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& Attended 6 Decenber 1989 only.
NOTE TO READERS OF THE CRI TERI A DOCUMENTS

Every effort has been nmade to present information in the criteria
docunents as accurately as possible w thout unduly delaying their
publication. In the interest of all users of the environmental health
criteria docunments, readers are kindly requested to conmuni cate any
errors that may have occurred to the Manager of the International
Programe on Chemical Safety, Wrld Health Organi zati on, Geneva,
Switzerland, in order that they may be included in corrigenda, which
wi || appear in subsequent vol unes.

* * *

A detailed data profile and a legal file can be obtained fromthe
Internati onal Register of Potentially Toxic Chemicals, Palais des
Nations, 1211 Geneva 10, Switzerland (Tel ephone No. 7988400 or
7985850) .

PREFACE

The preparation of this nonograph was undertaken jointly by the
I nternational Programme on Chemcal Safety (UNEP/ILQ WHO and the
Conmi ssion of the European Communiti es.

A joint WHO CEC Task G oup on Principles and Methods for the
Assessnent of Nephrotoxicity Associated with Exposure to Chemicals net
at the National Institute of Public Health and Environnental
Protection, Bilthoven, the Netherlands, from4 to 8 Decenber 1989. The
neeting was opened by Dr K A van der Heijden on behalf of the
Net herl ands and the host institute. The Secretariat responded and
wel coned the participants on behalf of the three cooperating
organi zations of the IPCS (UNEP/ILO WHO) and the Conmi ssion of the
Eur opean Communities. The Task G oup reviewed and revised the draft
criteria docunent and prepared a final text.

The drafts of this Mnograph were prepared by DR P. BACH,
GQui l df ord, United Kingdom PROFESSOR W O. BERNDT, QOmaha, USA and
PROFESSOR R. GOYER, London, Ontario, Canada. During the preparation of
t he nonograph, many scientists made constructive suggestions and their
contributions are gratefully acknow edged. The phot ographs in Figure
2 were supplied by Dr N.J. Gegg, in Figure 4 by Professor W Cuder,
and in Figure 14 by the Departnent of Toxicology, Institute for
Medi cal Research and Cccupational Health, University of Zagreb.
Fol | owi ng 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.

ABBREVI ATl ONS

ADH anti-diuretic hornone

Al'N acute interstitial nephritis
ARF acute renal failure

BEA 2- br onpet hal ani ne

BEN Bal kan endem ¢ nephr opat hy
BUN bl ood urea nitrogen
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CIN chronic interstitial nephritis

DBCP 1, 2- di br ono- 3- chl or opr opane

DCvC S- (1, 2-di chl orovi nyl )-L-cysteine
DTPA di et hyl enetri am ne pentaacetic acid
EDTA et hyl enedi ami netetraacetic acid

ESRD end- stage renal disease

GAG gl ycosam nogl ycan

GBM gl omer ul ar basenent menbrane

GFR glonmerular filtration rate

GSH gl ut at hi one- SH

H&E haemat oxol i n and eosin

HCBD hexachl or o- 1, 3- but adi ene

HPLC hi gh- performance |i qui d chromat ogr aphy
LDH | act at e dehydr ogenase

3MC 3-met hyl chol ant hr ene

NAC N acetyl cysteine

NADPH reduced ni coti nam de adeni ne di nucl eoti de phosphat e
NNM N- ni t r osonor phol i ne

