scenario is valid in the other. Risk can be stated as the magnitude of exposure that is
estimated to be without substantial likelihood of harmful effect, or stated as the probability of occurrence of
harmful effect.

The remainder of this chapter concerns answers to two questions: What is the basis for concluding that
extrapolation is reasonable? Can it be said that one approach to extrapolation is better than another approach? It
is in relation to the second question that the relevance and utility of biologic markers in risk assessment become
apparent.

BASIS OF EXTRAPOLATION

Animal Studies

A fundamental principle of toxicology is that results of animal studies can be applied to humans. The
scientific basis for assuming that animals are good surrogates for humans and therefore a suitable basis for
extrapolation to humans is overwhelming. If one considers that the genetic makeup of a mouse or a rat is more
than 95% and of a monkey is more than 99% identical with that of a human, it is reasonable to assume that these
animals in particular and mammals, in general, will react to infectious agents and chemical stressors much as
humans will. Among mammals, most of the host defense mechanisms (barrier and immune) and metabolic
(anabolic and catabolic) systems are similar. In particular, the urinary systems of most mammals are very
similar. Although specific, often subtle, differences between humans and other animals with respect to renal
function have been demonstrated, the vast majority of human renal responses to xenobiotics mimic what has
been observed in other species. Biologic markers of renal transport, concentrating, and metabolic functions of the
kidney are reproduced in many species, including humans, although quantitative differences have been
demonstrated. Therefore, it is reasonable to use animal models for extrapolation to humans unless specific
information on specific chemicals dictates otherwise.

Many epidemiologic investigations have, in fact, been suggested as a result of animal studies, and the
epidemiologic findings have tended to support the results of the animal studies. For example, several of the
current epidemiologic studies of heavy-metal toxicity, including small exposures, were initiated in response to
urinary toxicity observed in a large number of animal studies and were undertaken specifically because of the
likelihood that the human response would mimic that seen in animal test species. Mechanistic studies of
chemically induced nephrotoxicity in animals influenced or stimulated epidemiologic studies of a variety of
substances, including many of the halogenated hydro-carbons, such as chloroform, hexachlorobutadiene,
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and bromobenzene. Much of the epidemiologic investigation and mechanistic understanding of anesthetic,
analgesic, and antibiotic nephropathy has been driven by observations of nephrotoxicity in animals. Classic
examples of the direct application of animal studies to epidemiology of known nephrotoxicants are the use of
antineoplastic and immunosuppressant drugs (e.g., cisplatin and cyclosporin, respectively).

Studies of carcinogenic responses in laboratory animals and in humans have revealed substantial
correlations (Crump et al., 1989). The results suggest that there are reasonable approaches to extrapolating
cancer responses observed in test species—approaches that appear to predict fairly well the responses in humans.

Identification of chemical hazards should include assimilation and evaluation of all relevant information.
Appraisal of physical and chemical properties and structure-activity relationships can sometimes provide
important indications of potential toxic characteristics. Markers of urinary function and chemical toxicity in
experimental animals can be studied at various levels of tissue structure and organization (Table 5-1). This is in
contrast with human studies, in which only noninvasive studies of renal function are possible. Markers identified
through in vitro studies of systems that use animal and human cells or tissues in culture can often give insight
into potential toxicity. However, because of the intricacy of the body, only whole-animal studies or observations
in humans provide information on the operation of multiple cells, tissues, and organs under the influence of
complicated feedback mechanisms. Animals are necessary in the study of chemical-induced toxicity and for the
development and validation of markers because studies that involve modulation of cellular responses and tissue
sampling cannot be performed in humans.

Traditionally, experimental animal Studies have been of most value for identifying markers that can be used
to predict target-organ effects, understand dose-response relationships, and study mechanisms of action. The
studies include measurements of function, blood chemistry, urinalysis (including cytology), histopathology, and
electron microscopy. Metabolism and transport peculiar to the kidney are often routine parts of such studies.

Animal models developed as surrogates for humans in the study of renal and urinary function should
conform to some general principles, which are applicable to any organ system, although they are discussed here
in the context of renal and urinary toxicology. They include the following:

•   The animal model should be reproducible within and among laboratories. It should not be so complex that
only a few laboratories could do the study.

•   The model should be peculiar to the part of the urinary tract under consideration. This characteristic can be
realized only with sophisticated procedures that permit study of discrete nephron segments.
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•   The model should be sensitive enough to differentiate normal from abnormal changes in structure or function.
•   The model should be able to measure alterations in renal structure or function caused by exogenous agents.

Whole-animal studies are usually the first step in evaluating the potential toxicity of a given agent, and
these studies involve assessment of urine and plasma for markers indicative of organ function and toxicity.
Noninvasive or nondestructive studies can be followed by application of histopathologic techniques to determine
markers of target-organ or tissue-site injury. In most cases, rodents suffice, but there might be instances when
only a primate can properly represent the human situation. For example, the route of administration might be
important if direct extrapolation to humans is likely. With nephrotoxicants as with other toxicants, acute,
subchronic, and chronic exposures are used to determine potential toxicity. The determination of markers of
urinary toxicity is generally easier with acute protocols than with subchronic or chronic exposures. Studies often
involve single exposures of both sexes of at least two species, usually rodents. Depending on the results of the
rodent studies and the questions being asked, one might decide to study the agent in higher mammals, such as
dogs or monkeys. The use of subchronic or chronic exposure regimens is usually driven by the nature of the
potential human exposure, the agent being studied, and the possibility of chronic toxicity, including
carcinogenicity.

Renal Parenchymal Injury

The difficulties in diagnosing renal injury and predicting its health consequences are considerable. That is
primarily because the kidney can undergo substantial chemically induced injury without any clinical
manifestation; subtle injury can be negligible, given the considerable functional reserve of the kidney. For
example, the single cross-sectional measurement of glomerular filtration rate (GFR) might show only severe
acute or chronic renal damage, as discussed in Chapter 2. Most studies indicate that quantitative urinary-enzyme
secretion patterns cannot reveal either the type or the severity of renal injury, and often they do not correlate with
structural or functional changes, as discussed in greater detail in Chapter 4. The need, therefore, is for standard
diagnostic criteria that are sensitive enough to serve as markers of renal damage in the presence of renal
functional reserve.

Much of the nephrotoxicity that follows the administration of inert, relatively nontoxic chemicals is related
to the formation of reactive electrophiles during their metabolism (Ford and Hook, 1984). It is thought that the
electrophilic products can react covalently with various nucleophilic sites on renal macromolecules and, by some
mechanism yet to be defined, lead to renal damage. Measurement of the reactive
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electrophiles or the covalently bonded compound with sensitive techniques might yield markers of renal damage
(Harris et al., 1987; Omichinski et al., 1987; Reddy et al., 1984; Tyson and Mirsalis, 1985). However, those
procedures require renal tissue; although they might yield useful markers of renal damage in experimental
studies, they are not suitable for use in humans exposed to potentially electrophilic products of nontoxic
chemicals.

Glomerular Filtration Rate

Evaluation of the blood-urea nitrogen concentration (BUN) is a common procedure for the indirect
assessment of the GFR in experimental animals. As discussed in Chapter 4, it is unsuitable for quantitative
purposes but might have utility in establishing the course of chronic renal failure in an experimental setting if
renal damage is severe enough. Measurement of the serum creatinine concentration and urinary creatinine
excretion, with calculation of the creatinine clearance, is generally preferred as an indicator of GFR. However, in
some animal models, variable amounts of creatinine can be excreted via tubular secretion, and that reduces its
utility as a marker of GFR. More subtle changes in GFR can be assessed by evaluating the clearance of various
exogenous substances, such as inulin, EDTA, and iodothalamate.

Sensitive analytic procedures are available for measurement of those markers and GFR. Again, however,
the extent of reduction of GFR in the face of a nephrotoxic insult might be hidden by the inherent renal reserve,
and even measurements of GFR often are not sensitive enough to detect modest renal damage.

GFR can be assessed in either conscious or anesthetized animals. In both cases, the same markers can be
used and their clearance determined with standard renal physiologic techniques. Both creatinine and inulin are
used commonly to determine GFR. The use of anesthetized animals permits a more accurate determination of
urinary flow than the use of conscious animals housed in metabolism cages. The use of anesthetized animals also
permits the collection of precisely timed blood samples for determination of the marker under study. However, if
conscious animals are used, GFR can be determined with reasonable accuracy with subcutaneous injection of the
marker in a concentrated gelatin solution and collection of a single blood sample at the end of a 60-mill urine-
collection period. Some researchers have suggested that the anesthetic agents by themselves can alter renal
function.

Tubular Function

Tubular dysfunction in experimental animals can be assessed through relatively simple and inexpensive
tests, such as those for the measurement of glucosuria, enzymuria, and osmolality. Some are sensitive enough to
detect relatively small effects on the kidney after acute
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administration of a nephrotoxicant, but caution must be exercised in predicting specific effects on transport
processes or cell viability on the basis of the data obtained from these types of in vivo tests (Berndt, 1981). Some
researchers (Daugaard et al., 1988; Dieperink et al., 1983) have used the renal clearance of lithium as a more
subtle technique for evaluating renal damage that occurs during chronic studies; this noninasive method is
applicable to humans (Thompson et al., 1984), as well as to animals. The loss of renal tubular function can also
be assessed with test conditions that impose stresses on renal function, e.g., maximal urinary dilution or
concentration or urinary acidification or alkalinization. Similarly, tests of maximal tubular reabsorption of
glucose or maximal tubular secretion of p-aminohippurate (PAH) can be valuable in assessing tubular damage.
They can also be applicable to humans and yield relatively sensitive markers of renal damage. However, these
approaches require carefully controlled experimental studies and are not suitable for casual observations in the
workplace.

Proteinuria

Proteinuria is the appearance of proteins in the urine after increase in the permeability of the glomerular
membranes, reduction in tubular reabsorption of filtered proteins, shedding of specific constituents into urine as
a consequence of cellular turnover or selective renal tubular damage, or a combination of the above. Glomerular
or tubular damage can occur in the absence of a substantial reduction in GFR, so it has long been thought that the
evaluation of proteinuria can be useful in detecting renal dysfunction at either the glomerular or tubular level.
Although this topic is discussed in considerable detail in Chapter 4, a few comments concerning proteinuria. as a
marker of renal dysfunction are incorporated here for the sake of completeness.

Although one can measure total protein in urine, it is a relatively insensitive assessment of renal damage.
Total-protein measurement also offers no insights into whether one is assessing damage to glomerular
membranes or to tubular membranes. A more rational approach is the use of electrophoretic separation of single
proteins to provide a comprehensive approach to chemically induced renal dysfunction.

Proteins of relatively high molecular weight (over 45,000 daltons) usually are retained in the vascular
compartment by the various glomerular membranes. Those membranes also serve as charge discriminators and
tend to retain negatively charged proteins in the plasma compartment as well. Proteins of low molecular weight
pass the glomerular barrier with various degrees of efficiency and are later (more or less efficiently) taken up by
proximal tubular cells. Indeed, the reabsorption of proteins that pass the glomerular membranes is very efficient;
even slight decreases in tubular fractional reabsorption due to tissue damage increases the excretion of relatively
low-molecular-weight proteins.
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Electrophoretic patterns of urinary proteins can reveal glomerular damage, tubular damage, or both. Careful
assessment of electrophoretic patterns can reveal selective glomerular damage (loss of glomerular polyanion) or
unselective damage (glomerular hyperfiltration). Studies in experimental animals must be undertaken cautiously
because in some species large variations in urinary protein excretion can lead to incorrect conclusions. For
example, sex-, age-, and diet-related changes that occur in mate rats are not related to glomerular damage
(Neuhaus et al., 1981). Young male rats can show "tubular" proteinuria, whereas aging rats show "glomerular"
proteinuria; the proteinuria in the first instance is essentially physiologic, and that in the second is attributable to
spontaneous nephropathy, which can be controlled in part by reducing dietary protein.

Tamm-Horsfall Protein

Excretion of Tamm-Horsfall protein (discussed in detail in Chapter 4) is increased after damage to the distal
part of the nephron and is decreased when the renal mass is reduced.

Enzymuria

Several investigators have used enzymuria as a marker of nephrotoxicity, but Dubach et al. (1989) have
indicated that none of the enzymes studied experimentally satisfies all the criteria of a nephrotoxic response.
Because renal enzymes are not distributed uniformly along the nephron, it might be possible to localize renal
damage within the nephron on the basis of the pattern of enzymuria. The site selectivity of single enzymes is
questionable. Other factors that complicate the use of enzymuria as a marker of renal dysfunction have been
suggested. For example, early renal changes induced by chemicals might be less selective, in which case the
predictive value of enzyme markers would be compromised. Many procedures for analyzing urinary enzymes are
poor and, rather than pinpointing specific nephron sites, might give rise to nonspecific patterns that are difficult
to interpret. Most urinary enzymes are stable only over a narrow pH range, and their activity in urine could be
affected by inhibitors, some of which can alter urinary pH (Price, 1982). Thus, enzymuria studies in
experimental animals must be carried out under very carefully controlled experimental conditions.
Contamination of urine with food or microorganisms must be minimized, and urine must be collected in vessels
that are then stored in ice (Berlyne, 1984). (See Chapter 4)

Monoclonal Antibodies

Other potential markers of renal damage are immunoreactive tissue constituents that are released into urine
because of increase in cellular turnover or cell death. Those constituents can be detected immunochemically, and
monoclonal antibodies have been produced
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against both rat (Tokoff-Rubin, 1986) and human (Mutti, 1989; Mutti et al., 1985) brush-border antigens. The
selectivity of these markers for identifying specific nephron segments is still debated, although experimental
results suggest that they can be useful. The earlier studies suggested that the BB-50 brush-border antigen was
also localized in peritubular capillaries; Mutti et al. (1988) identified a monoclonal antibody that reacted with an
antigen that was peculiar to the brush border—the so-called brush-border antigen. Monoclonal antibodies to the
S3 segment of the nephron, where alkaline phosphatase is, also have been produced (Verpooten et al., 1989).
They might prove useful as markers of the effects of chemicals, such as mercury, that act selectively on the
straight part of the proximal tubule.

Bladder Toxicity

Xenobiotics

On the basis of results of long-term carcinogenicity studies of 358 xenobiotics (Barrett and Huff, 1991), the
bladder is among the 10 most prevalent sites of cancer development in rodents. According to histopathologic
findings after chronic exposure, 16 xenobiotics (4%) caused bladder tumors in at least one sex of either rats or
mice. Histologic evaluation of rat bladders after various doses and durations of exposure to 4-butyl-(4-
hydroxybutylnitrosamine) (BBN) and N-(4-[5-nitrofuryl]-2-thiazolyl) formamide (FANFT) demonstrated a
series of changes in structure that are good models of the changes noted in human bladder cancer. A considerable
amount of information based on those models and the results obtained with 2-acetylaminofluorene (2-AAF) is
available on the potential of xenobiotics to influence the development of bladder cancer (Ito et al., 1989;
Soloway and Hardeman, 1990; Staffa and Mehlman, 1980).

It should be noted, however, that there is not complete concordance across species, even for the genotoxic
bladder carcinogens. That fact, by itself, makes extrapolation to humans difficult. The text that follows should be
viewed in this light. For example, BBN produces tumors at a lower rate in mice than in rats, and at a lower rate
in hamsters than in mice, and guinea pigs do not develop bladder tumors after exposure to BBN (Hirose et al.,
1976). Furthermore, in the long-term carcinogenicity studies, 10 chemicals produced bladder tumors in rats, but
only six were associated with tumors in mice (Barrett and Huff, 1991). It is also noteworthy that the first
xenobiotic (or group of xenobiotics) shown to induce bladder cancer in humans, the aromatic amines (see
Rubber et al., 1985, for discussion), readily induced bladder cancer in dogs but did not induce bladder tumors in
rats until massive doses were given chronically by oral gavage (Hicks et al., 1982). In fact, it has been stated that
the failure of the rat bladder to respond to the aromatic amines was one factor that led to the use of the maximum
tolerated
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dose (MTD) in rodent bioassays (Wiseburger, 1992).
The capacity of chemicals and of various physical injuries to induce hyperplasia in rat bladders has been

measured by histopathologic means (Ito et al., 1989) and on the basis of increased DNA replication and
increased fresh and dry organ weight (Anderson, 1991; Cohen and Ellwein, 1991; Ito et al., 1989). When those
techniques have been applied after the same treatments, they yielded similar results and appeared to be equally
valid ways to measure cell division in the bladder. The use of the techniques in humans is questionable because
they depend on using the isolated organ.

It has been reported that one can ascertain the potential of a chemical to induce bladder damage by
determining its ability to enhance concanavalin A's agglutination of bladder cells from rats treated with the
chemical (Kakizoe et al., 1981). That technique is reportedly capable of distinguishing between complete
carcinogens and tumor promoters (R.L. Anderson, Procter and Gamble, unpublished material, 1987). Complete
carcinogens increase cell agglutination directly. Tumor promoters do not produce the response when given alone,
but they can sustain the response in animals that were first exposed to a known initiator carcinogen.

Extracellular Calcium

Studies with nitrilotriacetate (NTA), a nongenotoxic compound that causes bladder tumors in rats but not in
mice, have demonstrated that high doses of this metal-chelating chemical cause an increase in urinary calcium
and a coincident decrease in bladder-tissue calcium in rats (Anderson and Alden, 1989). That state is
accompanied by the presence of crystalline calcium-sodium NTA in collected urine. Uncomplexed NTA in urine
extracts calcium from the urothelial extracellular pool more rapidly than it can be replenished from the
circulation. The removal of extracellular calcium reduces cell-cell contact in the urothelium and results in
increased cell loss and increased urothelial replication. If this process is continued chronically, it can result in
urothelial tumors (at a low rate). Only one other rat-bladder carcinogen, terephthalic acid, which forms calcium
terephthalate crystals in urine, is known to cause bladder tumors by the mechanism demonstrated for NTA (Chin
et al., 1981). Attempts to demonstrate a broader base for this mechanism with other treatments known to induce
bladder tumors have not been successful (Anderson, 1991).

