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PREFACE
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opened by Dr K.A. van der Heijden on behalf of the
Netherlands and the host institute. The  Secretariat
responded and welcomed the participants on behalf of the
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and the Commission of the European Communities. The Task
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The drafts of this Monograph were prepared by DR P.
BACH, Guildford, United Kingdom, PROFESSOR W.O.
BERNDT, Omaha, USA and PROFESSOR R. GOYER, London,
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many scientists made constructive suggestions and their
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in Figure 2 were supplied by Dr N.J. Gregg, in Figure 4 by
Professor W. Guder, and in Figure 14 by the Department of
Toxicology, Institute for Medical Research and Occu-
pational Health, University of Zagreb. Following the Task
Group, Dr P. Bach and Dr M. Robbins collated the text for
IPCS. Dr E. Smith and Dr P.G. Jenkins, both of the Central
Unit, IPCS, were responsible for the overall scientific
content and technical editing, respectively.
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1. SCOPE OF THE HEALTH SIGNIFICANCE
OF NEPHROTOXICITY

Over the last 20 years it has become increasingly
obvious that the kidney is adversely affected by an array
of chemicals. Man is exposed to these as medicines, indus-
trial and environmental chemicals, and a variety of nat-
urally occurring substances. The level of exposure varies
from minute quantities to very high doses. Exposure may be
over a long period of time or limited to a single event,
and it may be due to a single substance or to multiple
chemicals. The circumstances of exposure may be inadver-
tent, accidental, or intentional overdose or therapeutic
necessity. Some chemicals cause an acute injury and others
produce chronic renal changes that may lead to end-stage
renal failure and renal malignancies. The extent and cost
of clinically relevant nephrotoxicity has only started to
become apparent during the last decade. However, the full
extent of the economic impact of chemically induced or
associated nephropathy is difficult to define because the
diagnosis of early injury and the documentation of the
cascade of secondary degenerative changes have not been
adequately identified. Instead most chemically associated
renal disease 1s only identified as an acute renal failure
or as chronic renal failure at a very late stage when
therapeutic intervention 1is impossible. More importantly
at this stage, the etiology may be obscured by lack of
reliable information on the likely causative agents, the
levels and duration of exposure, and other possible con-
tributing and exacerbating factors. At present, epidemio-
logical evidence indicates that nephrotoxicity leading to
acute and/or chronic renal failure represents a substan-
tial financial burden to society (Nuyts et al, 1989).
Indeed, there is some indication that chemical exposure
could play a much greater influence in the very high inci-
dence of end-stage renal disease encountered in nephrology
and dialysis clinics than is currently considered to be
the case,

There are already several examples of this type of
chemically associated disease that went unrecognized for
some time. These include those nephropathies caused by
cadmium, other environmental heavy metals, and, wmore
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recently, the organo-metallic compounds wused as thera-
peutic agents, anti-cancer drugs, cyclosporin, analgesic
abuse, and antibiotics.

Owing to its diverse functions and small mass in
relation to the resting cardiac output that it handles,
the kidney is a target both for chemicals that are pharma-
cologically active and for toxic material. The nephron and
its related cells perform a diversity of physiological
functions. It is the major organ of excretion and homeo-
stasis for water-soluble molecules; because it is a meta-
bolically active organ, it can concentrate certain
substances actively. In addition, its cells have the
potential to bioconvert chemicals and metabolically acti-
vate a variety of compounds. There are a number of other
processes described below that establish the potential for
cellular injury. Specific physiological characteristics
are localized to specific cell types. This makes them
susceptible to, and the target for, chemicals. The effect
of any chemical on a cell may be pharmacological, in which
case the effect is dose related and occurs only as long as
the concentration of the effector is high enough to be
active, Alternatively, the chemical may cause damage to
the cell. The cell responds to injury by repair and the
kidney responds to cellular lesion by renal and extrarenal
adaptation to compensate for Joss of that cell function.
Although there is a substantial capacity within the kidney
for repair, there are also several circumstances where
damage may be irreversible. In general, the proximal and
distal tubules and wurothelia can be repaired, but the
glomeruli and medulla may have a significantly lower
repair facility. It is, therefore, possible to initiate a
series of degenerative changes as a result of interfering
with one or more of the normal physiological processes.