NSAI D non-steroidal anti-inflamatory drugs
PAH p- am nohi ppur at e

PAS periodic acid Schiff stain

PCBD S-(1, 2,3, 4, 4-pent achl oro- 1, 3- but adi enyl
PG prost agl andi n

PoG pr ot eogl ycan

RPN renal papillary necrosis

TEA tetraet hyl amoni um

UCM urographi ¢ contrast nedi um

ubP uri di ne di phosphate

1. SCOPE OF THE HEALTH SI GNI FI CANCE OF NEPHROTOXI CI TY

Over the last 20 years it has becone increasingly obvious that
the kidney is adversely affected by an array of chemicals. Man is
exposed to these as nedicines, industrial and environnental chemicals,
and a variety of naturally occurring substances. The | evel of exposure
varies fromminute quantities to very high doses. Exposure nmay be over
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a long period of tine or Ilimted to a single event, and it nmay be due
to a single substance or to multiple chemcals. The circunstances of
exposure may be inadvertent, accidental, or intentional overdose or
therapeutic necessity. Some chemicals cause an acute injury and others
produce chronic renal changes that may | ead to end-stage renal failure
and renal nmalignancies. The extent and cost of clinically rel evant
nephrotoxicity has only started to becone apparent during the |ast
decade. However, the full extent of the economic inpact of chemcally
i nduced or associ ated nephropathy is difficult to define because the
di agnosi s of early injury and the docunentati on of the cascade of
secondary degenerative changes have not been adequately identified.

I nstead nost chem cally associated renal disease is only identified as
an acute renal failure or as chronic renal failure at a very late
stage when therapeutic intervention is inpossible. Mre inportantly 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 contributing and exacerbating factors. At
present, epidem ol ogical evidence indicates that nephrotoxicity

| eading to acute and/or chronic renal failure represents a substanti al
financial burden to society (Nuyts et al., 1989). Indeed, there is
sone indication that chenical exposure could play a nuch greater

i nfluence in the very high incidence of end-stage renal disease
encountered in nephrology and dialysis clinics than is currently

consi dered to be the case.

There are already several exanples of this type of chenmically
associ ated di sease that went unrecogni zed for sone tine. These include
t hose nephropat hi es caused by cadnmi um other environnmental heavy
netals, and, nore recently, the organo-netallic conpounds used as
therapeutic agents, anti-cancer drugs, cyclosporin, anal gesic abuse,
and anti biotics.

Oning to its diverse functions and snall nass in relation to the
resting cardiac output that it handles, the kidney is a target both
for chemcals that are pharmacol ogically active and for toxic
material. The nephron and its related cells performa diversity of
physi ol ogi cal functions. It is the major organ of excretion and
honeostasis for water-sol ubl e nol ecul es; because it is a netabolically
active organ, it can concentrate certain substances actively. In
addition, its cells have the potential to bioconvert chemicals and
nmetabolically activate a variety of conpounds. There are a nunber of
ot her processes described bel ow that establish the potential for
cellular injury. Specific physiological characteristics are |ocalized
to specific cell types. This nakes them susceptible to, and the target
for, chemcals. The effect of any chemi cal on a cell nay be

phar macol ogi cal, 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 chenical nmay cause danage to the cell. The

cell responds to injury by repair and the kidney responds to cellul ar
| esion by renal and extrarenal adaptation to conpensate for |oss of
that cell function. Although there is a substantial capacity within
the kidney for repair, there are also several circunstances where
damage may be irreversible. In general, the proxinmal and distal
tubul es and urothelia can be repaired, but the glonmeruli and nedulla
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 nore of the normal physiol ogi cal processes.

The Environnental Health Criteria nonographs nornally focus on
i ndustrial chemicals, but at present nost of the experinental and
human i nformati on on nephrotoxicity is based on therapeutic
subst ances. These data are nost useful because there are aninmal and
human conpari sons for specific chenicals where the |evels of exposure

Page 9 of 185



Nephrotoxicity associated with exposure to chemicals, principles and methods for the assessment o...

and t he nephrotoxicol ogi cal consequences are well docunented. From
these data it has been possible to glean sonme understandi ng of
mechani sns of primary injury and the | ong-term consequences and heal th
significance. Thus, these conpounds are generally well studied, and
the nore rational understanding of the nmechanismof their
nephrotoxicity in aninals and man provi des the basis for validating
extrapol ati on between speci es and naking rational risk assessnent.

Most risk assessnment decisions are currently based on information
concerni ng the ani nogl ycosi des, hal ogenated anaesthetics, severa
heavy netals, and |ithium where there is an excellent concordance
bet ween ani mal data and findings in humans exposed to these agents
(Kluwe et al., 1984; Porter & Bennett, 1989). This has provi ded sone
predictive indication of what will take place in humans exposed to
anal ogues of these conmpounds. On the other hand, the denonstration
that the occurrence of |ight hydrocarbon-rel ated adenocarci nomas is
specific to nmale rats shows that there are exanpl es where the
nol ecul ar understanding of a renal lesion in animals is irrelevant to
humans.