Zinc

There are few data to support the notion that tissue concentration of zinc is related to the development of
bladder cancer. What data are available are the result of a single study with short-term exposure (four weeks) to
BBN that demonstrated that the treatment caused increased bladder-tissue weight and tissue zinc without a
change in any other mineral (Anderson et al., 1986a). It should
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be noted, however, that exposure to a carcinogenic dose of sodium saccharin increased the tissue concentration
not only of zinc, but also of several other minerals (Anderson, 1985; Schoenig and Anderson, 1985). Also,
physical injury to the bladder of sufficient magnitude to induce tumors failed to show that urothelial proliferation
is always accompanied by increased tissue zinc (Anderson, 1991).

Monovalent-Cation Salts and Urinary pH

Mineral analyses of bladders from rats fed various doses of sodium saccharin (NaSacc) showed that NaSacc
caused a dose-dependent increase in the concentration of several minerals in the bladders of male but not female
rats; note also that NaSacc is far more carcinogenic to the male than the female rat (Schoenig and Anderson,
1985). It has been proposed that tumor-promoting effects of several sodium salts in the bladder might result from
high urinary sodium, which increases sodium transport into urothelial cells and induces increased cell replication
(Ito and Fukushima, 1989).

Studies with NaSacc and several other monovalent-cation salts that have been shown to induce bladder
tumors in male rats have led to the hypothesis that increased urinary pH and monovalent-cation concentration
can cause bladder epithelial hyperplasia and even induce bladder tumors (Cohen et al., 1991b; Ito and
Fukushima, 1989). Although potassium salts have the same response, divalent-cation salts do not induce the
effects, at least in short-term experiments (Anderson et al., 1988; Cohen et al., 1991b; Hasegawa and Cohen,
1986; Ito and Fukushima, 1989).

NaSacc might act as a tumor promoter when ingested chronically by male rates after initiation with FANFT
(Cohen et al., 1991b). The effect has not been noted in other species. For example, after initiation with 2-AAF,
mice do not develop an increased number of bladder tumors in response to chronic ingestion of doses of NaSacc
that act as potent promoters in rats (Fredrick et al., 1989).

Overall, the experimental evidence suggests that the male rat bladder is particularly sensitive to tumor
development when heavily exposed to monovalentcation salts of a variety of acids. The effect has been noted
especially in studies in which the rats were exposed to an initiating dose of a known carcinogen before exposure
to the salt being studied. The results show good concordance with the pathologic sequence noted in human
cancer development, but the mechanism by which the tumors are induced is controversial.

Mechanical Distention

In contrast with the idea that monovalent-salt-induced bladder toxicity results from high urinary
monovalent-cation excretion and increased urinary pH, an alternative mechanism has been suggested to account
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for the bladder tumorigenicity associated with, for example, NaSacc. High NaSacc ingestion and the loss of urine
concentrating capacity that accompanies the reduction in functional renal tissue in aging male rats result in an
increase in urinary volume. The increase in urinary volume leads to an increased demand for tissue growth. The
relationship between increased urinary volume and demand for tissue growth suggests that chronic diuresis can
be causally related to bladder carcinogenicity (Anderson, 1991). Acute, sub-chronic, and chronic studies
demonstrate that, at least in male rats, the bladder responds to increases in urinary volume with tissue
proliferation and urothelial hyperplasia and even with bladder tumorigenesis if the treatment results in continued
diuresis. The bladder-distention model is further supported by studies showing that bladder distention caused by
an injection of water into the bladder or by intraperitoneal injections of water or saline causes a wave of
increased cell replication in the urothelium that is associated with diuresis (Herbertson et al., 1982; Koo et al.,
1979; Martin, 1962).

However, the failure of furosemide-induced diuresis to promote bladder tumors in rats after initiation with
BBN and the lack of data showing increased bladder tumors in the spontaneously diabetic rat make the diuresis
model tenuous (Shibata et al., 1989). It has been reported that patients with bladder tumors have reduced fluid
intake, less-frequent micturition, and increased urine concentration—findings that are inconsistent with the
diuresis model (Braver et al., 1987). Results of epidemiologic studies on this point are conflicting.

Growth Factors

Urine is an important component in bladder tumorigenesis, at least in experimental animals. Yara et al.
(1989) fractionated urine and showed that the promoting activity is attributable to epidermal growth factor.

Treatment

The development of highly predictive models of bladder carcinogenesis in rodents has been useful in
evaluating the potential for treatments for bladder tumors. With the FANFT mouse model, good concordance
with clinical experience has been observed for both systemic and intravesical treatments for bladder cancer
(Soloway and Hardeman, 1990). It should be noted, however, that at least two agents used clinically—
adriamycin and mitomycin C—demonstrate tumor-promoting activity when instilled intravesically in rats after
initiation with BBN (Ito and Fukushima, 1989).

Renal-Tumor Formation

The mechanism of renal-tumor formation associated with chronic high-dose ingestion of the nongenotoxic
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agent NTA provides an approach to ascertaining the relevance of animal results to human risk associated with
exposure (Anderson and Alden, 1989). NTA is a metal-chelating agent that has been used in laundry detergents
in Canada for many years with continuous monitoring of its concentration in drinking water, which affords an
opportunity to define human exposure (Anderson et al., 1985). The mean drinking-water concentration of NTA
after several years of use was 2.5 µg/L. Thus, a 70-kg person consuming 2L of the average water each day would
ingest 0.07 µg of NTA per kilogram of body weight per day (3.7 × 10-4 µmol/kg per day).

Results of several chronic-ingestion studies of NTA (Anderson et al., 1985) showed that ingestion rates
greater than 1.35 µmole/kg per day were associated with renal proximal tubular-cell carcinomas. Extensive
studies comparing biochemical and histologic changes induced by established carcinogenic doses of NTA
demonstrated that carcinogenesis depended on the chronic delivery of a dose of NTA that induces cellular
proliferation in the proximal tubules (Anderson and Alden, 1989). The biochemical studies demonstrated that the
induction of renal tubular-cell proliferation depended on increased delivery to and accumulation of zinc in the
renal tubular cells. Zinc delivery was accomplished through the formation of a zinc-NTA complex in the blood,
which was cleared by the kidney, which reabsorbed and accumulated the zinc but not the NTA. The formation of
sufficient zinc-NTA in the blood to increase zinc delivery to the renal tubules showed a distinct threshold with
respect to blood NTA concentration. The threshold for sufficient zinc delivery coincided with the threshold for
induction of histologic changes in the renal tubules and with a no-effect concentration in chronic-exposure
studies. In the case of NTA, the threshold dose of NTA ( q00 µmole/kg per day) is more than 107 times the mean
human exposure from drinking water in Canada after many years of use of NTA in laundry detergents.

TECHNIQUES USED IN RISK ASSESSMENT

Animal Studies

Renal function and nephrotoxicity in experimental animals can be studied at various levels of tissue
structure and organization (Table 5-1), whereas in humans, studies of renal function are likely to rely on
noninvasive studies whenever possible. Under certain circumstances, tissues obtained by biopsy may be
available for analysis, but this is not likely to be a routine part of most studies. The first stage of any
investigation on the nephrotoxicity of a xenobiotic should be in vivo studies. In the absence of knowledge about
the potential toxicity of a chemical or the potential risk to human injury associated with a chemical, the first
goals of studies in experimental animals are to determine whether toxicity occurs, and if so, whether it is organ-
specific. If target
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organ specificity is found, more detailed studies, both in vivo and in vitro, can then be performed to
elucidate mechanisms of toxicity and potential protective strategies.

Noninvasive or nondestructive studies of organ function can be used to demonstrate target-organ specificity.
These studies generally involve measurement of enzyme activities in plasma or serum or measurement of
urinary, plasma, or serum concentrations of metabolites or waste products that are secreted or excreted by the
tissue of interest. Such measurements can be used to assess organ function without removal of tissues.
Histopathologic techniques can then be applied to determine target-organ specificity of injury and to determine
the site within the tissue at which injury occurs. In vivo measurements are important as first steps in assessment
of xenobiotic-induced injury and as adjuncts to in vitro studies to validate in vitro techniques and to permit
correlations between in vitro and in vivo measurements. Although in vivo techniques allow the study of organ
function in intact animals, their use for routine screening of chemical toxicity or for more-detailed mechanistic
studies is severely limited (Table 5-1), and detailed mechanistic information might not be available from them.
The development of in vitro methods permits extended maintenance of cellular function outside an organism so
that other types of measurements can be applied for the assessment of toxicity.

Whole-Kidney Preparations

A first step toward development of methods to study nephrotoxicity permits some control over exposure
conditions. That can be accomplished by the use of an isolated perfused kidney. The advantages of this method
are that intact tubular structure is maintained and that some control of exposure conditions is possible.
Substantial advances in development of perfusion buffers that closely simulate renal arterial plasma have been
made in recent years (Maack, 1986); these advances have enabled investigators to maintain tissue viability for
longer periods. Examples of measurements that are possible with the isolated perfused kidney are those of renal
clearance and metabolism. Release of renal enzymes, which is commonly measured in vivo to assess
nephrotoxicity, can be conveniently determined without complications of extrarenal sequestration or metabolism.
The principal advantage of the method is that the maintenance of intact tubular structure requires that limits be
placed on incubation and exposure conditions; this limits the information that can be obtained. As with in vivo
investigations, a single animal serves as a single experimental manipulation, so studies with the isolated perfused
kidney require a large number of animals and are expensive. In addition, the target site in the kidney for a given
toxic or pathologic condition might not be easily discernible.

Micropuncture techniques can be
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used to examine responses in specific regions of the nephron (Burg and Knepper, 1986; Quamme and Dirks,
1986). This method has been used extensively in the study of nephrotoxicity. Information derived from these
studies has been fundamental in the understanding of the consequences of both acute and chronic injury to the
kidneys. It has the great advantage of allowing measurements to be made with the kidney in its proper
environment but suffers from some of the limitations of time and expense as occurs with the isolated perfused
kidney (Table 5-1).

In Vitro Studies

In vitro models for studies of renal function generally use physical means or digestive enzymes to separate
cellular material from specific regions of the kidney. To obtain detailed information on biochemical mechanisms
of action of toxic chemicals or on pathologic states, it is necessary to use living material from specific nephron
regions. Physiologic and biochemical differences among mammals in the various kidney regions and nephron
cell populations have important toxicologic implications and must therefore be considered in risk assessment of
potentially nephrotoxic chemicals. The ability to localize nephrotoxic responses to specific cell populations is an
important step in understanding biochemical mechanisms of action. Tissue slices, isolated nephron segments,
isolated tubule fragments, and isolated cell suspensions can be obtained from the renal cortex or medulla. The
degree to which nephron heterogeneity is taken into account determines the type of model that is required for any
investigation.

Various experimental approaches can be used to separate cells from different nephron regions (Table 5-2)
(Schlondorff, 1986). Because each cell population has distinct structural characteristics, visual separation with
the aid of a dissecting microscope is possible. This allows preparation of nearly homogeneous material (Wilson
et al., 1987). The low yield of material and the length of time required for separation this way generally make
biochemical studies difficult. Biochemical or physiochemical properties of individual cell populations have been
used to achieve purification and separation. Differences in cell-surface properties are useful in this regard. For
example, the high glycoprotein content of the proximal tubular brush-border membrane gives proximal tubular
cells a high density of negative charge, so electrophoretic techniques have been used to purify proximal tubules
and isolated proximal tubular cells (Kreisberg et al., 1977a). Although high purity can often be obtained with
electrophoresis, the technique requires expensive equipment, and the yield of material is often low.

A common method to separate a mixture of cell populations into its component cell types is density-
gradient centrifugation. This method is relatively easy to use and rapid, so long procedures
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TABLE 5-2 Procedures for Separation of Cells or Tubules from Specific Nephron Regions

Separation Method Advantages Limitations

Microdissection 1. Extremely high purity 1. Very low yield
2. Difficult to perform
3. Time consuming

Microdissection and immunologic reactivity 1. Extremely high purity
2. Cell type specificity

1. Very low yield
2. Difficult to perform
3. Time-consuming

Electrophoresis 1. High purity 1. Very low yield
2. Requires special equipment
3. Time-consuming

Density-gradient centrifugation (e.g., sucrose,
Ficoll, Percoll)

1. Easy to perform
2. High yield
3. Relatively rapid

1. Enrichment rather than absolute
purification

with complicated equipment or tedious steps are not necessary, and cell viability is generally not sacrificed.
One limitation of separation methods based on cell density is that enrichment, rather than absolute purification, is
obtained because cell density is not a discrete property; rather, a given cell population generally contains cells
with a range of densities.

Either tubule fragments or isolated cells can be used as starting material from which to obtain enriched cell
populations. Both have several advantages, including the ability to pair the materials with control samples from a
single animal to perform several manipulations and replications and the ability to specify, and control incubation
conditions. In comparing tubule fragments with isolated cells and in choosing a model system, several points
should be considered (Table 5-1) (Lash, 1989). First, the lumens in many isolated-tubule preparations do not
remain open during incubation; this can be problematic if transport or enzymatic processes on the brush-border
membrane are of interest, and it restricts access of nutrients or toxicants to the intracellular milieu and thereby
alters cellular response to exposure. Second, when tubules are fragmented during the isolation procedure—
whether by mechanical, chemical, or enzymatic means—tubule length might become nonuniform and thereby
introduce additional variability into the model. Isolated cell preparations, in contrast, generally yield more
uniform materials; preparation methods are adjusted so that predominantly single cells in suspension, rather than
multicellular aggregates or tubules, are found in the final material. Third, a given tubule fragment
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might contain cellular material derived from more than one nephron region, depending on how connective tissue
is digested during the initial isolation procedure; this limitation could substantially diminish the effectiveness of
later density-gradient centrifugation steps that are designed to yield nearly homogeneous material. With
suspensions of isolated cells, in contrast, single cells are the starting material for any further purification steps.

Isolated proximal tubule fragments have been used extensively to characterize the basic transport and
energetic properties of this nephron segment (Gullans et al., 1984a,b; Brazy et al., 1984). These studies
demonstrated the role of plasma membrane transport and other energy-requiring processes in determining the
rates of cellular oxygen consumption. Because the in vitro model contains segments of intact epithelium, one can
study such processes as transepithelial transport and membrane potential, provided that lumens remain open
during the course of experiments. Additional studies with proximal tubule fragments that are of more toxicologic
interest have focused on metabolic and mitochondrial inhibitors (Aleo and Schnellmann, 1992a; Dickman and
Mandel, 1990; Gullans et al., 1982; Weinberg et al., 1990) and on anoxia (Almeida et al., 1992; Jacobs et al.,
1991; Portila et al., 1992). Additional studies on cytotoxic effects of specific nephrotoxicants, such as cisplatin
(Brady et al., 1990) and mercuric chloride (Zalups et al., 1993) have also been performed.

Ficoll and Percoll density-gradient centrifugation procedures have been used to separate proximal and distal
tubular epithelial cells from rat renal cortex (Cojocel et al., 1983; Gesek et al., 1987; Scholer and Edelman, 1979;
Vinay et al., 1981). Ficoll density-gradient centrifugation has been used to enrich proximal tubular cells from rat
renal cortex (Kreisberg et al., 1977b), and Percoll centrifugation has been used to separate isolated cells from rat
proximal and distal tubules (Lash and Tokarz, 1989). Both Ficoll and Percoll form density gradients
spontaneously when a centrifugal field is applied. Ficoll is a nonionic, synthetic polymer of sucrose, is supplied
as a powder, and must be placed in solution to be used. Percoll consists of colloidal, polyvinyl-pyrolidine-coated
silica beads and is supplied as a liquid. Because of its chemical properties and because it is already in liquid
form, procedures using Percoll are generally easier to perform and have more uniform density gradients than
those using Ficoll (Pertoft and Laurent, 1982). Both methods are applicable to other regions of the nephron:
Chamberlin et al. (1984) used Percoll to obtain an enriched preparation of medullary thick ascending-limb
tubules from rabbit kidney, and Eveloff et al. (1980) used Ficoll to obtain an enriched preparation of single
medullary thick ascending-limb cells from rabbit kidney as well.

Two types of approaches can be used with Percoll: The use of discontinuous and continuous gradients.
Although the discontinuous density gradient might
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yield a more complete separation of discrete cell populations, continuous gradients are much easier to prepare
and are more reproducible. The Percoll method with a continuous, spontaneously generated density gradient is
relatively simple to perform and yields highly enriched preparations of single proximal tubular cells (over 97%
homogeneity) and distal tubular cells (over 88% homogeneity) (Lash, 1992, 1993; Lash and Tokarz, 1989).

Uses and Limitations of Freshly Isolated Renal Cells

Freshly isolated renal cells, prepared by collagenase perfusion and then separated into discrete cell
populations by Percoll density-gradient centrifugation, have proved to constitute an extremely useful in vitro
system for biochemical toxicology studies (Lash, 1990, 1992, 1993; Lash and Tokarz, 1989, 1990; Lash and
Woods, 1991; Lash and Zalups, 1992; Lash et al., 1993). Validation of these cells as in vitro models that reflect
accurately the biochemical, physiologic, toxicologic and pathologic events that occur in the proximal tubular and
distal tubular segments in vivo is by measurements of several biochemical properties, respiratory characteristics,
and drug-metabolizing enzymes. Examples of biochemical properties that can be measured include facilitated
diffusion and active transport processes for organic ions, glutathione (GSH) metabolism, adenine and pyridine
nucleotide status, and intracellular calcium distribution. Measurement of cellular respiration assesses the ability
of the cells to integrate metabolic pathways and to regulate energy metabolism.

Freshly isolated renal cells are excellent models for studying acute mechanisms of chemical injury. The
cells are particularly useful for studying the enzymology of xenobiotic bioactivation. For example, cysteine S-
conjugates of various halogenated alkanes and alkenes are potent and specific nephrotoxicants that target the
proximal tubular region of the nephron. Recent work in freshly isolated renal cortical cells demonstrated the
central role of the cysteine conjugate beta-lyase in the generation of reactive thiol-containing metabolites that are
ultimately responsible for the nephrotoxicity observed in vivo (Jones et al., 1986; Lash and Anders, 1986; Lash
et al., 1986a). That similar enzymatic activation pathways occur in human renal tissue (Lash et al., 1990)
suggests that similar mechanisms of nephrotoxicity operate. Studies in isolated rat renal cells can thereby provide
information on human risk of nephrotoxicity associated with halogenated hydrocarbons that are metabolized by
this pathway.