The Environmental Health Criteria monographs normally
focus on industrial chemicals, but at present most of the
experimental and human information on nephrotoxicity is
based on therapeutic substances. These data are most
useful because there are animal and human comparisons for
specific chemicals where the levels of exposure and the
nephrotoxicological consequences are well documented.
From these data it has been possible to glean some under-
standing of mechanisms of primary injury and the long-term
consequences and health significance. Thus, these com-
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pounds are generally well studied, and the more rational
understanding of the mechanism of their nephrotoxicity in
animals and man provides the basis for validating extrapo-
lation between species and making rational risk assess-
ment.

Most risk assessment decisions are currently based on
information concerning the aminoglycosides, halogenated
anaesthetics, several heavy metals, and lithium, where
there is an excellent concordance between animal data and
findings in humans exposed to these agents (Kluwe et al,
1984; Porter & Bennett, 1989). This has provided some
predictive indication of what will take place in humans
exposed to analogues of these compounds. On the other
hand, the demonstration that the occurrence of light
hydrocarbon-related adenocarcinomas is specific to male
rats shows that there are examples where the molecular
understanding of a renal lesion in animals is irrelevant
to humans.

There are also therapeutic agents where attempts to
extrapolate from animals to0 man have not been as success-
ful. These include compounds such as cyclosporin, anal-
gesics and non-steroidal anti-inflammatory agents. It has,
however, been possible to develop some model lesions that
parallel those in humans using these compounds. Generally,
different protocols have had to be wused, such as water
deprivation and renal injury, but these have in turn
provided the basis for developing improved screening
methods for such chemicals and also for probing the mol-
ecular nature of the lesion. There are, however, a number
of chemicals, such as renal carcinogens, mycotoxins, other
natural toxins, and anti-cancer drugs, and some types of
lesion, such as the immunonephropathies, where it has been
difficult to establish good models in animals. A host of
chemicals alter glomerular filtration rate (GFR) or some
other aspect of renal function, but the long-term health
significance is still not known and it is uncertain how to
extrapolate such data to man.

17
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2. NEPHROTOXICITY

Nephrotoxicity can be defined as renal disease or
dysfunction that arises as a direct or indirect result of
exposure to medicines, and industrial or environmental
chemicals. It is well established that toxic nephropathies
are not restricted to a single type of renal injury. Some
chemicals target one discrete anatomical region of the
kidney and may affect only one celi type. Chemical insult
to the kidney may result in a spectrum of nephropathies
that are indistinguishable from those that do not have a
chemical etiology.

2.1 Target selectivity

It has become increasingly apparent that there are a
number of chemicals that may adversely affect one or more
of the anatomical elements of the kidney, such as the
glomerulus, proximal, intermediate, and distal tubules,
and medullary, endothelial, and urothelial cells. Although
some of these cell types (such as the proximal tubular
cells) have a marked ability to repair damaged regions,
others, such as the glomerular epithelium and the “type 17
medullary  interstitial cells, do not. Tt is for this
reason that the dynamic process that follows any renal
injury can affect the outcome of the chemical insult.

2.2 The dynamics of renal injury

The renal response to injury is dynamic, and the kid-
ney adapts to maintain homeostasis during the cascade of
repair and recovery that follows the primary insult (Bach,
1989). Depending on the type and frequency of the damage,
and the region of the kidney that is damaged, the organ
can respond by a recovery, a reduced functional reserve,
or by a progressive degenerative change. A reduced func-
tional reserve may play a very important role in sensi-
tizing the kidney to subsequent renal injury, and an
initiated  degenerative cascade may either stabilize or
progress to acute or chronic renal failure. It is not
possible to differentiate between a kidney that has
totally recovered, one with a reduced functional reserve,
and an organ with early progressive degenerative change,

18
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except in animals where function and morphology can be
assessed under well controlled conditions.