There are al so therapeutic agents where attenpts to extrapol ate
fromanimls to man have not been as successful. These include
conmpounds such as cycl osporin, anal gesics and non-steroida
anti-inflammtory agents. It has, however, been possible to devel op
some nodel |esions that parallel those in humans using these
compounds. Cenerally, different protocols have had to be used, such as
wat er deprivation and renal injury, but these have in turn provided
the basis for devel oping i nproved screening nmethods for such chemicals
and al so for probing the nol ecular nature of the |l esion. There are,
however, a nunber of chemnicals, such as renal carcinogens, mycotoxins,
ot her natural toxins, and anti-cancer drugs, and sone types of [esion,
such as the i munonephropat hi es, where it has been difficult to
establish good nodels in animals. A host of chenicals alter glonerular
filtration rate (GFR) or sone other aspect of renal function, but the

l ong-term health significance is still not known and it is uncertain
how to extrapol ate such data to man.

2. NEPHROTOXI CI TY

Nephrotoxicity can be defined as renal disease or dysfunction
that arises as a direct or indirect result of exposure to nedicines,
and industrial or environmental chenmicals. It is well established that
toxi ¢ nephropathies are not restricted to a single type of rena
injury. Some chemicals target one discrete anatom cal region of the
ki dney and may affect only one cell type. Chenmical insult to the
ki dney may result in a spectrum of nephropathies that are
i ndi stinguishable fromthose that do not have a chemnical etiol ogy.

2.1 Target selectivity

It has becone increasingly apparent that there are a nunber of
chemical s that may adversely affect one or nore of the anatonica
el enents of the kidney, such as the glonerulus, proxinal,
i ntermedi ate, and distal tubules, and nedullary, endothelial, and
urothelial cells. Al though sone of these cell types (such as the
proxi mal tubul ar cells) have a marked ability to repair damaged
regi ons, others, such as the glomerular epitheliumand the "type 1"
medul lary interstitial cells, do not. It is for this reason that the
dynani ¢ process that follows any renal injury can affect the outcone
of the chem cal insult.

2.2 The dynamcs of renal injury

Page 10 of 185



Nephrotoxicity associated with exposure to chemicals, principles and methods for the assessment o...

The renal response to injury is dynamc, and the kidney adapts to
mai ntai n honmeostasi s 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 functional reserve nmay
play a very inportant role in sensitizing the kidney to subsequent
renal injury, and an initiated degenerative cascade nmay either
stabilize or progress to acute or chronic renal failure. It is not
possible to differentiate between a ki dney that has totally recovered,
one with a reduced functional reserve, and an organ with early
progressi ve degenerative change, except in aninmals where function and
nor phol ogy can be assessed under well controlled conditions.

2.3 d(dassification of renal disease

Classification of renal disease can be based on clinica
mani f est ati ons, pathol ogi cal changes, or etiol ogical agents. WO has
prepared a number of detailed and illustrated publications in recent
years on the classification of renal disease (WHO 1982, 1985, 1987,
1988). The general approach is to subdivide the kidney into najor
anat om cal conponents (i.e. gloneruli, tubules and interstitium and
bl ood vessels) and to relate these to the major clinical syndrones

characteristic of renal diseases. Table 1 contains a nodified
classification of renal disease that focuses on najor disorders of the
ki dney that may be associated with nephrotoxins. This classification
is consistent with previous WHO publications and textbooks of

nephrol ogy and pat hol ogy and provides a franmework for discussing the
mechani sns and pat hol ogy of nephrotoxicity. It nust be appreciated
that nephrotoxic agents nay have multiple anatonical targets and that
toxicity manifests itself in nore than one clinical syndrome. Further
di scussion of renal effects due to specific agents are di scussed

bel ow.

2.4 The epidem ol ogy of nephrotoxicity

Putting the health significance of nephrotoxicity into
perspective is difficult because of the diverse array of chemcals
that target different parts of the kidney, the spectrum of disease
consequences, and the nmany interacting factors. There is al so
uncertainty in assessing changes in renal function before they reach
the point where preventive nedicine can no | onger be practised and
therapeutic intervention nmay be appropriate.