A major advantage of the Percoll density-gradient centrifugation method is that it allows study of
biochemical processes and responses in specific regions of the nephron. It allows investigation of the hypothesis
that each nephron cell population exhibits its own characteristic susceptibility to chemical injury. To understand
how the various differences in each cell populations contribute to the toxic response, two strategies can
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be used. One obvious strategy is to study the mechanism of action of a known nephrotoxic chemical that has a
specific target cell in a purified preparation of that target cell. Such studies, however, do not address directly the
issue of nephron heterogeneity and the associated toxicologic implications. A second strategy that does address
that issue directly is to expose the different cell populations to cytotoxic chemicals or pathologic conditions that
will produce injury by a specific chemical or biochemical mechanism but that do not themselves have specific
renal target cells (Lash, 1990; Lash and Tokarz, 1990; Lash and Woods, 1991; Lash et al., 1993). The strategy
allows analysis of the inherent susceptibility of isolated cells to such processes as oxidative stress, covalent-
adduct formation, cellular-energy depletion, and oxygen deprivation. The contribution of such processes as GSH
metabolism, mitochondrial function, drug metabolism, and active transport to nephrotoxicity can then be studied,
and the approach can also help to increase our basic understanding of why chemicals are toxic and how cells
respond to xenobiotics.

The period over which lactate dehydrogenase release can be a reliable measure of cellular viability in
freshly isolated cells is generally limited to 4 hours. Beyond that period, isolated cells generally do not maintain
adequate functional integrity to serve as valid controls for toxicologic studies. Similarly, many of the other
measures that are used to assess cellular function can be valid measures of cellular integrity for only short
periods. For most of the types of responses that occur as a consequence of acute exposure to chemical toxicants,
the survival time is adequate to observe markers of exposure or to observe changes that can provide information
about risk and biochemical mechanisms of action—information that is most useful if clinically observed toxicity
is to be treated or prevented.

One potential limitation in the use of single cells in suspension that must be considered is the physical loss
of membrane polarity that exists in these cells. Because the physical separation of the luminal and basal-lateral
membranes by the epithelial tight junctions no longer exists, one cannot measure transepithelial fluxes or other
types of processes that depend on an intact epithelium, as can be done with the isolated perfused kidney or,
provided that lumens remain open, with isolated tubule fragments. However, for many toxicologic studies, the
critical issue is not the physical separation of the membrane surfaces but the retention of enzymatic and transport
activities on these membranes when the individual epithelial cells are placed into suspension. Ample evidence
from studies with isolated proximal tubular cells from rats (Hagen et al., 1988; Jones et al., 1979; Lash and
Anders, 1989; Lash and Jones, 1985; Lash and Tokarz, 1989, 1990) support the conclusion that these cells are
metabolically competent and contain transport activities and other membrane-associated enzymatic activities at
levels that are comparable with those in both in vivo and various in vitro model systems.
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One can often functionally distinguish processes that occur on the two membrane surfaces by the use of selective
inhibitors. For example, transport of glucose across brush-border and basal-lateral plasma membranes can be
readily distinguished by use of either phlorizin or phloretin to inhibit brush-border or basal-lateral transport,
respectively. In the case of transport of glutathione across renal proximal tubular plasma membranes, the two
transport processes can be readily distinguished from each other by virtue of their distinct kinetic and energetic
properties and differential substrate specificity (Lash et al., 1988). That is not to minimize, however, the
functional importance of plasma-membrane polarization in an intact epithelium. Many processes, as stated
above, require retention of the physiologic cell-cell contacts to allow measurement to occur. Depending on the
type of biochemical or physiologic process being examined, either single cells in suspension or tubule fragments
might be the more appropriate in vitro model system.

Renal-Cell Cultures as Models of Chronic Injury and Carcinogenesis

Limitation of maintenance of viability of isolated tubules and isolated renal cells to, at most, 4 hours
restricts investigations to processes that occur on a scale of minutes to hours and necessitates the development of
other types of model systems to study processes that occur on a scale of hours to days. For example,
mutagenesis, induction of renal tumors, and alterations in expression of some genes are common responses to
many chemical toxicants, including carcinogens. Those processes change, for the most part, on a scale of hours
to days; even longer-term models might be necessary to obtain a complete picture of the regulation of the
processes.

A biologic model system needs to be developed, therefore, to meet two critical requirements. The first
requirement is that the model consist of material whose renal-cell type of origin can be unambiguously defined;
the second is that the model be maintained in a viable state for at least about 7–10 days. An excellent model
system is primary cell culture that uses cellular material previously enriched in a particular renal-cell population.
Although several renal-cell lines are available for such long-term in vitro studies (Table 5-3), their use raises
many questions. Normal in vivo characteristics of the tissue must be adequately reflected and expressed in the
culture models if they are to be useful indicators of exposure or useful tools for studying mechanisms of chronic
toxicity; otherwise, no reliable conclusions concerning cell-type-specific responses or in vivo relevance can be
drawn. A major problem with the existing renal-cell lines and with immortalized cells in general is that they
dedifferentiate in culture. Therefore, cultured cells can express some properties of the original tissue but often do
not express many other characteristics that are essential for the model to reflect in vivo cellular
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TABLE 5-3 Some Immortalized Renal-Cell Culture Lines

Presumed Cell Population of Origin Cell Line Species

Glomerulus SGE1 Wistar rat

Proximal tubule LLC-PK1 Hampshire pig

NRK52E Rat

OK American opossum

JTC-12 Cynomolgus monkey

RK-L Sprague-Dawley rat

Medullary thick ascending limb GRB-MAL Rabbit

M-m TAL-lc Mouse

Distal tubule and collecting duct A6 African clawed toad

MDCK Cocker spaniel

Unclear BSC-1 Monkey

function accurately. Another major deficiency is that cell lines from several nephron segments are not
available from a single species but are derived from several species. Ambiguity can arise in studies that use these
various cells. Interspecies differences in biochemical properties and susceptibilities to chemical injury, however
minor, can make it difficult to obtain a clear understanding of cell-type-specific mechanisms of injury with
established cell lines.

Primary cell culture is by no means simple or straightforward. Many pitfalls are inherent in its performance,
so many investigators use cell-culture lines to mimic cellular function in a given cell type or tissue. Apart from
the problems and limitations, primary culture of specific renal epithelial-cell populations is an ideal approach for
biochemical toxicology studies involving chronic or long-term exposures or expression of genetic or
developmental processes. The three principal challenges to successful primary culture of renal epithelial cells are
to obtain starting material of a high-enough purity derived from a specific nephron-cell population, to maintain
differentiated function during the period of culture, and to prevent fibroblast overgrowth.

To validate a primary epithelial cell-culture procedure, several criteria must be satisfied. First, the cells must
express key markers identified with the cell population of origin, thereby indicating expression of differentiated
function; and expression of differentiated function must be reasonably well maintained during the course of
culture. Second, the primary cultures must maintain expression of epithelial markers and must not
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be overtaken in the culture by fibroblasts. Third, the cells must grow logarithmically long enough (at least about
5-7 days). Taub and colleagues (Aleo et al., 1989; Chung et al., 1982; Taub et al., 1989) have pioneered primary
cell culture of rabbit proximal tubules, and several groups (Boogaard et al., 1990; Elliget and Trump, 1991; Lash,
1994; Smith et al., 1986; Tokarz and Lash, 1993) have recently developed procedures for primary culture of rat
proximal-tubular cells for use in toxicity studies. In using cell cultures to study mechanisms of chemically
induced toxicity, it is important to consider that placement of cells in culture can alter their inherent
susceptibility to chemical toxicants. Hence, it is critical to validate in vitro cell-culture models so that their
general susceptibility to chemicals or pathologic conditions, such as anoxia, are known. With that foundation, the
models can be used as investigative tools.

One of the key markers of differentiated function in renal proximal tubular cells is the maintenance of high
activity of mitochondrial oxidative phosphorylation and low glycolytic activity. Two studies (Aleo and
Schnellmann, 1992b; Dickman and Mandel, 1989) reported that diminished oxygenation of stationary cell
cultures produces the often-documented shift of cellular energy metabolism to glycolytic from mitochondrial
ATP generation. That is a critical point for maintenance of a long-term cell-culture model. Although use of a
shaking system for cell cultures is one means of improving oxygenation and hence maintenance of cellular
energetics (Aleo and Schnellmann, 1992b; Dickman and Mandel, 1989), other investigators have used changes
in glucose content of growth media (Blais et al., 1992) or a more complete addition of hormonal supplements to
growth media to improve cellular energetics (Lash 1994; Tokarz and Lash, 1993).

Although most of the studies with primary renal-cell culture have used animal tissue as starting material,
recent advances have been made in the use of human renal tissue as starting material for primary culture of
proximal tubular cells (Chen et al., 1990b; Detrisac et al., 1984; Trifillis et al., 1985). Such methods will enable
direct comparison between animal and human in vitro models.

Because primary cell cultures can be maintained for up to 10 days, two types of experimental designs can
be used in toxicologic investigations: acute and chronic (Table 5-4). The cell-culture model could be particularly
useful for assessing carcinogenic potency of chemical toxicants, and this would make it an excellent tool for risk
assessment.

In Vitro Models of Nonrenal Urinary Epithelia

In vitro models for study of toxic and pathologic processes in regions of the urinary tract besides the
kidneys have recently been developed. Because most of these studies have focused on growth, development, and
neoplastic transformation, cell cultures derived from either
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TABLE 5-4 Experimental Protocols Used with Primary Cell Cultures for Toxicologic Investigations

Characteristic Acute Model Chronic Model

Dose Low-to-high Single or multiple low

Exposure/Time < 24 h 1–10 days

Examples of processes measured Intermediary metabolism
Enzyme activities
Respiration
Active transport
Metabolite concentrations (e.g., ATP,
glutathione)
Lactate dehydrogenase release or trypan blue
up-take

Gene expression
Protein, DNA, and RNA synthesis
Mutagenesis
DNA repair
Processes measured in acute model

bladder or ureter epithelium, rather than freshly isolated cells, have been used.
Reznikoff and colleagues (1983) cultured normal human uroepithelial cells from tissue explants consisting

of transitional epithelial cells from ureter. In addition to fetal bovine serum (at 7%, by volume) hormone and
growth factor supplements were included to optimize growth and differentiation. Culture of uroepithelial. cells
from experimental animals actually lagged behind culture of cells from humans. Johnson et al. (1985) developed
a successful primary culture and later a serial cultivation process for bladder epithelial cells from normal rats.
Fetal bovine serum and hormonal supplements were used for the primary culture, but completely defined
medium (i.e., with no serum) was used for serial cultures derived from the primary culture. Johnson et al. (1985)
noted that optimal culture conditions differ between rat and human uroepithelial cells although structure and
biochemical and physiologic functions are very similar.

Acute cytotoxicity of bladder carcinogens—such as biphenyls, nitrofurans, and 3-methylcholanthrene—has
been examined in cultured normal human uroepithelial cells (Reznikoff et al., 1986). Reduction in cell number
during culture was used as the index of toxicity. The prevalence of urinary carcinogenesis has stimulated interest
in use of the uroepithelial-cell culture models for study of growth regulation and neoplastic transformation. Most
published studies in which these cell cultures are used have focused on processes related to tumorigenesis and
growth regulation. The studies have included investigation of effects of polyamine-synthesis inhibition on
growth (Messing et al., 1988), effects of bacterial endotoxicants on cell survival and growth (Wille et al., 1992),
role of activation of the EJ/ras oncogene in neoplastic transformation (Pratt et
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al., 1992), characterization of chromosomal deletions induced by bladder carcinogens in SV40-immortalized
human uroepithelial cells (Meisner et al., 1988; Reznikoff et al., 1988; Wu et al., 1991), and characterization of
second-messenger mechanisms and the carcinogenic process in SV40-immortalized human uroepithelial cells
(Jacob et al., 1991).

Chopra and colleagues (Chowdhury et al., 1989) have developed cell culture methods for prostatic epithelial
cells from mouse. Cells were derived from the ventral prostate of normal adult mice. Primary cultures and serial
propagation were performed in serum-free, hormonally defined media to optimize differentiation. The cells grew
and exhibited tissue-specific markers, including prostatic acid phosphatase activity and prostate-specific antigen.

The issue of markers of exposure and susceptibility, which is a major focus of this report, has not been
addressed directly in the in vitro systems. Tissue samples, such as those used as starting material for human
uroepithelial-cell cultures (Jacob et al., 1991; Meisner et al., 1988; Messing et al., 1988; Pratt et al., 1992;
Reznikoff et al., 1983, 1986, 1988; Wu et al., 1991), can be readily obtained and analyzed for transformation.
Cytogenetic analysis should reveal the presence of chromosomal changes that indicate exposure to a mutagenic
or carcinogenic agent. For prostatic epithelial cells, examination of tissue-specific markers as described by
Chowdhury et al. (1989) might be a useful means of detecting exposure of the cells to toxic agents.

IMPROVED RISK-ASSESSMENT EXTRAPOLATION

Biologic markers are the key to improving risk-assessment extrapolation. Both qualitatively and
quantitatively, biologic markers are crucial in determining the best available basis for and approach to cross-
species, low-dose, and route-to-route extrapolation.

Relevance of Test Systems

The major qualitative question facing a risk assessment concerns the relevance of an experimental system or
animal model to the human situation. Simply stated, one can address this concern by examining the sequence of
markers that occurs in humans—the sequence that is associated with exposure to a toxicant and that indicates
progression to a disease state. If that sequence or a portion of it is observed in the test system, that system can be
regarded as relevant for human risk estimation. Or examination of the markers, particularly markers of
susceptibility, associated with disease progression in an animal model might indicate substantial similarities or
dissimilarities to humans and thus help to determine relevance. In the case of renal tumors mediated by alpha2u-
globulin (see Chapter 6), for example, the rat model might not be appropriate for assessing the risk of human
renal tumors associated with some chemicals. Other examples of similarities and dissimilarities are discussed
below. It is imperative that the relevance of proposed test systems
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be established to enhance the scientific basis of risk assessment.

Metabolism and Kinetics

The concept of metabolism as a means by which chemicals are biotransformed to reactive and toxic species
is central to an understanding of chemically induced nephrotoxicity. Mammalian kidneys have numerous
enzymatic activities that can activate a diverse array of chemicals. An important concept is that many activation
and detoxification pathways are present simultaneously and therefore compete for the same substrates. The
balance between competing pathways is often the primary determinant of the ultimate biologic response.
Knowledge of the biochemical regulation of the pathways and of the interorgan and intrarenal distribution of the
various enzymes involved is necessary for correlation of in vitro data with the in vivo situation and of data from
experimental animals with human risk assessment and development of markers of human exposure.

The importance of bioactivation in determining toxicity is not a new idea, but it is critical to understand the
prevalence of enzymatic activation reactions in chemical-induced toxicity (Miller and Miller, 1985). Many toxic
or carcinogenic chemicals do not produce their effects directly but must be metabolized by cellular enzymes to
generate reactive, electrophilic intermediates. The metabolites are responsible for the interactions with cellular
components that lead to toxicity. Much of the target-organ specificity of many toxic chemicals is due to the
tissue-specific distribution of activation pathways. Other important factors in determining risk are the tissue-
specific patterns in types and concentrations of protective molecules, such as glutathione (GSH) and alpha-
tocopherol; in activity of detoxification enzymes, such as catalase and GSH peroxidase; and in types of and
activities of transport systems that provide access to intracellular sites.

When the relative roles of all those factors have been assessed in an experimental species, one must
consider how differences in one or more of them will alter susceptibility to injury. This point is central to
realistic assessments of human risk because differences between humans and laboratory animals and between
several laboratory animal species in activation and detoxification enzymes in specific tissues have been
documented. As a consequence of qualitative and quantitative species differences in drug-metabolizing enzymes
and transport activities, patterns observed and conclusions reached in one species might not be applicable to
another laboratory animal species or, more important, to humans.

Study of nephrotoxicants is complicated further by the pharmacokinetics and interorgan pathways involved
in their disposition. Several chemicals are initially metabolized by the liver or other tissues and then, by
enterohepatic and renal-hepatic pathways, reach the kidneys where they are processed further and cause
nephrotoxicity. As described
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in Chapter 2, the kidneys are a frequent target of chemical toxicants because of high blood flow that reaches
them; the large numbers, high activities, and overlapping substrate specificities of membrane transport systems;
the high basal metabolic requirements; and the presence in renal epithelial cells of several activation enzymes,
some of which are peculiar to kidneys (Anders, 1980, 1989; Commandeur and Verneulen, 1990; Jones et al.,
1980; Lash et al., 1988; Rush and Hook, 1986; Rush et al., 1984).

The mammalian kidney is very active in numerous pathways of drug metabolism, and renal metabolism
plays a quantitatively important role in overall metabolism of a large number and variety of chemicals
(Table 3-1). The kidneys are sometimes overlooked as important sites of drug metabolism for several reasons:
the liver has a quantitatively large role in metabolizing a huge number of xenobiotics, the kidneys make up only 1–
2% of total body weight and so are thought not to contribute importantly to metabolism, and there is pronounced
heterogeneity in the distribution of enzymes in the cell populations that constitute the nephron, so detection of
enzyme activities in a tissue homogenate or in a mixed population of renal cells can be difficult if the enzymes
are localized to a discrete cell population. For example, activities of some isozymic forms of cytochrome P-450
in proximal tubular cells from the rat kidney are comparable with those in the rat liver (Commandeur and
Verneulen, 1990; Jones et al., 1980). Some phase II enzymes, particularly those in the GSH conjugation
pathway, are found at very high activities in the renal proximal tubule but are nearly absent in other regions of
the nephron.