2.3 Classification of renal disease

Classification of renal disease can be based on clini-
cal manifestations, pathological changes, or eticlogical
agents. WHOQO has prepared a number of detailed and illus-
trated publications in recent years on the classification
of renal disease (WHQ 1982, 1985, 1987, 1988). The gener-
al approach is to subdivide the kidney into major anatomi-
cal components {i.e. glomeruli, tubules and interstitium,
and blood wvessels) and to relate these to the major clini-
cal syndromes characteristic of renal diseases. Table |
contains a modified classification of renal disease that
focuses on major disorders of the kidney that may be
associated with nephrotoxins. This  classification 15
consistent with previous WHOQO publications and textbooks of
nephrology and pathology and provides a framework for
discussing the mechanisms and pathology of nephrotoxicity.
It must be appreciated that nephrotoxic agents may have
multiple anatomical targets and that toxicity manifests
itself in more than one clinical syndrome. Further dis-
cussion of renal effects due to specific agents are dis-
cussed below,

2.4 The epidemiology of nephrotoxicity

Putting the health significance of nephrotoxicity into
perspective is difficult because of the diverse array of
chemicals that target different parts of the kidney, the
spectrum of disease consequences, and the many interacting
factors. There is also uncertainty in assessing changes in
renal function before they reach the point where preven-
tive medicine can no longer be practised and therapeutic
intervention may be appropriate,

Many industrial and environmental chemicals and thera-
peutic agents have been shown in experimental studies and
from acute toxic exposures to be nephrotoxins, but the
extent of their contributions to the overall incidence of
chronic renal failure 15 not known. Data extracted from
the European Dialysis and Transplant Association Registry
identified only about 4% of patients starting renal
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Table 1. Classification of renal disease due t6 nephrotoxing in humans

1. Immunologically mediated
Antibody mediated
Membranous glomerulonephntis or immune complex type disease
metals (geld, mercury)
D-penicillaming
drugs responsible for a lupus-like syndrome
(hydralazine, procainamide, diphenyihydantein)

Anti-glomerular basement membrane antibody mediated

organic solvents
hydrocarbons

2. Tcellmediated {?)
Nephrotic syndrome with minimal glomerular changes

lithium salts
non-steroidal anti-inflammatory agents

replacement therapy in 1984 as having drug or chemical
associated renal disease. However, nearly 50% of these
patients were considered possible (but not diagnosed)
cases of toxic nephropathy (Dieperink, 1989). Of those
patients identified as having chemical-related renal dis-
ease, analgesic nephropathy is the most important recog-
nized outcome. In an analysis of the European Dialysis and
Transplant Association Registry (1986), the prevalence of
analgesic nephropathy was found to vary greatly between
countries. [t is highest in Switzerland (18.1%) and
Belgium (11.8%) and accounts for over 4% of patients in
Denmark, Germany, Czechoslovakia, and Austria. in 20
countries the prevalence is lower than one patient in
every hundred (European Dialysis and Transport Association
Registry, 1986; Wing et al.,, 1989). Other specific drug
nephropathies recorded less frequentiy include those due
to cisplatin (cis-platinum) and cyclosporin A. A small
number of patients had other specific drug or chemical-
related nephropathies.

The role of the toxic agents that may contribute to
the 50% of cases of chronic renal failure of undiagnosed
etiology is less certain. There is opportunity for expo-

20



EHC 119: Nephrotoxicity

sure to a number of chemicals in the workplace or ambient
environment (drugs included) that are possible nephro-
toxins. It has been estimated that there were nearly four
million workers in the USA with potential occupational
exposure to known or suspected nephrotoxins in the 1970s
(Landrigan et al., 1984). The major occupational exposure
is to workplace solvents, but toxic metals and organic
compounds, including pesticides, are of great concern. The
well documented occurrence of subclinical nephropathies in
subjects occupationally exposed to nephrotoxins such as
lead or cadmium (see section 3.5), the excess of mortality
for renal diseases in cohorts of waorkers with previous
exposure to these two heavy metals (Bennett, 1985; Bernard
& Lauwerys, 1986), and, more recently, the suggestion that
subclinical renal effects caused by cadmium are early
signs of an accelerated and irreversible decline of renal
function (Roels et al., 1989) should all be noted. The
linkage of these risks to the actual occurrence of chronic
renal failure has not, however, been possible. A review of
the end-stage renal disease (ESRD) population in the USA
has shown that at least 19% have a renal disease of un-
known or non-specific etiology (Burton & Hirschman, [1979).
If other diagnostic groups that have uncertain etiologies,
such as the 30% with glomerulo-nephritis, 5% with inter-
stitial nephritis of suspected etiology (lead, analgesics,
etc.) and possibly the 8% diagnosed as having pyeloneph-
ritis, are added, it becomes apparent that the etiology of
a large portion of patients with chronic renal failure is
unrecognized or undefined. Environmental factors may have
a previously unrecognized role in the etiology of these
lesions.