Many industrial and environmental chenicals and therapeutic
agents have been shown in experinental studies and from acute toxic
exposures to be nephrotoxins, but the extent of their contributions to
the overall incidence of chronic renal failure is not known. Data
extracted fromthe European Dialysis and Transpl ant Associ ation
Registry identified only about 4% of patients starting rena
repl acenent therapy in 1984 as having drug or chem cal associ ated
renal di sease. However, nearly 50% of these patients were considered
possi bl e (but not di agnosed) cases of toxic nephropathy (D eperink
1989). O those patients identified as having chenical-rel ated rena
di sease, anal gesic nephropathy is the nobst inportant recognized
outconme. In an analysis of the European Dialysis and Transpl ant
Associ ation Registry (1986), the preval ence of anal gesi c nephropat hy

was found to vary greatly between countries. It is highest in
Switzerland (18.1% and Bel gium (11.8% and accounts for over 4% of
patients in Dennmark, Gernmany, Czechoslovakia, and Austria. 1In 20

countries the prevalence is | ower than one patient in every hundred
(European Dialysis and Transport Association Registry, 1986; Wng et
al ., 1989). Oher specific drug nephropathies recorded |l ess frequently
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include those due to cisplatin ( cis-platinun) and cyclosporin A A
smal | nunmber of patients had other specific drug or chemical-rel ated
nephr opat hi es.

The role of the toxic agents that may contribute to the 50% of
cases of chronic renal failure of undi agnosed etiology is |ess
certain. There is opportunity for exposure to a nunmber of chemicals in
the wor kpl ace or anbi ent environnent (drugs included) that are
possi bl e nephrotoxins. 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 mmj or occupational exposure is to workplace sol vents, but

Table 1. Cdassification of renal disease due to nephrotoxins in human

1. I nmmunol ogi cally nmedi at ed
Ant i body nedi at ed
Menbr anous gl omer ul onephritis or inmune conpl ex type di sease
nmetal s (gold, mercury)
D penicillam ne
drugs responsible for a lupus-like syndrone
(hydral azi ne, procai nam de, di phenyl hydant oi n)

Anti - gl onerul ar basenent nenbrane anti body nedi at ed

organi ¢ solvents
hydr ocar bons

2. T cell nediated (?)
Nephrotic syndrome with m nimal gl onerul ar changes

lithiumsalts
non-steroidal anti-inflammtory agents

toxic nmetals and organi ¢ conpounds, including pesticides, are of great
concern. The well docunented occurrence of subclinical nephropathies
in subjects occupationally exposed to nephrotoxins such as |ead or
cadm um (see section 5.5), the excess of nortality for renal diseases
in cohorts of workers with previous exposure to these two heavy netal s
(Bennett, 1985; Bernard & Lauwerys, 1986), and, nore recently, the
suggestion that subclinical renal effects caused by cadmiumare early
signs of an accelerated and irreversible decline of renal function
(Roels et al., 1989) should all be noted. The |Iinkage 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)

popul ation in the USA has shown that at |east 19% have a renal disease
of unknown or non-specific etiology (Burton & H rschman, 1979). If

ot her di agnostic groups that have uncertain etiol ogies, such as the
30% wi th gl onmerul o-nephritis, 5% wth interstitial nephritis of
suspected etiology (lead, anal gesics, etc.) and possibly the 8%

di agnosed as havi ng pyel onephritis, are added, it becones apparent
that the etiology of a large portion of patients with chronic rena
failure is unrecogni zed or undefined. Environnental factors may have
a previously unrecognized role in the etiology of these |esions.