Species and strain differences need to be evaluated for each chemical or class of chemicals. It needs to be
determined whether the biochemical or physiologic responses obtained in test species will be the same as those
in humans. Differences in isozymic forms or the presence or absence of metabolic pathways can have effects that
vary from chemical to chemical. In some cases, the differences can produce entirely different pharmacokinetics
and hence different biologic effects; in other cases, the species-dependent differences might produce only
quantitative differences but not yield different overall biologic effects. Differences that are noted between
responses in humans and in animal species do not necessarily invalidate an animal model, nor do they imply that
an appropriate animal model is unavailable for a specific toxicant. Rather, the differences highlight that we do
not have much mechanistic information about many urinary toxicants and that we have not yet developed an
appropriate animal model. Species differences and resulting difficulties in extrapolating to humans also highlight
the need for additional research.

The mercapturic acid pathway (see Chapter 3) and associated activation and detoxification pathways
illustrate many of the above principles. Although the GSH S-transferases, which catalyze the initial reaction in
this pathway, are
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common, the succeeding enzymatic reactions show considerable variability. The variability occurs within a
given species, with respect to specificity and activity, and occurs between species for a given tissue. The tissue
distribution of γ-glutamyltransferase, which is the first enzyme in the pathways of GSH S-conjugate metabolism,
is the primary determinant of the pattern of interorgan metabolism (Lash et al., 1988). This initial, hydrolytic
reaction determines which metabolite reaches the target organ. Whether the GSH S-conjugate is metabolized to
the cysteine S-conjugate or to the N-acetylcysteine S-conjugate determines how actively the protoxicant is
transported into renal cells for further metabolism to a reactive intermediate.

Because most biochemical studies on the metabolism and transport of GSH, GSH S-conjugates, and related
metabolites have used rats, the view that has evolved from numerous investigations is based on the extremely
high γ-glutamyltransferase activity of rat renal proximal-tubular brush-border membranes and the nearly
complete absence of the enzyme in rat hepatic canalicular membranes (Lash et al., 1988). Liver and biliary
epithelium of humans and other mammals, such as rabbits and guinea pigs, contain substantial γ-
glutamyltransferase activity (Ballatori et al., 1988; Hinchman and Ballatori, 1990). In species that have higher
activities of hepatic γ-glutamyltransferase, the liver will make a larger contribution and the kidneys a
correspondingly smaller contribution to interorgan metabolism of GSH and GSH S-conjugates. For reactive and
therefore toxic electrophiles that are metabolized by GSH conjugation, it is the final step in the pathway that
converts the metabolite to a highly polar N-acetylcysteine conjugate that is readily excreted in urine. λ-
Glutamyltransferase also shows marked species differences in velocity and substrate specificity and is absent in
guinea pigs. Data on metabolite distribution and interorgan metabolism of GSH S-conjugates cannot be directly
extrapolated from laboratory animals to humans without consideration of those potential differences. Therefore,
although pathways studied in rats or other laboratory animals will occur in all mammals, the relative importance
of each pathway will differ considerably from species to species.

Mechanism of Action

Not as much is known about the mechanisms of toxicity as is known about metabolism and kinetics.
Furthermore, the relevance of some findings from animal studies to prediction of human risk is controversial
because it is not clear in some cases that the mechanism or mode of action by which toxicity is produced in the
animals emulates what occurs in humans. Nevertheless, in recent times, more sophisticated scientific data have
provided useful information for postulating mechanisms of toxicity in test animals for many chemicals that are
potentially toxic to humans.

Understanding mechanisms of toxicity

BIOLOGIC MARKERS IN EXTRAPOLATION 183

A
bo

ut
 th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 th

e 
or

ig
in

al
 w

or
k 

ha
s 

be
en

 re
co

m
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 fr

om
 th

e 
or

ig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 fr

om
 th

e 
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, 

he
ad

in
g 

st
yl

es
, a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e 
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Biologic Markers in Urinary Toxicology 
http://www.nap.edu/catalog/4847.html

http://www.nap.edu/catalog/4847.html


in animals can lead to new methods for estimation of human risk, although exactly how to interpret scientific
advances is not always clear and so how to incorporate the information into risk assessment has not found
general agreement. It is evident from the mechanistic data, however, that different risk-assessment methods
might be used to model human risk associated with exposure to different chemicals. Progress in the elucidation
of underlying mechanisms of toxicity indicates possible high-dose phenomena), whereas comparative biology
suggests differences among species. In some cases, markers in animals might not be relevant to humans; in other
cases, only indirect extrapolation from animal studies may be inappropriate. For example, there is considerable
discussion among scientists regarding chemicals that induce cancer in rodent bioassays but do not exhibit
classical genotoxicity and regarding the role of cell proliferation in the development of cancer, particularly for
these ''nongenotoxic'' chemicals (Ames and Gold, 1990; Cohen and Ellwein, 1991). Whether events related to
cell proliferation induced by high doses of a specific chemical are limiting in carcinogenesis and whether these
events are likely to occur in humans is important in predicting the likelihood of carcinogenesis in humans
exposed to low doses of the chemical. Most important, if cell proliferation, particularly in response to toxicity, is
integrally involved in the induction of tumors, then only the dosages and mechanisms that cause toxicity will
produce a proliferative response and result in tumor formation.

Quantitative Issues

The qualitative issues discussed above are related primarily to the hazard-identification component of risk
assessment. Secondarily, consideration of those issues focuses attention on the experimental results suitable for
quantitative extrapolation. Traditionally, quantitative risk assessment that has involved dose-response modeling
(almost all of which has until recently been cancer risk assessment) has relied on extrapolation of the relationship
between administered dose and observable disease outcome (e.g., cancer incidence). Lately, with the
consideration of physiologically based pharmacokinetic models and biologically based dose-response models,
that has begun to change. The role of biologic markers is fundamental to the progress that has been made and
will be crucial to further progress.

Consider the simplified flowchart of classes of biologic markers shown in Figure 5-1. The figure shows the
sequence of markers paralleling the processes leading from exposure to clinical disease and, more important,
indicates the relationships between the markers. The pictorial representation can be translated into
semiquantitative form as follows:

DI = f1(E, s1),
DE = f2(DI, s2),
BE = f3(DE, s3),
A = f4(BE, s4), and
C = f5(A, s5),
where E, DI, DE, BE, A, and C are exposure magnitude, internal dose, biologiically
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Figure 5-1 Simplified flow chart of classes of biologic markers (indicated by boxes). Solid lines indicate
progression, if it occurs, to the next class of marker. Dashed lines indicate that individual susceptibility influences
the rates of progression, as do other variables. Biologic markers represent a continuum of changes, and the
classification of change might not always be distinct. Source: Adapted from Committee on Biological Markers of
the National Research Council, 1987.

effective dose, early effective dose, early biologic effect, altered structure or function, and clinical disease,
respectively. The functions relating the markers, fi (i = 1, ..., 5) are represented simply but might be complex
systems of equations (e.g., a pharmacokinetic model). In this context, the markers of susceptibility, si (i = 1, ...,
5), which might include biologic and nonbiologic components, can be considered indicators of all the factors that
can modify the relationships among the markers of exposure and effect. In most cases, it is more appropriate to
consider the probability of clinical disease (and perhaps of altered structure or function, of early biologic effect,
or of the dose markers) to be functions of the other variables—e.g., P(C) = f5(A, s5), where P(C) is the
probability of clinical disease—but the important features of this discussion are not altered in either case.

An example is provided by the development of bladder tumors as a result of exposure to MOCA. In that
case, the markers can be defined as follows:

DI: absorbed MOCA,
DE: concentrations of MOCA in urine,
BE: DNA adducts in bladder epithelial cells,
A: increase in red blood cells in urine, and
C: bladder cancer.
The traditional estimation of the risk of bladder cancer in humans would have relied on extrapolating from

animals a relationship of the form
P(C) = g(DI),
where g(DI) is some function of administered dose expressed in terms like mg/kg/day or milligrams per

kilogram per day or milligrams per square meter per
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day. It is assumed here that the conversion from exposure magnitude (e.g., atmospheric concentration to which
the animals were exposed) to internal dose, DI, is appropriate, although in practice the estimation of an absorbed
dose has typically been rather crude. The function g(DI) might be the multistage model routinely used in cancer
risk assessment (Anderson and the Carcinogen Assessment Group of the U.S. Environmental Protection Agency,
1983; Crump, 1984) fitted to the observed cancer results in the animal test species.

If we refer to the relationships between the markers (the functions f1 to f5,) we see that the overall
relationship P(C) = g(DI) ought to be representing the marker-to-marker relationships from an internal-dose
marker to a marker of clinical disease. In fact, it will be noted that

P(C) = g(DI)
= f5(f4(f3(f2(DI, s2), s3), s4), s5).
This convoluted form indicates why traditional risk-assessment extrapolations are problematic: the

relatively simple functional relationship extrapolated from animals to humans should be representing a variety of
biologically important processes. Moreover, given the variety of processes and differences among species with
respect to markers of susceptibility, it is unlikely that the overall relationship is the same in humans as in animals.

The utility of an approach that considers biologic markers of effective dose, early biologic effect, and
altered structure or function is related to our ability to model the relationships among those markers. The
fundamental assumption of extrapolation—i.e., that relationships observed and modeled in one setting hold in
another setting—can be applied at the more specific level of those marker-to-marker relationships. It might be
possible to rely on extrapolation from experimental systems to humans for only a subset of those relationships.

In the case of MOCA, suppose that the observation of occupationally exposed people has provided
sufficient information to derive a direct human model linking exposure and urinary MOCA concentrations. A
physiologically based pharmacokinetic (PBPK) model derived from human data would serve that purpose;
human PBPK models have been developed for other workplace contaminants, such as trichloroethylene (Allen
and Fisher, 1993). The human PBPK model would provide the relationships represented by f1 and f2 in the
above scheme.

Suppose also the availability of human data that relate the extent of hematuria with the probability of
developing bladder cancer. Those data would not necessarily need to be specific to MOCA. This is another
advantage of biologic markers in risk assessment: the relationship between two markers, especially markers of
effect, need not be chemical-specific, so a wider base of information can be used to conduct an assessment.

If the links between exposure and
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urinary concentration and between hematuria and bladder-cancer risk are established from human data, then the
only relationships that need to be extrapolated from experimental systems are those between urinary
concentration and adduct formation and between adduct formation and the degree of hematuria. Animal-based
test systems—in vivo, ex vivo, or in vitro—can be used to elucidate those relationships. They can then be
extrapolated to humans on the assumption that the relationships observed in the test systems are the same as in
humans. That is the fundamental assumption of risk assessment, but in this context it is a much more particular
and specific level than is typical in risk assessment. Because that is the case—i.e., because the extrapolations
involve fewer variables and less "gap" between cause and effect—there is a greater chance of appropriately
accounting for the modifying factors of susceptibility (e.g., species differences in DNA repair) and therefore a
greater likelihood that the assumption is justified.

Even when human data are less direct than in the example just cited, the application of the extrapolation
assumption to specific links in the chain leading from exposure to disease will improve the quality of risk-
assessment estimates. The links in that chain can often be studied with experimental techniques or systems.
Results of the studies can then be incorporated at the appropriate point, allowing even greater consideration of
species differences or other differences that can be represented as differences in susceptibility. As mentioned
above, the ability to separate the chemical-specific from the chemical-neutral relationships facilitates the
incorporation of a larger base of data. The way to improve risk assessment is to give it a firmer scientific
foundation. The use of biologic markers to break the disease process into manageable research pieces is a way to
do that.

In risk-assessment practice, there will be a need to compromise between the ideal (all the markers one could
want and a full understanding and representation of the sequence of events) and the real (less than complete
information and less than perfect representation). The application of the basic assumption of extrapolation might
not be at the level that one thinks is best; it might have to be at a level as close as possible to the best, given the
data at hand. That introduces additional uncertainty, which can be reduced as additional research is conducted to
provide more fundamental data, to understand more clearly how cause-effect relationships can be represented, or
to elucidate the role of modifying factors.

For assessing risk, any model should account for individual variability in response and health or
environmental status. Differences in those factors will alter susceptibility to potential chemical-induced injury.

SUMMARY

Extrapolation from animal models is a common and necessary component of risk assessment for humans.
To improve
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the validity of such extrapolations, a better understanding of the relationship between these markers and disease
is needed. In most cases, the scientific basis for assuming that animals are good surrogates for humans, and
therefore a suitable basis for extrapolation to humans, is overwhelming. It is reasonable to use animal models for
extrapolation to humans unless specific information on specific chemicals indicates otherwise. Identification of
chemical hazards should include assimilation and evaluation of all relevant information, including appraisal of
physical and chemical properties and structure-activity relationships, which can often provide important
indications of potential toxicity. Difficulties in diagnosing renal injury and predicting its health consequences are
considerable, primarily because the kidneys can undergo substantial chemically induced injury without any
clinical manifestation, and subtle injury can be negligible because of the considerable functional reserve of the
kidneys. Standard diagnostic criteria are needed that are sensitive enough to serve as markers of renal damage in
the presence of renal functional reserve.

Only whole-animal studies or observations in humans can provide information on the operation of multiple
cells, tissues, and organs under the influence of complicated feedback mechanisms. Animals are necessary in the
study of chemically induced toxicity, because studies that involve modulation of cellular responses and tissue
sampling cannot be performed in humans.

The first stage of any investigation of the nephrotoxicity of a xenobiotic should be in vivo studies. In the
absence of any knowledge about potential toxicity and target-organ specificity, the first step should be to
determine whether toxicity occurs and the tissue distribution of the toxic response. More detailed studies, both in
vivo and in a variety of in vitro models, can then be pursued to elucidate modes of chemical action, specific
mechanisms of toxicity, and potential protective or preventive strategies. Animal models developed as surrogates
for humans in the study of renal and urinary function should conform to some general principles: the animal
model should be reproducible within and among laboratories, the model should be specific to the part of the
urinary tract under consideration, the model should be sensitive enough to differentiate normal from abnormal
changes or functions, and the model should be able to measure alterations in renal function caused by exogenous
agents.

A variety of experimental model systems are available for study of renal metabolism, renal function, and
nephrotoxicity. They range from whole-animal studies to those in the isolated perfused kidney, kidney slices,
isolated nephron segments, isolated tubule fragments, and isolated renal cells. Each model has advantages and
limitations that must be taken into account when developing conclusions and extrapolating animal data to human
risk assessment. In vitro models of nonrenal urinary tract epithelia have also been developed and applied
primarily toward examination of carcinogenesis.
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Development of markers of exposure and susceptibility has not been addressed directly with such nonrenal
models and should be pursued for better extrapolation of data for risk assessment.

The importance of enzymatic activation of toxic chemicals is central to an understanding of chemically
induced renal injury. Species and strain differences in amounts and tissue distribution of various enzymes can be
critical in determining the ultimate toxic response. Consequently, patterns observed and conclusions reached in
one species might not apply to another species. We recommend that species and strain differences in disposition
and metabolism be evaluated for each chemical or class of chemicals. For assessing risk, any experimental model
should account for individual variability in response and in health and environmental status. Differences in those
factors will alter susceptibility to potentially toxic chemicals.
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6

NEW TECHNOLOGIES

The discussion that follows highlights several aspects of new technologies. It is not intended to be inclusive;
rather, it illustrates some promising lines of investigation. To illustrate the potential difficulty of introducing a
marker into clinical practice, we describe the use of prostate-specific antigen (PSA) in some detail. We also
consider fully the importance of alpha2u-globulin, a controversial topic involving the extrapolation of animal data
to human conditions.

MAKERS OF CELL INJURY, REGENERATION, AND HYPERTROPHY

To a considerable extent, the identification of markers has been facilitated by an understanding of the
molecular biology of the cell and the mechanisms that are responsible for both orderly growth and neoplastic
transformation.

The Cell Cycle

Nongrowing, quiescent cells have low rates of DNA synthesis and are said to be in the G0 phase of the cell
cycle. These cells (Figure 6-1) can be stimulated to grow by the addition of one of several growth factors. After
the binding of a growth factor to its receptor, growth-promoting signals are generated that commit the cell to a
new phase of the cell cycle, G1, where biosynthetic activities resume. During the transition to the G1 phase, the
cells express many genes that enable them to progress through this phase. Prominent among them are the so-
called immediate early genes. The S phase starts when DNA synthesis starts and ends when the DNA content of
the nucleus has doubled. Thereafter, the cells move into the G2 phase of the cycle, where new protein and RNA
synthesis occurs and the cells increase in size. The M phase begins with nuclear division and ends with
cytoplasmic division (Safirstein, 1994). Various points in the cycle are influenced by environmental stress and can
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Figure 6-1 The cell cycle.

be targets for future biologic-marker research. The control of growth and differentiation involves
sophisticated modes of cellular communication. Figure 6-2 illustrates actual and potential modes of growth
control, as might be found in the prostate. Endocrine control is exemplified by the effects of androgen, which
stimulates the production of growth factors in both epithelial and stromal cells. Fibroblasts secrete factors that
bind to epithelial-cell receptors.
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This represents a special case of paracrine growth control, "stromacrine" control. External signals, with
specific growth peptide and cell-surface receptors producing tissue specificity, link with common intracellular
signal pathways, which ultimately induce the growth genes c-fos and c-jun and transcription factors. Fibroblasts
are responsible for controlling proliferation and differentiation, as well as for synthesizing extracellular matrix.
Fibroblasts can also control epithelial-cell growth and differentiation through their effect on the basement
membrane. The proteoglycan composition of basement membrane reflects whether it is growth-promoting or
differentiation-promoting. If the membrane and matrix connect with the cell, differentiation generally results;
thus, cell-adhesion molecules—such as integrins, fibronectin, and proteoglycans—that bind to cell receptors or
matrix proteins are important inducers of differentiation. Juxtacrine growth in the epithelium occurs when a
membrane-bound form of the growth peptide binds to a receptor on an adjacent cell. Juxtacrine growth control in
the epithelium tends to favor differentiation. Autocrine control occurs when cells secrete growth peptides that
induce their own growth by binding to their own receptors. Intracrine growth, which has so far been observed in
model systems, occurs when the growth factors are prevented from being exported by mutations that inhibit
cleavage of the pre-pro forms of the peptides.