There are many reasons for the failure to recognize
toxic etiologies (Sandler, 1987). A major reason is that
chronic renal failure develops slowly over a number of
years, so that retrospective identification of a toxic
agent requires knowledge of lifestyles, therapies, or
workplace environments that might provide risk factors.
However, such data are genera[ly not available. Unless the
drug or toxic chemical is persistent in tissues, it is
usually not possible to confirm or quantify exposure. The
inability to recognize multiple etiologies or confounding
factors adds further complexity to the problem. There is
also lack of wuniformity in clinical and pathological
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diagnoses. A further complexity is that there 5 a
tendency to categorize chronic renal failure by a mixture
of  pathological and  etiological classifications. For
example, in one instance a patient may be classified as
having chronic interstitial nephropathy on the basis of a
renal biopsy, whereas another patient with the same patho-
logy might be classified as having toxic nephropathy due
to exposure to a nephrotoxic chemical because of knowledge
of exposure. In a survey of patients requiring dialysis in
Israel, Modan et al. (1975) found diagnostic inconsist-
encies between hospital diagnosis, autopsy reports, and
diagnosis made by the study reviewers. Disagreement was
most often seen for chronic glomerulo-nephritis, chronic
pyelonephritis and nephrosclerosis. The stage of the
pathological process or severity influences  classifi-
cation. Interstitial nephritis tends to be diagnosed more
frequently in the early stages of chronic renal failure,
whereas glomerulonephritis is a more common diagnosis for
patients undergoing dialysis. There may be a rational
basis for this in that the scarring in persistent inter-
stitial nephritis does impede blood supply to the glomeru-
lus. This could lead to glomerular disease and intersti-
tial nephritis despite the fact that there are different
etiologies or risk factors for the two conditions.

The identification of chronic pyelonephritis 1s made
more precise by following established criteria. These
include the presence of gross irregular scarring, inflam-
mation, fibrosis and deformity of calyces underlying
parenchymal scars, predominant tubulointerstitial histo-
logical damage, and relative lack of glomeruli. There is
evidence that some of the chronic interstitial nephritis
that is labelled chronic pyelonephritis is due to some-
thing other than bacterial infection.

Environmental  Health  Criteria 27  Guidelines on
Studies in Environmental Epidemiology (WHO, 1983) provides
guidelines for obtaining human data concerning the health
effects of exposure to chemical agents. For agents that
produce acute renal failure, long-term follow-up may
identify those instances where chronic renal disease has
persisted. For agents that give rise to accidental
poisoning, clinical case reports can provide important
information. In the case of agents where exposure to
larger population segments occurs, information may be
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obtained by using statistical and epidemiological methods
to investigate possible nephrotoxicity from such exposures
(as compared to a non-exposed control group). Specific
segments of the population that might be at higher risk to
a potential nephrotoxic drug or workplace chemical should
be particularly closely monitored for renal effects.

There are marked differences between the incidence of
analgesic-associated ESRD in different countries and
within the same country (Table 2). This varies from up to

Table 2. Nationat prevalence of analgesic nephropathy
in patients with end-stage renal failure

% %
South Africa 22 Scandinavia (1979) 3
Switzerland (1980) 20 France (1979) 2
Belgium (1384) 18 USA 2
Australia {1985) 15 United Kingdem {1973) 1
Federal Republic of 13 ltaly (1979) 1
Germany {1983) Spain (1979) 0.4
Canada (1976} 3