Growth Factors

Renal growth is initiated by mechanisms that include changes in renal growth factors. Several of the growth
factors have been found in kidney tissue itself or shown to act on renal cells in culture. The growth factors
isolated from kidney tissue include epidermal growth factor (EGF), insulin-like growth factors (IGF),
transforming growth factors (TGF), and platelet-derived growth factor (PDGF). Other substances, such as
angiotensin II, have also been shown to have substantial growth-regulating properties.

Epidermal Growth Factor

EGF is a potent mitogen capable of stimulating the proliferation of cultured renal tubular cells (Goodyer et
al., 1988; Norman et al., 1987). It is produced in the kidney (Olsen et al., 1984; Salido et al., 1986, 1989; Scott et
al., 1985) with a precursor molecule, prepro-EGF (Bell et al., 1986; Fisher et al., 1989; Rall et al., 1985).
Binding sites for EGF have been found in various portions of the renal tubules and the glomeruli. After injury to
distal tubular cells, there might be an autocrine pathway which regulates synthesis, promotes receptor binding,
and so regulates repair. Stimulation of proximal tubule replication most likely involves EGF released from other
cells and the use of a paracrine pathway. EGF also stimulates the production of
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IGF-I and acts directly to enhance IGF-I gene expression (Rogers et al., 1991).
In the case of renal ischemic injury, prepro-EGF mRNA synthesis or processing changes (Safirstein et al.,

1989). There is a prolonged reduction of EGF excretion, a reduction in prepro-EGF mRNA, an increase in EGF-
receptor density (Safirstein et al., 1990), and an increase in the binding of EGF in the postischemic kidneys.
Indeed, exogenous EGF administered to rats after renal ischemic injury enhances renal tubular cell regeneration
and accelerates the recovery of renal function (Humes et al., 1989; Tsau et al., 1989).

The synthesis or processing of prepro-EGF mRNA is also altered by exposure to nephrotoxic agents, such
as cisplatin (Safirstein et al., 1989). In addition, an increase of EGF receptors has been seen during the renal
hyperplasia that follows folic acid administration (Behrens et al., 1989) and ischemia (Saferstein et al., 1989).

Insulin-Like Growth Factors

The insulin gene family is made up of IGF-I, IGF-II, proinsulin, and relaxin. The IGF-I gene is on
chromosome 12, and the insulin and IGF-II genes are on the short arm of chromosome 11. The insulin-like
growth factors are bound to carrier proteins. IGF-I and IGF-II interact with a distinct cell-surface receptor. IGF-I
is synthesized in most organs, where it is involved in the regulation of various metabolic and growth processes
(Hammerman, 1989). IGF-I can be found in the cortical medullary collecting duct and the parts of the thin loop
of Henle that are in the medulla (Andersson et al., 1988; D'Ercole et al., 1984). IGF-I mRNA has been isolated
directly from the kidney; this implies that the IGF-I recovered from the kidney is synthesized there (Bortz et al.,
1988). IGF-I receptors are present on glomerular mesangial cells and on proximal tubular cells (Hammerman and
Rogers, 1987). Interaction with IGF-I can result in the stimulation of protein kinase activity.

In rats, IGF-I has been implicated in the compensatory hypertrophy of the kidney that follows unilateral
nephrectomy, in the hypertrophy that accompanies the feeding of high-protein diets, and, more important, in
regenerating tubular cells after ischemic injury. In compensatory hypertrophy, IGF-I gene expression is
stimulated, and the renal concentration of IGF-I is substantially increased (El Nahas et al., 1989; Fagin and
Melmed, 1987; Polychronakos et al., 1985; Stiles et al., 1985). When high-protein diets are fed, serum IGF-I
increases (Hirschberg and Kopple, 1991; Isley et al., 1983; Maiter et al., 1988; Prewitt et al., 1982); this is
circumstantial evidence of a causal role of IGF-I in hypertrophy. IGF-I immunoreactivity is transiently expressed
by regenerating cells in the postischemic rat kidney. IGF-I immunoreactivity appears as early as 3 days after the
injury. With increasing
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differentiation of the regenerating cells, IGF-I immunoreactivity vanishes; at 14 days, it is not detectable
(Andersson and Jennische, 1988). The regenerative cells express IGF-I peptide and IGF-I mRNA in a transient
manner that is thought to correlate with cell differentiation better than with cell division (Matejka and Jennische,
1992).

Transforming Growth Factor Beta

Transforming growth factor beta (TGF-B) constitutes a family of ubiquitous growth peptides that are
intimately involved in extracellular matrix formation, cellular proliferation and differentiation, wound-healing,
cartilage and bone formation, and possibly oncogenesis. Evidence is growing that TGF-B operates in an
autocrine or paracrine fashion to bring about a multiplicity of cellular actions.

In the kidney, TGF-B has been implicated in the repair processes that follow renal ischemic injury, (Humes
and Daniel, 1990); it might be an important mediator in the genesis of renal fibrosis after the administration of
anti-glomerular-basement-membrane IgG (Phan et al., 1990); it has been implicated in the pathogenesis of
glomerulonephritis (Okuda et al., 1990) and it might contribute to the development of progressive kidney fibrosis
(Yamamoto et al., 1994).

There is evidence that TGF-alpha expression is greater in prostatic epithelial cells of patients with benign
prostatic hypertrophy (BPH) than in epithelial cells of normal persons (Harper et al., 1993). Extracts of human
prostate with benign hypertrophy contain fibroblasts that have been shown to secrete TGF-B (Story et al., 1993).
TGF-B has more effect on stromal growth than on epithelial growth (Sherwood et al., 1992), inasmuch as TGF-
B concentrations are higher in stroma than in epithelium (Truong et al., 1993). The TGF family might have an
important role in the pathology of BPH. For example, bFGF is known to stimulate fibroblasts and can increase
expression of intracellular matrix proteins in other cell lines. aFGF is known to negate the inhibitory effects of
TGFnl in prostatic cell lines and is also androgen-responsive.

Another member of the FGF family, Int-2, has a sequence very similar to that of bFGF and in transgenic
mice has been found to be associated with BPH. The BPH in those mice was dissimilar to human BPH in that the
mice did not have accompanying stromal and fibromuscular hyperplasia; so it was difficult to study these model
systems. The prostates from the transgenic mice did not grow when transplanted into nude mice; this indicates
that alterations in hormonal and growth-factor concentrations might play a role in the pathogenesis of BPH.
However, in transgenic mice, growth factors do not elicit histologic changes in the prostate.

Angiotensin II

Several lines of evidence indicate that
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angiotensin II (All) acts as a regulator of cell growth. For example, it has been shown that angiotensin-
converting enzyme inhibitors attenuate renal hypertrophy (Anderson et al., 1986b). In cultures of rabbit proximal
tubular cells, All by itself has no direct effect on protein synthesis; but in the presence of EGF (Norman et al.,
1987) or PDGF (Norman et al., 1987; Wolf and Neilson, 1991), it can enhance tubular epithelial proliferation.
Although All does not induce mitogenesis, it appears to be capable of promoting cellular hypertrophy and early
oncogene expression (Rozengurt and Heppel, 1975). With EGF and PDGF, All can induce the expression of
various cellular oncogenes (Wolf and Neilson, 1990)—an effect that can be blocked with a competitive
antagonist of All. Indeed, All has many of the features of growth factors and appears to be a growth regulator in
the kidney. All binds to specific cell-surface receptors on tubular cells and activates many of the intracellular
signaling pathways associated with cell growth (Norman, 1991). For example, the All-induced hypertrophic
response might be related to its ability to stimulate Na+ /H+ pump activity in proximal tubular cells.

Early-Response Genes

In cellular proliferation and hypertrophy, an orderly pattern of gene expression (Cowley et al., 1989) leads
to the induction of mRNA and various protein products. The c-fos and c-myc genes are examples of so-called
''immediate early'' genes and encode DNA-binding proteins localized to the nucleus. The initial activity of the c-
fos protein appears to be pivotal to the transcriptional activity of the cell and is necessary for the transition from
the stable resting state of the cell cycle to the gap between the mitotic and S phases where DNA replication
occurs. The protein product encoded by the c-myc gene serves a regulatory function in controlling DNA
synthesis by binding DNA polymerase II and is necessary for the next transition, to the synthetic phase of the
cell cycle. Later, other gene products appear with similar kinetic characteristics.

The pattern of expression of these gene products after stimuli that provoke either renal hypertrophy or
hyperplasia has been examined. In studies of the compensatory renal hypertrophy induced by uninephrectomy
(Beer et al., 1987; Norman et al., 1988), modest increases in c-myc, c-H-ras, and c-K-ras expression have been
reported. Others have been able to detect both c-fos and c-myc transcripts within 15 minutes after
uninephrectomy (Sawczuk et al., 1990) and Egr-1 expression within 30 minutes (Ouellette et al., 1990). In rats
with acute unilateral ureteral obstruction, within minutes there is a transient induction of c-myc transcripts and a
somewhat more prolonged expression of c-fos. Although both decline by 24 hours, there is evidence of
reinduction at 48 hours (Sawczuk et al., 1989). After nephrotoxic injury by a large parenteral dose of folic acid,
expression of c-fos, c-myc, c-K1-ras, and c-Ha-ras is markedly increased (Asselin and Marcus,
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1989; Cowley et al., 1989). After renal ischemic injury by bilateral renal arterial occlusion of 50 minutes
(Safirstein, 1990), c-fos mRNA increases, reaches a peak at I hour, and declines rapidly to control values by 4
hours. A similar pattern has been observed for Egr-1 mRNA. During the repair phase of ischemic acute renal
failure, c-myc expression in the renal cortex increases by a factor of 10 (Humes and Daniel, 1990).

Nucleic Acid Synthesis and Hypertrophy

Although attention has been given to the cell cycle and DNA synthesis, other mechanisms are operative
when cells hypertrophy. The hallmark of compensatory growth is a marked increase in cellular RNA content
(Hayslett, 1979). For example, after unilateral nephrectomy in the rat, RNA and protein synthesis in the
remaining kidney increases within 12–24 hours (Bucher and Malt, 1971) and persists for weeks as renal mass
increases (Halliburton and Thomson, 1965). The increase in RNA synthesis is a useful index of the extent of
hypertrophy. Less impressive alterations in DNA synthesis have been demonstrated within 6 hours after
uninephrectomy (Toback and Lowenstein, 1974). This hyperplastic response reaches a peak at 2 days (Threfall et
al., 1967) but is not of the same magnitude as the hypertrophic response. At two weeks, in contrast, total RNA
content rises by 40% and total DNA content by only 25%; this shows that the predominant factor in
compensatory growth is hypertrophy (Threfall et al., 1967).

During compensatory growth, the processing of nucleoplasmic RNA is accelerated (Willems et al., 1969),
and more ribosomal RNA (rRNA) is produced (Ash and Cuppage, 1970; Halliburton and Thomson, 1965;
Kurnick and Lindsay, 1968; Toback and Lowenstein, 1974). In fact, because rRNA constitutes more than 85% of
total RNA in the kidney, the characteristic growth-induced increase in the renal RNA-to-DNA ratio results from
an increase in ribosome number. The principal site of all these activities is the renal cortex. Indeed, there is direct
evidence that the accretion of RNA occurs in the tubular cells of the cortex (Vancura et al., 1970).

Sodium-Pump Activity and Cell Growth

On the basis of studies performed in cell cultures, it has come to be recognized that a rapid increase in
sodium entry into the cell stimulates Na+ /K+ pump activity (Rozengurt and Heppel, 1975; Smith and Rozengurt,
1978) and increases intracellular K+ (Tupper et al., 1977; Wolf and Neilson, 1990). The increases are associated
with a commencement of DNA synthesis (Lopez-Rivas et al., 1982). Initially, an influx of Na+ exceeds the rate
at which Na+ is extruded across the basolateral membrane
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by Na+ /K+ pump activity with a reduction of intracellular pH (Schuldiner and Rozengurt, 1982). In proximal
tubular cell cultures, the increase in Na+ /H+ pump activity associated with the addition of hypertonic NaCl
results in increases in cell volume and protein content without stimulation of DNA synthesis (Rozengurt, 1981);
this effect suggests that cell hypertrophy is coupled with Na+ influx (Fine et al., 1985). With a reduction in renal
mass, growth stimulation and increase in Na+ /H+ pump activity are closely related (Fine, 1986).

It also appears that Na+ influx is necessary for the initiation of DNA synthesis stimulated by peptide growth
factors. For example, mitogenic factors stimulate Na+ influx (Rozengurt et al., 1981; Smith and Rozengurt,
1978) and H+ efflux: (Schuldiner and Rozengurt, 1982). The addition of NaCl to cultures of kidney epithelial
cells results in an increase in the number of cells initiating DNA synthesis in response to EGF and insulin
(Toback, 1980). Furthermore, a decrease in the rate of influx of Na' achieved by a reduction of Na+ in the culture
medium prevents the development of the mitogenic response to EGF and insulin (Burns and Rozengurt, 1984).
In contrast, an increase in cellular Na+ accumulation can be attenuated in the presence of a purified growth-
inhibiting protein. The reversal by the addition of NaCl to the medium suggests that variation in the Na+ flux
during the onset of kidney epithelial cell growth can be related to the action of a specific cell protein that inhibits
DNA synthesis (Toback, 1980).

Polyamines

The polyarnines spermidine and spermine and their precursor diamine putrescine, omnipresent components
of all living cells, are aliphatic polycations with three, four, and two positive charges, respectively, at physiologic
pH. In the cell, they are bound to macromolecular anionic sites in nucleic acids, ribosomes, and membranes.
Polyamines are believed to be essential for cellular growth, proliferation, and differentiation, although their
physiologic function at the molecular level is still not well understood (Manteuffel-Cymborowska, 1993).

CANCER OF THE BLADDER

Cell Culture

In vitro models of toxic and pathologic processes of the urinary tract, besides the kidneys, have been
recently developed. Because most of them have focused on growth, development, and neoplastic transformation,
they have used cell cultures derived from either bladder or ureter epithelium, rather than freshly isolated cells, as
an in vitro system. Reznikoff and colleagues (1983) cultured normal human uroepithelial cells from tissue
explants that comprised ureteral transitional epithelial
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cells. Although fetal bovine serum (7% by volume) was included in the culture medium, hormone and growth
factor supplements were also included to optimize growth and differentiation. Culture of uroepithelial cells from
experimental animals actually lagged behind culture of cells from humans. Johnson et al. (1985) developed a
successful primary culture and later a serial cultivation process for bladder epithelial cells from normal rats.

Acute cytotoxicity of bladder carcinogens—such as biphenyls, nitrofurans, and 3-methylcholanthrene—has
been examined in cultured normal human uroepithelial cells (Reznikoff et al., 1986). Reduction in cell number
during culture was used as the index of toxicity. The prevalence of urinary carcinogenesis has stimulated interest
in uroepithelial-cell culture as a model for the study of growth regulation and neoplastic transformation, and
most published studies in which these cell cultures have been used focused on processes related to tumorigenesis
and growth regulation. The studies have included investigation of effects of polyamine synthesis inhibition on
growth (Messing et al., 1988), of effects of bacterial endotoxicants on cell survival and growth (Wille et al.,
1992), of the role of activation of the EJ/ras oncogene in neoplastic transformation (Pratt et al., 1992), of
chromosomal deletions induced by bladder carcinogens in SV40-immortalized human uroepithelial cells
(Meisner et al., 1988; Reznikoff et al., 1988; Wu et al., 1991), and of second-messenger mechanisms and the
carcinogenic process in SV40-immortalized human uroepithelial cells (Jacob et al, 1991).

Quantitative Fluorescence Image Analysis

Quantitative fluorescence image analysis (QFIA) is an exciting recent technique for marker research (West,
1970; West et al., 1987). It is based on the recognition of a single cancer cell in a mass of normal cells through
the quantitation of a fluorescent signal to obtain a measurement of the DNA, protein, or other macromolecular
content of individual cells. Aneuploidy (the presence of more or fewer than the normal diploid number of
chromosomes) is apparently the result of genetic instability and is a hallmark of carcinogenesis (McGowan et al.,
1988). The use of QFIA permits more precise quantitation of DNA content in individual cells. Unlike flow
cytometry, QFIA selects cells on the basis of composition or structure; unlike immunohistochemistry, it is
capable of true quantitation (Parry and Hemstreet, 1988; Rao et al., 1993).

That cancer cells often have aneuploidy has been known for decades, and the technique of flow cytometry
was developed originally to determine ploidy. The difficulty with using overall ploidy as a marker is that normal
cells yield some measurement variability in the amount of DNA, and usually some cells are in the process of
dividing and hence will have higher DNA content than normal. Consequently, it is very difficult to detect
abnormal individual
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cells in the vast sea of normal cells (Parry and Hemstreet, 1988).
Image analysis has been used to detect cancer cells for over a decade. The main advantage of the approach

is that it provides objective, reproducible results. Image analysis is well suited to so-called rare-event analysis,
the detection of objects that make up 1% or less of the cell sample.

In its initial application for bladder-cancer detection, QFIA urinary cytology successfully combined the
attributes of classical cytopathology with those of DNA cytometry and thereby increased sensitivity to low-grade
lesions (Bass et al., 1987; Bonner et al., 1993; Hemstreet et al., 1990; Hemstreet et al., 1983). The
semiautomated QFIA uses both quantitative and qualitative analyses of urinary-tract specimens and is a new,
highly sensitive alternative for early cancer detection. QFIA technology has an advantage over flow cytometry in
requiring fewer cells for valuations and in being able to analyze individual cells for a one-cell diagnosis of
cancer rather than requiring patterns of cells. Yet the two techniques can be complementary, and together they
have greater sensitivity than classical cytopathologic methods in detecting cellular transformation.

QFIA technology has also been used in several large-scale occupational studies of people at risk for bladder
cancer and has shown a specificity of 93–96% (Hemstreet et al., 1988). It is being increasingly recognized as a
valuable tool for screening asymptomatic people to identify biologic risks associated with working in
environments that contain toxic and possibly carcinogenic substances (Bi et al., 1993). QFIA has been applied
extensively in both clinical detection of bladder cancer and several trials in worker cohorts exposed to bladder
carcinogens (Bi et al., 1993; Hemstreet et al., 1988).

In addition, QFIA has been used successfully to monitor for the efficacy of treatment with chemopreventive
retinoids in an animal model (Hemstreet et al., 1992; Hurst et al., 1991). The numbers and DNA content of
bladder-wash cells obtained from rats treated with carcinogens and chemopreventive retinoids was found to be
an accurate predictor of risk of developing bladder cancers (Hemstreet et al., 1992; Hurst et al., 1991).

There are newer directions of QFIA research to learn whether commonly seen atypical cells are the result of
an inflammatory or irritative process or are truly progressing toward malignancy. Fluorescence probes for
cytoskeletal oncogenes and growth factor receptors in addition to DNA and RNA are being incorporated (Rao et
al., 1990, 1991). The ability to image multiple probes on a single cell greatly increases its clinical usefulness.
The new capabilities are being added to the experimental armamentarium for determining and possibly reducing
cancer risk or reversing malignant cell transformation.

The ability to study macromolecular changes in single living cells with fluorescent probes offers a tool that
exceeds the capabilities of the electron microscope and the scanning electron microscope.
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The combination of QFIA technology with the use of monoclonal antibodies and DNA hybridization promises
imaginative applications for early cancer screening and diagnosis.

Basic research with QFIA will continue to investigate the quantitation of cell-surface antigens, oncogenes,
and cytoskeletal components (Jones et al., 1990; Rao et al., 1993). The findings can be correlated with nuclear
DNA content and classical histopathology. The objectives will be to develop methods for understanding the
fundamental oncogenic process at the single-cell level, to define biochemical markers, to identify preneoplastic
conditions, and to differentiate tumors with metastatic potential (Rao et al., 1990, 1993).

Given the recognition that aneuploidy is a marker of genetic instability and is only indirectly related to
changes in gene expression or deletion, QFIA was extended from DNA to protein markers, which might be more
directly related to genetic changes than is aneuploidy. In addition, other studies have shown that using QFIA
with Gactin (a precursor molecule of the cytoskeleton) yields an early marker of carcinogenesis that can guide
chemoprevention studies and, in conjunction with tumor markers of aneuploidy and the presence of cells that
react with antibodies against tumor-specific antigens, can be helpful in the diagnosis and management of bladder
cancer in worker cohorts exposed to bladder carcinogens (Rao et al., 1990; Hemstreet al., 1992).

More important, those techniques might help to define individuals at risk for developing cancer and to
identify and monitor for the effects of chemopreventive agents.

DIFFERENTIAL-DISPLAY POLYMERASE CHAIN REACTION

Differential-display polymerase chain reaction (DD-PCR), as first presented by Liang and Pardee (1992)
and improved by Pardee (Liang et al., 1993) and Bauer and colleagues (1993) has facilitated the investigation of
altered gene expression in a wide range of applications. It might well become the method of choice for the
elucidation of the molecular mechanisms underlying the cellular response to xenobiotics. The responses that
occur on xenobiotic challenge involve an increase ("up-regulation") or a decrease ("down-regulation") in the
synthesis of structure-and differentiation-related proteins. Metabolism can be changed, various growth and signal
peptides and their receptors can be altered, and the growth kinetics of the cell can be affected.

Individual sections of base pairs on DNA are necessary to encode a particular protein. Identification of the
expression of these genes can use conventional techniques, such as Northern and Southern blots, but requires
knowledge of the nature of the expressed genes and the availability of previously characterized or identified
probes. Most mammalian cells express around 15,000 genes. Testing for each individually is a daunting task. In
the cell nucleus, polymerase enzymes copy a sequence of
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DNA by transcription to messenger RNA (mRNA). In the cell cytoplasm, proteins are ultimately synthesized on
the basis of the information encoded in the mRNA. In theory, electrophoresis of the total RNA can separate the
various mRNAs. In practice, some of the genes are expressed at very low levels, and their resolution is poor.

The general strategy of DD-PCR is to amplify partial DNA sequences copied from subsets of mRNA
(cDNA) by reverse transcriptase enzymes and PCR (Bauer et al., 1993; Liang and Pardee, 1992; Liang et al.
1993). It is necessary somehow to divide all the cDNA sequences so that the ones of interest can be identified.
To achieve this partitioning, a series of different primers is used. These primers initiate the reading of the DNA
sequence. At the 3'end, which contains the poly(A) tail characteristic of mRNA, 12 different 3'primers are used;
each one displays a different population of mRNAs. Further division can be obtained by the use of different
upstream primers. A set of arbitrary primers has been shown to yield optimal results (Bauer et al., 1993; Liang et
al., 1993). These delimit PCR at a specific length for each of the mRNAs. Each pair of 3' and upstream primers
reproducibly anneals to the same sequences in each successive PCR cycle and selects a discrete set of mRNAs.
A radioactive or fluorescent label is incorporated into the mixture to label the cDNAs and make them detectable.
Differentially expressed genes are evident from differences in intensity of corresponding bands in the two gels.
The sensitivity of the technique can be adjusted to any selected level of difference, thereby allowing those genes
that are differentially expressed at the highest level to be detected first, then the genes at smaller levels. For
example, genes with a difference in expression of a factor of 10 or higher could be identified first, then those
with a difference of a factor of 5-10, and so forth. The cDNAs can be isolated, further amplified, directly cloned,
or used as probes to isolate longer sequences.

DD-PCR has been widely applied to many fundamental problems in cancer research and other fields in
which identification of changes in gene expression is important. The technique is likely to have a large impact on
understanding of the underlying mechanisms of toxicity to the genitourinary tract and on the development of
markers with which to investigate risk in human populations.

CANCER OF THE PROSTATE

Prostate-Specific Antigen

Carcinoma of the prostate is the second most common cause of cancer deaths in men. Prostate-specific
antigen (PSA), a glycoprotein that is produced by the epithelial cells of the prostate and acts as a protease to
liquefy the seminal coagulum (Wang et al., 1979), has been used in screening for prostatic cancer, for its staging,
and as a marker of response to treatment. Although its utility has been demonstrated, controversy has developed
about its proper
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use. It is appropriate to consider the questions about PSA in a discussion of new technologies and the
development of other markers, which are likely to be associated with similar concerns when applied to clinical
decision-making.

Major issues to be addressed are the effectiveness of current screening programs to detect occult prostatic
cancer and the effectiveness of surgical intervention compared with conservative management. Only an
estimated 13% of men will benefit from current prostatic-cancer detection programs. Studies have compared
prostatic cancers found in radical cystoprostatectomy specimens (latent form) with prostatic-cancers detected in
current prostatic-cancer screening programs. In the screening programs, prostate cancer was identified with PSA
and digital rectal examination (DRE), and confirmed with ultrasonographically-guided needle biopsy of the
prostate. The studies were based on the observation that prognosis is unequivocally related to the size of the
tumor (McNeal et al., 1986), the stage of the disease, and the grade of the tumor. Tumors were organized into a
hierarchy of risk for cancer death on the basis of division into 10 categories. Some 300 patients underwent whole-
mount sections of the prostate with careful attention to the level of invasion and grade. At one end of the
spectrum were patients with positive surgical margins, seminal-vesicle invasion, or lymphnode invasion
(incurable). Only 4% of patients who came to radical prostatectomy were in the small-cancer or latent-cancer
group, 35% were in the incurable group, and the rest were in the intermediate groups, whose cancers were
potentially effectively controlled.

As longitudinal screening programs identify increased numbers of patients with organ-confined disease,
patient survival will improve (Catalona et al., 1991, 1993, 1994). However, because of an increased number of
multiple biopsies in these patients, a higher percentage of latent cancers will be detected. In some studies, only
5% of the patients with negative results of ultrasonography and DRE were in the group considered to have
biologically inactive disease. That finding is supported by the observation that 1 g or 1 cm3 of prostatic tissue
raises serum PSA by 3.5 ng/mL. Furthermore, there is no relationship between reported tumor volume and PSA
of less than 0.4 ng/mL. When tumor size, grade, and stage were compared with those in autopsy groups, 65% of
the autopsy cases were in the very-low-risk group. These studies illustrate several important points. First, PSA is
probably not detecting a large number of cases of latent prostatic cancer. Second, a high percentage of patients
are being detected when they are in the high-risk group and it is too late for cancer control. Third, the
identification of new biologic markers is necessary to decrease the length-time bias and to detect earlier cases
that are likely to progress rapidly to advanced disease. With the current markers, it is likely that the introduction
of screening programs will lead to a shift toward detecting cases in the treatable category, in that people will be
screened more often. The identification of markers of prostatic cancer with greater specificity and
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sensitivity might be helpful in epidemiologic studies designed to determine the relationship between xenobiotic
substances and the appearance or progression of prostatic cancer and to determine whether subsets of
environmental and nutrient factors that predispose to the aggressive form of prostatic cancer can be identified.

It is worth asking whether prostatic cancer is being detected and treated in many patients who will
ultimately die of other causes. Some studies indicate that most patients who are found to have prostatic cancer on
the basis of increased PSA are those who should be effectively treated with radical surgical intervention.
However, screening and treatment of this group must take several factors into consideration, including the cost of
the evaluation, the morbidity associated with the tests themselves, and the morbidity of those who will not be
cured, in contrast with those with progressive disease.

What would it mean for everyone with prostatic cancer to be treated? About 1–2% of men die of prostatic
cancer, and 10–12% have clinically manifest disease. If all the men over the age of 50 with prostatic cancer had
their cancers removed (30% of males), there would be an estimated 75,000 deaths due to surgery (assuming a
complication rate of 1%), in contrast with the 30,000 who would have died from prostatic cancer. These
screening programs do not take into consideration the morbidity of such an experiment, which would result in
impotence in 250,000 men and 20,000 deaths in the first year alone (Hinman, 1991). Some argue that the
surgical mortality is as low as 0.1%, but objective data from controlled trials are not available, and estimates
consider mortality only in the immediate perioperative period (Catalona, 1994).

Debate continues with regard to the appropriateness of screening with PSA and the efficacy of surgical
intervention, versus watchful waiting. A number of large clinical trials are being conducted to address these
issues. The results could have an impact on individual risk assessment. Methods to assess an individual's natural
life expectancy in relation to the biologic activity of the tumor are equally important.

Markers are useful to identify persons at risk, to detect preclinical disease, and to categorize clinical disease.
Any reduction in mortality and morbidity achieved by the use of new markers must be superior to current
diagnostic techniques. This includes cost assessments. Data are now available for comparing routine prostatic-
cancer screening that uses DRE. In a study of 6,600 men comparing screening with DRE and PSA, Catalona et
al. (1994) reported that DRE alone would miss 40% of prostatic cancers, and PSA alone would miss 23% of
prostatic cancers. When PSA was added to DRE, there was a 68% increase in the detection of organconfined
prostatic cancers. The results confirm the complementary nature of the two tests.

In initial screening programs with PSA and DRE, 9% of the patients underwent biopsy evaluation (Catalona
et al., 1993). Those who were negative were monitored every 6 months for 3 years. The longitudinal screening
indicated
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that 40% of men will develop prostatic cancer and that about 80% of men with PSA over 10 ng/mL will have
proven prostatic cancer. Screening doubles the identification of patients with organ-confined prostatic cancer.
The identification of patients with organconfined disease and a PSA between 4 and 10 ng/mL is controversial.
Only 40% of patients with PSA between 4 and 10 ng/mL will have prostatic cancer (Benson et al., 1992a,b).
Should we use PSA concentration or rate of its change as a guide to biopsy? Available data do not support a
delay in biopsy except in patients with a small prostate, and the consensus is that the rate of change in PSA
correlates poorly with prostatic cancer detection. The continued search for improved methods of interpreting
PSA results attests to the limitation of this marker.

Marker Development

Several major advances in marker research would improve the outcome of prostatic cancer marker
detection. The ideal marker would specifically detect potentially biologically active prostatic cancer in its
premalignant stages. The identification of a marker with a low false-positive rate that would reduce the number
of false-positive findings in patients with PSA concentrations between 4 and 10 ng/mL would reduce patient
evaluation costs. The identification of a marker that would detect patients with biologically active tumors
capable of rapid progression would identify the subgroup most in need of surgical intervention.

The frequent occurrence of multiple biopsies of the prostate in response to high false-positive PSA results
provides ample tissue samples for marker evaluation. Prostatic intraepithelial neoplasia (PIN) and adenomatous
hyperplasia are two premalignant lesions associated with prostatic tumorigenesis, and a grading scale has been
developed for these lesions. The term PIN I refers to dysplastic changes, but aggressive clinical actions such as
rebiopsy of the prostate, are not usually taken. In contrast, when PIN II or III is identified, the prostate is
commonly rebiopsied; these lesions have been associated with increased PSA Which of the premalignant lesions
will develop into prostatic cancer is of current interest, and such markers as oncogenes, growth factors, and
cytoskeletal markers are being evaluated (see Table 4-5). An understanding of the pathologic condition is
important for proper interpretation of pathologic results in the development of new markers.

Scientists are searching for new markers that will improve the sensitivity and specificity of the current PSA
test. PSA in blood predominantly forms a complex with alpha1-antichymotrypsin. The PSA might be irreversibly
inactivated in vitro by two protease inhibitors, alpha1-antichymotrypsin and alpha2u-globulin.

To improve the sensitivity of the PSA test, new assays have been developed to detect the different
molecular forms of PSA in serum. One assay detects binding of PSA to proteinase inhibitors, a
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second assay detects PSA in complex with alpha1-antichymotrypsin, and a third detects nonbound PSA.
Figure 6-3 depicts the three assays. Continuing studies indicate that the specificity of the PSA test might be
improved by quantitating the various forms of bound and nonbound PSA. The ratio of PSA bound to alpha1-
antichymotrypsin is higher in prostatic cancer patients; nonbound PSA is more commonly observed in patients
with benign prostatic hyperplasia.

The development of monoclonal antibodies for other markers more specific for prostatic cancer is in
progress. One major problem in prostatic cancer staging is seminal-vesical invasion. An assay that could
specifically detect seminal-vesical invasion would be a useful prognostic indicator.

Neuroendocrine Cells in the Prostate

There are highly specialized neuroendocrine epithelial cells in the prostate. They have endocrine and
paracrine functions and contain various peptides, including serotonin, calcitonin, and thyroid-stimulating
hormone. Increasing evidence suggests that these cells are important during prostatic growth and differentiation.
Cells with similar functions are found in the gastrointestinal tract and the respiratory system and are of local
endodermal origin. The endocrine and paracrine cells in the prostate are slender apical processes that extend into
the lumen and put out dendritic projections between adjacent epithelial cells.

The peptides are present in semen and are detectable with radioimmunoassay or high-performance liquid
chromatography. The dendritic processes identified with electron microscopy might exert a paracrine function on
adjacent epithelial cells. Of primary importance is that both afferent and efferent neurons have been observed in
association with neuroendocrine cells. The potential of these molecules either as growth regulators or as markers
of disease remains to be determined (see Table 4-5).

CANCER OF THE KIDNEY

This section discusses examples in urinary toxicology of the examination and use of biologic markers to
determine the choice of relevant test species and aid in the interpretation of the results of toxicity studies.

Renal Tumors in Male Rats Mediated by Alpha2u-globulin

A structurally diverse group of organic chemicals has been shown to cause a renal syndrome in male rats
that is manifested acutely by the accumulation of marker protein in renal proximal-tubule cells visible under the
light microscope as hyaline droplets (Hard et al., 1993; Health Effects Institute, 1985, 1988; USEPA, 1991a,b).
Mechanistic studies with a few select
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Figure 6-3 New assays developed to detect the different molecular forms of PSA in serum. Schematic representation
of three sensitive two-site immunofluorometric procedures to measure PSA immunoreactivity in serum. (A) Assay
T detects epitopes available on both the PSA molecule that did not form a complex and PSA that formed a complex
with proteinase inhibitors such as alpha-antichymotrypsin; (B) assay C, using the same catching antibody as assay
T, measures PSA that forms a complex with alpha 1-antichymotrypsin by a polyclonal tracing antibody against
alpha 1-antichymotrypsin; and (C) assay F detects PSA that has not formed a complex, but has difficulty
recognizing PSA that has formed a complex with proteinase inibitors such as alpha 1-antichymotrypsin. Source:
Lilja, H., A.T.K. Cockett, and P-R. Abrahamsson. 1992. Reprinted with permission of Cancer.
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chemicals have shown that the protein involved in the production of the hyaline droplets is alpha2u-globulin
(Alden et al., 1984; Dietrich and Swenberg, 1991; Lehman-McKeeman and Caudill, 1992a; Lock et al., 1987),
the major urinary protein excreted by adult male rats. Compared with the female rat and some other species,
including humans, the male rat is physiologically proteinuric (Neuhaus and Lerseth, 1979; Olson et al., 1990;
Shapiro and Sachchidananda, 1982; Vandoren et al., 1983). A large amount of the alpha2u-globulin is
synthesized in the liver of the male rat under the control of several hormones, particularly androgen (Feigelson
and Kurtz, 1977; Roy and Chatterjee, 1983; Roy and Neuhaus, 1967; Roy et al., 1983), but it has not been
detected in the liver of normal female rats or in other species, including humans (MacInnes et al., 1986; Sippel et
al., 1975). In addition to stimulating the synthesis of large amounts of alpha2u-globulin in the male rat,
testosterone suppresses the degradation of alpha2u-globulin (Feigelson and Kurtz, 1977; MacInnes et al., 1986;
Motwani et al., 1984; Roy and Chatterjee, 1983; Roy and Neuhaus, 1967; Roy et al., 1983; Sippel et al., 1975).
The predominant hypothesis linking alpha2u-globulin to renal carcinogenesis is that with continued exposure to
such chemicals as dlimonene and trimethylpentane, which bind to alpha2u-globulin and cause its accumulation,
the acute protein overload progresses to renal-cell injury, which can be observed histologically as cell necrosis in
the proximal tubule with the presence of granular casts in the outer medulla, chronic and progressive nephrosis,
and papillary linear mineralization (Alden, 1986; Borghoff et al., 1990; Flamm and Lehman-McKeeman, 1991;
Hard et al. 1993; Swenberg et al., 1989; USEPA, 1991b).