22% in Australia (in 1982) and in parts of some of the
European countries to as low as 0.2% in the USA. It is
generally considered that the withdrawal of phenacetin has
lead to the disappearance of the high incidence of renal
papillary necrosis (RPN) in Scandinavia, Canada, and
Australia, but a high incidence remains in Switzerland,
Belgium, and the Federal Republic of Germany (Gregg et
al.,, 1989). Specific geographical locations may have
analgesic abuse problems such as the Winston-Salem area
(USA). Worldwide wvariability in the prevalence of anal-
gesic nephropathy has long been recognized. The corre-
lation of the incidence of this disease with local anal-
gesic consumption has been demonstrated. However, the
relation between both phenomena is not well established
since comparable consumption data, focussed on the sales
of analgesic mixtures, are not available in most
countries. The high frequency abuse area in Belgium is
situated in the north (Fig. la), where up to 31% of dialy-
sis patients are analgesic abusers, but this is markedly
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Hasselt

Fig. 1a. Analgesic nephropathy as a cause of end-stage renal failure in Belgium
(1684). Population, 10 million; area, 30 515 km<; chronic dialysis units
(*}, 54, total numbers of patients under chronic dialysis, 2334, (0) and
number, patients with end-stage renal failure caused by analgesic nephropathy
expressed as % of patients treated in the dialysis unit(s). From: Elseviers &
De Broe (1988).
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Fig. 1b. Prevalence of terminal analgesic nephropathy in the Federal Republic
of Germany (1988). From: Pommer et al. {1986); pmp, per million population.
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lower in the south (Elseviers & De Broe, 1988). In
Germany (Fig. 1b) the highest prevalence is in West Berlin
(up to 50%), Hamburg, and Bremen (Pommer et al., 1986).
These data indicate that the prevalence of this disease
has been underestimated on a national basis. There are
indications that the overall prevalence of this disease
has also been underestimated in several other countries.
Local well-conducted studies of the prevalence of anal-
gesic nephropathy showed higher prevalences than the
European Dialysis and Transport Association Registry. In
the Federal Republic of Germany, a prevalence of 13% of
analgesic nephropathy in dialysis patients was found,
while the appropriate European Dialysis and Transport
Association data was never more than 6% (Pommer et al.,
1986). In Belgium, the prevalence of analgesic nephropathy
was 18%, whereas the European Dialysis and Transport
Association registered a prevalence of 12% (Elseviers & De
Broe, 1988). The percentage of nephropathies of unknown
etiology and of pyelointerstitial nephritis may also indi-
cate an underestimation of analgesic nephropathy. These
percentages are low in countries with a high prevalence of
analgesic nephropathy (Switzerland and Belgium) and are
high in countries such as Italy and Spain (Wing et al,
1989) where analgesic nephropathy is considered to be
rare. Analgesic nephropathy progresses silently over a
long period, and so the diagnosis is difficult. In ad-
dition, most patients deny being analgesic abusers, which
further confounds diagnosis. Symptoms are nonspecific
until the degenerative cascade affects the cortex, when
renal failure occurs. Moreover, even when the renal fail-
ure is recognized, the diagnosis of analgesic nephropathy
remains difficult unless diagnostic criteria are
established.

2.5 Risk factors for toxic nephropathies

The risk of developing a clinically significant
nephrotoxicity depends on pre-existing clinical conditions
and may be identified in specific patient populations.
Hypertension, diabetes, cardiovascular disease, etc. are
all thought to have the potential to exacerbate nephro-
toxicity, but many of these conditions have not been sys-
tematically investigated for all types of nephrotoxicity.
There are examples where both chemicals and other disease
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factors cause a lesion. For example, sickle cell disease
and diabetes can cause renal papillary necrosis, a con-
dition that is also common in individuals who abuse anal-
gesics. The risk factors that predispose individuals to
renal papillary necrosis are not clear, and it is also un-
clear whether diabetics are at greater risk of developing
the lesion if they take high doses of analgesics. This
question cannot be resolved until better diagnostic
criteria are developed to identify the lesion before it
involves the cortex, Risk may also wvary for different
nephrotoxins. While Bence-Jones protein excretion con-
siderably  increases the risk of radiocontrast-induced
renal injury, the effects of other types of chemicals in
patients with multiple myeloma are not clear. Therefore
recognition of the risk factors 1s necessary for the
understanding and prevention of renal damage.

There are also many examples of animal data that have
not yet been translated into risk terms in humans. For
example, the immature kidney may be resistant to amino-
glycosides (Marre et al., 1980) an