That rather well-defined progression of toxicity in male rats is referred to as alpha2u-globulin nephropathy
(Alden, 1989; Borghoff et al., 1990; Swenberg et al., 1989). Ultimately, there is an increase in the incidence of
tumors arising from the renal-tubule epithelial cells. It has been suggested that a chemical cannot induce alpha2u -
globulin nephropathy without having the potential for inducing tumors at some dose (Dominick et al., 1991).
Because the chemicals that produce this type of toxicity and carcinogenicity are nongenotoxic, it is suggested
that the renal-tubule tumors seen after chronic exposure to alpha2u-globulin hyaline-droplet-inducing agents
result from sustained target-organ toxicity that leads to increased renal-cell proliferation followed by promotion
of spontaneously-initiated cells of increased opportunity for mutagenesis (Alden, 1989; Swenberg et al., 1989;
Trump et al., 1984a); however, quantitative relationships between protein accumulation, renal disease, and
sustained increases in cell proliferation are not understood (Melnick, 1992). An alternative hypothesis is that of a
chemically mediated direct toxic effect on the kidney, where alpha2u-globulin influences the dose of toxic
chemical that reaches the target organ (Melnick, 1992).

The histopathologic sequence of this form of toxicity is distinctive, and the differences in potency and
species and
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sex susceptibility suggest that these chemicals act by mechanisms different from classical renal carcinogens
(Alden and Frith, 1991; Hard, 1987, 1990; Hard and Whysner, 1994; Lipsky and Trump, 1988). Nevertheless,
renal-tu-bali tumors induced by alpha2u-globulin accumulators are structurally indistin-guishable from either
spontaneous tumors or those induced by classical carcinogens (Hard, 1990; Lipsky and Trump, 1988; NTP,
1989, 1990). Although human renal-cell tumors are structurally similar to rodent tumors, the histopathology of
the alpha2u-globulin-induced nephropathy in affected kidneys in males differs remarkably from that in human
renal carcinoma (Bennington and Beckwith, 1975; Tannenbaum, 1971; USEPA, 1991).

The mechanistic data developed to understand the formation of male rat renal tumors mediated by alpha2u-
globulin are reviewed below. As discussed elsewhere in greater detail (Melnick, 1992; USEPA, 1991b), gaps in
data on specific mechanisms are considerable. For example, the crucial connections between cellular necrosis,
increased cell proliferation, tubular hyperplasia, and renal-tubule tumors are not proved, and the possibility that
similar proteins in humans lead to a common mechanism has not been completely ruled out. Chemical
substances that induce renal-tubular tumors in male rats must be evaluated one by one. d-Limonene is used as an
example of the accepted standard prototype alpha2u-globulin accumulator (Hard and Whysner, 1994).

The Environmental Protection Agency has reviewed the data on a number of chemicals that cause increases
in renal-tubule tumors in male rats and might increase alpha2u-globulin hyaline-droplet nephropathy, and it has
recommended criteria for the use of such information in risk assessment (USEPA, 1991b).

Acute Nephropathy

The renal effects of chemicals that induce alpha2u-globulin accumulation constitute a continuum of changes
that seem to be initiated by the appearance of eosinophilic hyaline droplets in the proximal-tubule epithelial cells
and that with chronic exposure progress to severe hyperplasia and tumorigenesis. The features of acute
nephropathy include accumulation of hyaline droplets in the proximal tubules; necrosis and regeneration,
particularly in the P2 segment of the proximal tubule; linear mineralization in the papilla; and granular cast
formation, primarily at the junction of the inner and outer stripes of the outer medulla (Alden et al., 1984, Halder
et al., 1984; Hard and Whysner, 1994; HEI, 1988; Swenberg et al., 1989).

Studies that have involved the administration of chemicals capable of inducing alpha2u-globulin
accumulation in immature rats, aged rats, castrated male rats, male NCI Black Reiter (NBR) rats that do not
synthesize alpha2u-globulin in the liver, male rats given estrogen, or female rats given exogenous estrogen and
alpha2u-globulin show that
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development of the nephropathy occurs only in the presence of alpha 2u-globulin (Chatterjee et al., 1989;
Dietrich and Swenberg, 1990; Garg et al., 1988, 1989b; Hobson et al., 1986; Logothe-topoulos and Weinbren,
1955; Murty et al., 1988; Ridder et al., 1990; Roy and Neuhaus, 1967; Sippel et al., 1975),

A background of protein-droplet formation is seen in the male rat kidney (Goldsworthy et al., 1988a;
Logothe-topoulos and Weinbren, 1955; Maunsbach, 1966a). The droplets consist of protein that is being
degraded within the phagolysosomal compartment of proximal-tubule epithelial cells. It is estimated that male
rat kidneys filter 40–50 mg of alpha2u-globulin each day and reabsorb about 25 mg of it into proximal-tubular
cells (Lehman-McKeeman and Caudill, 1992b; Neuhauss et al., 1981). In contrast, there is no background
incidence of hyaline droplets containing alpha2u-globulin in female rats, which synthesize less than one-
hundredth as much alpha2u-globulin as male rats (Vandoren et al., 1983); this small amount of protein probably
does not accumulate as histologically evident hyaline droplets. Thus, the physiologic processes underlying the
spontaneous formation of hyaline droplets probably constitute a threshold phenomenon and result from the large
quantities of alpha2u-globulin that the male rat reabsorbs each day.

Agents capable of inducing hyaline-droplet formation increase both the size and the number of droplets in
the male rat kidney—a process that requires the interaction of either the parent chemical or a metabolite with
alpha2u-globulin (Garg et al., 1989a; Short et al., 1987). The interaction is probably a rate-limiting step in the
development of nephropathy. It has been shown that the binding of hyaline-droplet-inducing agents to alpha2u-
globulin is reversible but highly specific, inasmuch as the dissociation constant for the ligand-alpha2u-globulin
complexes is around 10-7 M (Borghoff et al., 1991; Lehman-McKeeman and Caudill, 1992b). It is the binding of
a specific chemical to alpha2u-globulin that disrupts the normal handling of the protein in the kidney, particularly
its lysosomal degradation, and the protein-chemical complex accumulates within phagolysosomes (Lehman-
McKeeman et al., 1990a). For example, the dose-response curve for d-limonene-induced hyaline-droplet
nephropathy includes doses below which no exacerbation can be demonstrated (USEPA, 1991b).

Chronic Renal-Cell Injury and Proliferation

In addition to the manifestations just described of acute toxicity associated with alpha2u-globulin
nephropathy, chronic exposure to chemicals that cause the syndrome results in the development of more severe
glomerular lesions, and prominent linear mineralization often occurs in the kidney (Alden, 1989; Alden and
Frith, 1991; Bruner, 1984; Dominick et al., 1991; Trump et al., 1984b). The structural characteristics of the renal
injury associated with alpha2u-globulin nephropathy have been
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well described, but little has been learned about the mechanisms underlying the associated renal cell death
(Melnick, 1992; USEPA, 1991). Nor has the intracellular concentration of alpha2u-globulin required to trigger
cell death been determined. Whether a role exists for the nonbound chemical or metabolite and whether the
accumulation of alpha2u-globulin is the actual cause of the renal toxicity have been questioned (Melnick, 1992).
Renal injury can be initially identified as an impairment of proximal-tubule function with an increase in marker
cellular casts or debris in the urine (Alden et al., 1984; Kanerva et al., 1987a; Short et al., 1987). In addition, a
well-defined dose-response relationship indicates that a loss of renal function is observed only at dosages that
cause alpha2u-globulin nephropathy. Renal toxicity in both acute and subchronic types of d-limonene-induced
alpha2u-globulin nephropathy has been determined; it seems, in concordance with the hyaline-droplet response,
that dosages of less than 5 mg/kg per day (for 91 days) do not after renal-cortical function, as assessed by
transport of organic anions and cations (Webb et al., 1989). In direct contrast, dosages known to induce renal-
tubule tumor formation—from 75 to 150 mg/kg per day—cause marked loss of renal-cortical function (Lehman-
McKeeman et al., 1989).

The cytotoxicity and loss of renal function associated with alpha2u -globulin nephropathy cause a
compensatory. increase in renal-cell proliferation. For chemicals evaluated by the National Toxicology Program
(NTP) for subchronic and chronic toxicity, the histologic appearance of renal-cell hyperplasia is commonly
reported. Additional studies that used more-specific methods for measuring cell proliferation showed that
unleaded gasoline or 2,4,4-trimethylpentane (Short et al., 1987, 1989), d-limonene (Dietrich and Swenberg,
1991), and 1,4-dichlorobenzene (Charbonneau et al., 1989) increase cell proliferation, particularly in the P2
segment of the proximal tubule. The shape of the dose-response curve for renal-cell proliferation induced by
alpha2u-globulin nephropathy indicates a nonlinear relationship. A quantitative dose-response relationship
between protein accumulation, sustained cell proliferation, and tumorigenesis needs to be explored further.

Renal Neoplasia

Renal neoplasia occurs spontaneously in rats at a very low rate; tubule-cell adenoma and adenocarcinoma
are not apparent until the age of 2 years and even then are observed in only 0.2 and 0.1%, respectively, of often
studied strains of male rats and less than 0.1 and 0.1% of the female rats. If followed over the entire life span of
the rat, those incidences increase to 0.2 and 0.4% of male rats and 0.4 and 0.6% of female rats (Solleveld et al.,
1984). (See also National Toxicology Program (NTP) historical control data, e.g., USEPA, 1991c; NTP, 1990)
Known genotoxic renal carcinogens, such as substituted
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nitrosamines, do not exhibit acute hyaline-droplet nephropathy or sex or species specificity (Alden and Frith,
1991; Hard, 1987). Moreover, renal tubule-cell tumor incidence after exposure to a genotoxic renal carcinogen is
considerably higher, often approaching 100%. In direct contrast, the increased incidence of renal tumors
associated with an alpha2u-globulin hyaline-droplet inducer are generally low (the highest is 30%) even at
maximum tolerated doses.

Genotoxicity

The mutagenicity of hyaline-dropletinducing agents (both parent chemical and some of the metabolites that
bind to alpha2u-globulin) has been tested in a variety of assays, and these chemicals as a class are nongenotoxic
(Flamm and Lehman-McKeeman, 1991; Hard et al., 1993; Hard and Whysner, 1994). For d-limonene, the major
metabolite that binds to alpha2u-globulin is d-limonene 1,2-epoxide. The identification of a potentially reactive
epoxide intermediate that binds to alpha2u-globulin might raise some concern that this epoxide could also react
with DNA and be responsible for the renal carcinogenicity of d-limonene. However, that appears to be unlikely,
inasmuch as the 1,2-epoxide is a very stable moiety that binds reversibly to alpha2u-globulin, without forming
covalent adducts (Lehman-McKeeman et al., 1989). In addition, this epoxide is not mutagenic in Salmonella
species, does not induce sister-chromatid exchange in V79 cells, and causes no unscheduled DNA synthesis in
rat hepatocytes (Flamm and Lehman-McKeeman, 1991; Vonder Hude et al., 1989; Watanabe et al., 1980).
Collectively, the lack of genotoxicity of these chemicals, and their metabolites directly involved in the
interaction with alpha2u-globulin argues that ''nongenotoxic'' mechanisms must be involved in the chronic
carcinogenicity associated with acute alpha2u globulin nephropathy.

Related Proteins and Their Role in Safety Evaluation

Some uncertainty remains about whether human subpopulations might be sensitive to similar proteins and,
if so, the molecular identity, kinetics, and biology of these proteins in humans. The alpha2u-globulin found in
male rats is structurally related to a group of transport proteins, many of which are synthesized in humans. The
proteins in this group of about 20 low-molecular weight proteins, the alpha2u-globulin superfamily of proteins
called lipocalins, are similar in molecular weight, certain sequence homology, and tertiary structure (where it is
known) to the alpha2u globulin (Lehman-McKeeman and Caudill, 1992b; Pervaiz and Brew, 1987). They include
protein I (a minor urinary protein in humans, more abundant in male than female urine), retinol-binding protein
(synthesized in the liver by all mammals), apolipoprotein D (isolated from human plasma), pregnancy-associated
endometrial alpha2-microglobulin (isolated from human pancreas), bovine
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beta-lactoglobulin, and mouse urinary protein (MUP), the protein most closely resembling alpha2u-globulin
(Åkerström and Lögdberg, 1990; Bernard et al., 1989; Brooks, 1987; Pervaiz and Brew, 1987; Pevsner et al.,
1988; Snyder et al., 1988). The only member of this superfamily with a clearly defined physiologic function is
retinol-binding protein, although all of them are thought to be carriers of lipophilic molecules. Although male
rats have a much higher urinary protein concentration than humans (Flamm and Lehman-McKeeman, 1991),
because concentrations of protein homologues in human urine are well below those of alpha2u-globulin in male
rats (Berggard, 1970; Ekstrom and Berggard, 1977; Peterson and Berggard, 1971), it is highly unlikely that
enough protein could accumulate in the normal human kidney to result in hyaline-droplet formation (Hard and
Whysner, 1994). Abnormal accumulation of hyaline droplets can be seen in disease processes, however. For
example, large amounts of proteins are produced in multiple-myeloma patients (Pirani et al., 1983), lysozyme is
produced in human mononuclear-cell leukemia (Muggia et al., 1969), and hyaline-droplet accumulation is
observed in patients with epidemic hemorrhagic fever who are infused with large amounts of concentrated
human serum albumin (Oliver and MacDowell, 1958).

Although mouse urinary protein is more abundant in males, females excrete it. In addition, mouse urinary
protein accounts for 4% of the total hepatic mRNA in mice, whereas alpha2u-globulin accounts for about 1% of
the rat hepatic MRNA. Lehman-McKeeman and Caudill (1992a,b) reported that neither d-limonene 1,2-oxide
nor the reactive metabolite of 2,4,4-trimethyl-2-pentanol binds to MUP or to protein 1. Binding of the reactive
metabolite to the protein appears to be necessary for materials to induce a protein nephropathy related to protein
accumulation. Differences in renal metabolite concentrations are not clearly due to binding, however, in that
most of the metabolite in the kidney is not associated with alpha2u-globulin. If the phenomenon involves a direct
chemical action, the delivery of the active metabolite to the target is important, so characterization of the
binding, turnover, and transport properties of lowmolecular-weight, lipophilic ligand-binding proteins in humans
might be more relevant than the quantities of protein.

Male Rat Renal Tumors in the Assessment of Risk to Humans

The preceding discussion has laid out the predominant view of the mode of action in the development of
renal tumors caused by alpha2u-globulin. An alternative mode of action has been proposed by Melnick (1992),
who suggested that other factors besides alpha2u globulin accumulation might be involved in the proliferative
response. A nongenotoxic chemical that causes renal tumors in male rats but not in female rats or in other species
is probably acting through the alpha2u-globulin mechanism if there is evidence of hyalinedroplet
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formation and of alpha2u-globu-lin in the droplets, there is granular cast formation in the outer medulla and
papillary linear mineralization, there is increased cell replication in the renal tubules, and there is no evidence of
another plausible mechanism.

The renal carcinogens believed to work through the alpha2u-globulin mechanism fulfill the first two criteria;
several also fulfill the third criterion, and some fulfill the fourth. But d-limonene and 2,2,4-trimethylpentane are
the only two of these chemicals that have been sufficiently investigated to establish binding of their metabolites
to alpha2u-globulin and, perhaps just as important, the absence of binding to other members of the superfamily of
alpha2u-globulin lowmolecular-weight proteins (Lehman-McKeeman and Caudill, 1992a).

Tetrachloroethylene is an interesting example of a chemical that has been shown to cause alpha2u-globulin
accumulation and to induce renal tumors at a low incidence in male rats. The hyaline droplets appear only at very
high doses—only at concentrations above the high dose of the carcinogenicity bioassay (Goldsworthy et al.,
1988a; Green et al., 1990; Parker et al., 1992; USEPA, 1991c). In addition to the postulated alpha2u-globulin
mechanism, scientific evidence supports other alternative mechanisms. At least four different mechanisms of
renal carcinogenesis have been postulated for tetrachloroethylene (Parker et al., 1992; USEPA, 1991c).
Cytotoxic and potent mutagenic tetrachloroethylene metabolites that could contribute to the tumorigenesis of this
chemical are formed in the kidney (Dekant et al., 1986; Green and Odum, 1985; Green et al., 1990; Vamvakas et
al., 1989). Peroxisome proliferation occurs in the kidneys of rodents exposed to tetrachloroethylene and
conceivably could contribute to the induction of renal tumors (Goldsworthy and Popp, 1989). In the case of
tetrachloroethylene, the mode of renal turnorigenesis is not understood. Therefore, the renal tumors observed in
male rats after tetrachloroethylene exposure would be considered as contributing to the overall weight of
evidence in identifying potential cancer hazards to humans, although the tumors would not be used to derive a
quantitative risk estimate because of the feasibility of their resulting in part from the alpha2u-globulin
nephropathy.

d-Limonene is the example of a tested chemical that meets all the criteria for the alpha2u-globulin process of
renal-tumor induction. The renal-tumor data on d-limonene do not indicate much likelihood of this chemical's
producing human cancer, and it is appropriate to refrain from extrapolating the potential hazard and risk rate
from the male rat renal tumors produced by d-limonene to humans (USEPA, 1991a,b; Hard and Whysner, 1994).

Studies have shown increased excretion of alpha2u-globulin after low to moderate lead exposure (Mathias et
al., 1992) and have identified renal leadbinding proteins (Fowler and DuVal, 1991) as the kidney-specific
cleavage product of alpha2u-globulin minus the first nine N-terminal residues. Recent
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studies have demonstrated the presence of similar lead-binding proteins in human kidney, liver, and brain
cytosolic fractions (Kahng et al., 1992). Further research is needed to determine the possible roles of these
proteins in mediating the observed increase (Steenland et al., 1992) in renal cancer in persons occupationally
exposed to lead.

SUMMARY

New technologies using modern advances in molecular biology, genetic engineering, in vitro tissue-culture
systems, and animal-model systems provide a wide variety of new methods that can be applied to biologic-
marker research. The new technologies are rapidly being integrated into strategies for biologicmarker research
pertaining to the genitourinary tract and, in a broader perspective, to other organ systems as well. The potential
number of biologic markers is enormous. Each newly identified marker will require careful evaluation before its
use in human population studies.

Several important lessons have been learned from the use of PSA as a clinical biologic marker for prostatic
cancer. The uncertainties associated with its use have emphasized the need for the cooperation of various
disciplines—including biostatistics and epidemiology, the basic sciences, and clinical specialties—to review the
utility of specific biologic markers before their integration into clinical practice.

Extensive studies have attempted to extrapolate data concerning alpha2u-globulin from animal studies to
human conditions, such as nephrotoxicity and renal cancer. The results emphasize the need for caution in the
extrapolation of in vitro and nonhuman in vivo studies to humans. At the same time, it is notable that potential
biologic markers, such as alpha2u-globulin, can be studied in relation to environmental stress. Some markers are
quantifiable at the singlecell level, and the interactions of various cells can be investigated. New technologies—
such as differential PCR, quantitative in situ PCR, and quantitative fluorescence image analysis (QFIA)—
facilitate the use of biologic markers to describe genotypic and phenotypic changes associated with xenobiotic
exposure.

New technologies can also promote the study of biologic markers at the cellular level. Particularly
important are the changes that occur in nucleic acid synthesis, which regulate cell growth and death and which
enhance our understanding of carcinogenesis, nephrotoxicity, and other diseases of the genitourinary tract.
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7

CONCLUSIONS AND RECOMMENDATIONS

The recommendations of the Subcommittee on Biologic Markers in Urinary Toxicology follow in sequence
the main sections of the report. This report brings into focus the limitations of current epidemiologic methods
and laboratory tests for clearly defining the adverse effects of xenobiotics on the genitourinary tract. Current
advances in epidemiology, biochemistry, molecular biology, and biologic-marker research have laid the
groundwork for the development of programs of individual risk assessments and disease prevention. These
programs will be most effective if implemented before the onset of irreversible nephrotoxicity or symptomatic
cancer. To advance biologic-marker research, a multidisciplinary approach coupled with integration into a policy
aimed at disease prevention could substantially reduce the adverse health effects associated with toxic exposures
and the accompanying costs. The ability to assess an individual's risk, as opposed to a group risk, offers an
additional approach to protecting the health of workers and the general public. In the conclusions and
recommendations that follow, parallels have been drawn, when possible, between the effects of nephrotoxicants
and those of other xenobiotics that are involved in carcinogenesis or have other adverse effects on the kidney,
bladder, or prostate.

TOXIC EXPOSURE OF THE URINARY TRACT

The Kidney

Conclusion

In a substantial number of persons who have ESRD, the precise cause of kidney failure is unknown. Despite
the data that have been collected on the nature of the patient population with ESRD, a definitive statement about
the impact of occupational and environmental nephrotoxicants cannot be made. Specifically, the subcommittee
noted the disproportionate incidences of ESRD among minority populations in the United States, and it has
become known that several factors—including
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race and economic status—can be important predicters of ESRD. The lack of specific and comprehensive
information on the impact of occupational and environmental nephrotoxicants on diseases of the kidney and
urinary tract is troublesome. The possible correlations between the development of clinically significant renal
disease and race, economic status, and exposure to occupational and environmental nephrotoxicants suggest the
need for epidemiologic studies.

Recommendation

For patients entering programs for treatment of ESRD, details of occupational history or other
factors that would show the impact of patients' environments on their condition should be obtained. As a
first step, available information in relevant databases should be examined. Studies should be undertaken
to determine whether the higher incidences of ESRD among minority groups and the economically 
disadvantaged are related to occupational or environmental exposure to nephrotoxicants. Epidemiologic
studies need to focus on the various populations at risk; this focus should include not only the
identification of the populations but their continued monitoring.

Conclusion

Some susceptible populations in the United States have anatomic or physiologic differences in the kidneys
at birth that might help to explain their propensity for renal damage. As a result, they are less tolerant of various
stresses, including exposure to environmental or occupational nephrotoxicants. Although emphasis has been
placed on the toxicity of environmental and occupational nephrotoxicants, as well as diagnostic and therapeutic
agents, a less well-defined problem is the frequency and severity of renal injury that results from recreational-
drug use. Understanding the spectrum of urologic and renal diseases that might be produced by occupational or
environmental agents requires integration of studies of the anatomy, biochemistry, and physiology of the kidney
in conjunction with knowledge of the mechanisms of injury and disease.

Recommendation

Studies should be performed to determine whether an association between anatomic or physiologic
differences of the kidney at birth and the later response to environmental or occupational nephrotoxicants
leads to susceptibility to disease or to progression once disease occurs.

Data should be collected on the incidence of renal abnormalities among recreational-drug users to
determine the influence of those substances on the rate of progression of renal disease due to other causes.

Basic studies are needed to determine
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the effects of occupational and environmental toxicants on specific segments of the kidney. These effects
should be correlated with biochemical and anatomic changes.

The Bladder

Conclusion

Bladder cancer has been strongly associated with xenobiotic exposure. The bladder is an accessible site and
is therefore an excellent model system for investigations of xenobiotic carcinogenesis.

Recommendation

Human bladder cancer induced by xenobiotic exposure in worker cohorts should be investigated to
develop strategies of individual risk assessment, to formulate programs for prevention, and to evaluate
new forms of therapy. Strategies of individual risk assessment need to be developed as the cornerstone of
prevention. Once cohorts of at-risk persons are identified, they should be enrolled in long-term
monitoring studies to assess the efficacy of prevention and treatment strategies.

Conclusion

Xenobiotics are potentially of importance in diseases of the bladder other than cancer.

Recommendation

Further research on the direct effect of xenobiotics on the bladder and the interactions of xenobiotics
with the protective mechanisms of the bladder is very likely to uncover additional evidence that the
bladder is a target organ. Markers associated with susceptibility should be identified to define the higher
relative risk of disease in an exposed subset of the population.

The Prostate

Conclusion

In the United States, widespread screening for prostatic cancer has become accepted for white men over the
age of 50 and black men over the age of 40. This screening has been associated with a high false-positive rate. In
addition, quiescent disease is not sufficiently differentiated from biologically active disease.

Recommendation

Options for improving the efficacy of screening procedures should be studied. Tests with lower false-
positive rates should be developed, as should tests able to detect premalignant changes and to separate 
quiescent from biologically active disease.
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BIOLOGIC MARKERS OF EXPOSURE AND SUSCEPTIBILITY

The most efficient program for determining the importance of occupational and environmental toxicants
and carcinogens in diseases of the urinary tract would include the identification of various susceptible
populations and the correlation of disease processes with exposure to the agents. Linking markers of
susceptibility and effect with markers of exposure is potentially a very powerful strategy for individual risk
assessment. Biologic markers substantially increase the ability to evaluate the importance of low-level
exposures, whether single or multiple.

Conclusion

To use markers to their greatest advantage, high-risk populations must be targeted.

Recommendation

Populations at risk of renal insults and carcinogenesis should be defined. Markers of human exposure
and susceptibility should be sensitive (i.e., detectable before injury occurs), noninvasive, and chemically 
stable.

Conclusion

Susceptibility of particular populations is important in determining the onset of many diseases. Various
factors modify human susceptibility to the effects of occupational and environmental nephrotoxicants. For
example, specific genes that determine whether people are predisposed to develop disease have been identified.
Some people inherit one defective copy of a tumor-suppressor gene and are at much greater risk for cancer than
people who have two intact copies. Likewise, individual variations in metabolic pathways play a large role in
susceptibility to cancer and toxicity. The goal of identifying markers of susceptibility and exposure is not to
separate one population from another but rather to limit exposure to magnitudes that are tolerated by all.

Recommendation

Genetic and nongenetic factors that modify susceptibility to occupational and environmental
genitourinary toxicants and carcinogens should be considered in the evaluation of individual
susceptibility. These include sex, race, nutrition, socioeconomic factors, age, coexisting chronic disease,
and drug abuse.

Conclusion

Some forms of renal disease are closely associated with chronic exposure tonephrotoxic agents, such as the
renalinjury that accompanies heavy use of analgesic agents, including nonsteroidalanti-inflammatory drugs. In
others, the
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data relating exposure to disease are circumstantial but highly suggestive, such as the renal injury that has been
associated with exposure to various hydrocarbons.

Recommendation

Markers of exposure and susceptibility should be identified to determine the relationship between
coincident exposure to nephrotoxicants and the development or progression of chronic renal disease.
Particular attention should be given to the role of widespread and sometimes excessive use of analgesics,
including non-steroidal anti-inflammatory drugs, in diseases of the urinary tract. Clinicians should be
aware of the danger associated with abuse of these agents and should query renal-disease patients about
their use. In particular, patients with established renal disease should be wary of exposure to these agents 
and other potential nephrotoxicants.

BIOLOGIC MARKERS OF EFFECT

Biologic markers of effect are pivotal in defining preclinical genitourinary and premalignant disease and are
key to the prevention of nephrotoxicity and cancer. Biologic markers of effect are key to relating biologic
markers of exposure and susceptibility to disease.

Conclusion

The "ideal" biologic marker of effect has been described in this report. No such ideal marker has been
developed for the kidney, but a variety of markers have found wide acceptance. Because they might reflect
different aspects of renal function, become detectable at different stages of exposure, or have different
sensitivities and analytic reliability, no single test should be relied on for the demonstration of renal effects.
Understanding the functional role of markers of effect is important in defining pathogenesis.

Recommendation

A battery of relatively simple and noninvasive tests should be used as a first step in screening
populations at risk. On the basis of available information and technology, adequateinitial screening results 
should be obtained by testing for proteinuria with dipsticks and then measuring urinary concentrating
ability and serum creatinine and, for more sensitive measurements of tubular integrity, monitoring for an
increase inurinary enzyme or low-molecular-weight protein excretion. Application of those tests to a
population exposed, for instance, to diagnostic procedures or treatment with nephrotoxicants might
identify early renal damage with adequate sensitivity.
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Conclusion

Among established procedures for screening populations at risk, urinalysis and clearance measurements will
continue to yield important functional markers of renal injury. The usefulness of clearances for evaluation of
glomerular filtration would be much increased by the development of nonisotopic techniques for measuring, e.g.,
iodothalamate or chromium ethylenediaminetet-raacetic acid in plasma or urine. A number of testing procedures
in addition to the well-established ones have been cited.

Recommendation

Several of the newer testing procedures hold promise of future usefulness and should be further
investigated. Among them are tests of urinary excretion of various growth factors, such as epidermal
growth factor (EGF), and other tubular enzymes, such as intestinal alkaline phosphatase (LAP); both
reflect some specificity of localization along the nephron and of cellular origin.

Conclusion

Molecular techniques have identified a variety of potentially useful markers of renal-cell injury. These
include the products of expression of some early genes and changes in the expression of renal cytokines, growth
factors, and growth factor receptors.

Recommendation

It is highly likely that studies of these and similar molecular events will yield better markers of effect,
and continued research in this area should be encouraged.

Conclusion

Fundamental advances have been made in the last decade in understanding the genetic basis of cancer and
how it results from the subversion of normal growth controls by genetic and epigenetic mechanisms. Important
species differences have been identified, and itis important to study cancer in humans, in whom stromal-
epithelial interactions and the specific genetics of growth control are manifested.

Recommendation

Understanding fundamental cellular and molecular mechanisms of growth control in human tissues
undergoing carcinogenesis (e.g., high-risk occupationally exposed populations or patients with
premalignant processes) should be emphasized, because it is highly likely that more
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specific markers of effect will beidentified and allow early intervention.

Conclusion

Cancer and many other diseases can have an important preclinical phase. Markers that define progress along
the course of disease would be of value.

Recommendation

Markers that define preclinical disease should be identified.

Conclusion

Carcinogenesis involves mutational events that are primary and events that occur as a result of genetic
instability.

Recommendation

Markers that detect xenobiotic-induced mutational events should be identified.

USE OF BIOLOGIC MARKERS IN EXTRAPOLATION

Conclusion

The human being is the best systemto study for the identification of biologic markers. However, practical
concerns and the expanding number of potential biologic markers mandate selected studies of nonhuman systems
to develop an understanding of the biology underlying marker expression. Suchstudies have proved to be of
considerable value and are necessary for a full appreciation of the effects of xeno-biotics. Information gained
from the study of environmental and occupational nephrotoxicants has been of fundamental value in identifying
susceptible populations, reducing exposure, and modifying effects. Animal models and in vitro systems have
utility for studying basic mechanisms and for identifying potential biologic markers and the effects of
xenobiotics on whole organisms. The importance of living organisms for studies of xenobiotic tissuesis
recognized. Despite the advent of alternative research methods, animal studies continue to be necessary to
prevent or minimize the impact on human populations.

Recommendation

Models for the identification and validation of markers should continue to be developed. The
modelsmust have sufficient sensitivity to distinguish between normal and abnormal function and must
correlate well with known human toxicities. The models also must distinguish between functional 
alterations and pathologic changes. To obtain those
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characteristics, it will be necessary to develop and apply new technologies. Issues related to cost
effectiveness should be considered.

Whole-animal studies should be used to establish target-organ specificity and to assess renal function
in relation to survival. Species, sex, and strain differences must be taken into account in selecting animal 
models for particular uses.

In vitro methods should be used for mechanistic studies; the choice of models should depend on
compatibility and validation with whole-animal studies.

Metabolic studies should be conducted to ascertain whether xenobiotics (or other agents) are
biotransformed to reactive and toxic species and to identify sites of transformation, including renal tissue
and other tissue in the urinary tract.

NEW TECHNOLOGIES

Two branches of study are central to the development of new markers: research into the mechanisms of cell
growth, regeneration, and proliferation; and further study of the metabolic capacities of the kidney. Two
categories of dispute are acknowledged: the problems that can emerge from the too rapid and widespread use of
a single marker for a specific disease, as typified by the introduction of the test for prostate-specific antigen
(PSA) for the detection of prostatic cancer; and the problems associated with extrapolation from animal studies
to human conditions, as illustrated by the interpretation of the importance of renal accumulation of alpha2u-
globulin.

Conclusion

Cell repair can occur in response to cell injury. Thus, markers of cell growth, regeneration, and proliferation
can indicate injury and be particularly useful when an injury is difficult to detect. In this circumstance, markers
of repair may be the only indication that injury has occurred. This class of markers is not fully developed and
holds promise as a new generation of markers.

Recommendation

Research should continue toward better understanding of the mechanisms of cell injury, because they
can underlie the development of new markers. Emphasis should also be placed on understanding the
mechanisms of cell growth, regeneration, and proliferation. Insight into the factors that control the cell
cycle, regulate various growth factors, influence gene expression, and modulate nucleic acid synthesis
might be critical in the development of new classes of markers.

Conclusion

Changes in metabolic pathways can
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also occur in response to cell injury. Thus, biochemical markers associated with these pathways can be of value
in detecting nephrotoxicity and carcinogenesis. Like markers of cell growth, regeneration, and proliferation, this
class of markers is not fully developed and holds substantial promise.

Recommendation

Research should continue toward better understanding of the metabolic pathways of the kidney in
relation to the effects of xenobiotics and susceptibility to them.

Conclusion

Understanding of the mechanisms of both cell growth and metabolism will allow further definition of the
steps in the initiation and progression of various urinary tract cancers. It is anticipated that parallels will emerge
that will yield insight into the progression of parenchymal renal disease.

Recommendation

Attention should be directed toward a deeper understanding of the mechanisms by which proto-
oncogenes, tumor-suppressor genes, and epigenetic factors regulate the cell cycle and how damage to these 
mechanisms is related to disease. Attention should also be directed toward the elucidation of metabolic
pathways, particularly as they are related to the production of toxic metabolites. Additional markers 
should be identified that help to identify populations at risk and to study the mechanisms by which
environmental and occupational toxicants promote cancer.

Conclusion

Observations of the effects of growth factors on the prostate are conflicting. There are several reasons for
the differences. First, assay methods are not uniform. Second, cells under study might have both low and high-
affinity receptors for a given peptide; cell response could depend on the strength of the signal and the
concentrations of peptide. Third, both normal and neoplastic tissues are heterogeneous, and the expression of a
given protein can vary widely among cells in different regions. Fourth, tumors might be hormonally sensitive or
insensitive.

Recommendation

Research on the relation of growth factors to the prostate requires rigorous experimental approaches
and designs and must consider multiple variables. Studies of biochemical changes in the areas next to a 
prostatic tumor might be more informative than analysis of the cancer itself.
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Conclusion

Several agents share a curious relationship between nephrotoxicity and renal carcinogenesis. One example
involves the response to lead exposure, which can lead to either acute or chronic lead nephropathy and under
some circumstances can be associated with renal tumors.

Recommendation

The general relationship between nephrotoxicity and renal carcinogenesis should be explored.

Conclusion

The technology that is likely to yield new markers is complex. Equally complex is the identification of
susceptible populations with the appropriate clinical assessment of exposure and effect. The use of biologic
markers is essential in the examination of xenobiotic-induced diseases and other diseases of the human kidney,
bladder, and prostate. Comprehending the sequences of events is an iterative process that involves a complex
data set derived from scientific advances in molecular biology, epidemiology, pathology, biochemistry, and
clinical medicine. Assembly of those data into an organized framework will be a major step toward individual
risk assessment and should be a long-term objective.

Recommendation

To achieve the desired goal of identifying more-useful markers, cooperation between laboratory
scientists, epidemiologists, and clinical researchers should be encouraged. Assays, particularly those
involving enzymes or molecular probes, must be replicable in different laboratories.
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