There are nmany reasons for the failure to recognize toxic

etiologies (Sandler, 1987). A nmjor reason is that chronic rena
failure devel ops slowy over a number of years, so that retrospective
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identification of a toxic agent requires know edge of |ifestyles,

t herapi es, or workplace environnents that m ght provide risk factors.
However, such data are generally not available. Unless the drug or
toxic chemcal is persistent in tissues, it is usually not possible to
confirmor quantify exposure. The inability to recognize multiple
etiol ogi es or confounding factors adds further conplexity to the
problem There is also lack of uniformty in clinical and pathol ogica
di agnoses. A further conplexity is that there is a tendency to
categorize chronic renal failure by a m xture of pathol ogi cal and
etiological classifications. For exanple, 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

pat hol ogy mi ght be classified as having toxic nephropathy due to
exposure to a nephrotoxi c chem cal because of know edge of exposure.
In a survey of patients requiring dialysis in Israel, Mdan et al
(1975) found diagnostic inconsistencies between hospital diagnosis,
aut opsy reports, and diagnosis nmade by the study reviewers.

D sagreenent was nost often seen for chronic gl onerul o-nephritis,
chroni ¢ pyel onephritis and nephroscl erosis. The stage of the

pat hol ogi cal process or severity influences classification
Interstitial nephritis tends to be diagnosed nore frequently in the
early stages of chronic renal failure, whereas gl onerul onephritis is
a nore conmon di agnosis for patients undergoing dialysis. There nmay
be a rational basis for this in that the scarring in persistent
interstitial nephritis does inpede blood supply to the gl onmerul us.
This could lead to gl onerul ar di sease and interstitial nephritis
despite the fact that there are different etiologies or risk factors
for the two conditions.

The identification of chronic pyelonephritis is nade nore precise
by follow ng established criteria. These include the presence of gross
irregular scarring, inflammtion, fibrosis and defornity of calyces
under | yi ng parenchymal scars, predom nant tubulointerstitial
hi st ol ogi cal damage, and relative |ack of gloneruli. There is evidence
that some of the chronic interstitial nephritis that is |abelled
chroni c pyel onephritis is due to sonething other than bacterial
i nfection.

Environnmental Health Criteria 27: Quidelines on Studies in
Envi ronnment al Epi dem ol ogy (WHO, 1983) provides guidelines for
obt ai ni ng human data concerning the health effects of exposure to
chem cal agents. For agents that produce acute renal failure,
long-termfollowup may identify those instances where chronic rena
di sease has persisted. For agents that give rise to accidental
poi soning, clinical case reports can provide inportant information. In
the case of agents where exposure to |arger popul ati on segnents
occurs, information may be obtai ned by using statistical and
epi dem ol ogi cal nmethods to investigate possible nephrotoxicity from
such exposures (as conpared to a non-exposed control group). Specific
segnents of the population that mght be at higher risk to a potenti al
nephrot oxi ¢ drug or workplace chem cal should be particularly closely
nonitored for renal effects.

There are narked differences between the incidence of
anal gesi c-associated ESRD in different countries and within the sane
country (Table 2). This varies fromup to 22%in Australia (in 1982)

Tabl e 2. National preval ence of anal gesi c nephropat hy
in patients with end-stage renal failure

% %
South Africa 22 Scandi navi a (1979) 3
Swit zerl and (1980) 20 France (1979) 2
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Bel gi um (1984) 18 USA 2
Australia (1985) 15 Uni ted Ki ngdom (1979) 1
Federal Republic of 13 Italy (1979) 1
Germany (1983) Spain (1979) 0.4
Canada (1976) 3

and in parts of sone of the European countries to as low as 0.2%in
the USA. It is generally considered that the w thdrawal of phenacetin
has | ead to the di sappearance 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 |ocations nay have
anal gesi ¢ abuse probl ens such as the Wnston-Sal em area (USA).

Worl dwi de variability in the preval ence of anal gesic nephropat hy has

| ong been recognized. The correlation of the incidence of this disease
with | ocal anal gesic consunption has been denonstrated. However, the
rel ati on between both phenonena is not well established since
compar abl e consunpti on data, focussed on the sales of anal gesic

m xtures, are not available in nost countries. The high frequency
abuse area in Belgiumis situated in the north (Fig. 1a), where up to
51% of dialysis patients are anal gesi c abusers, but this is markedly
lower in the south (Elseviers & De Broe, 1988). In Germany (Fig. 1b)
the highest prevalence is in Wst Berlin (up to 50%, Hanburg, and
Bremen (Pommrer et al., 1986). These data indicate that the preval ence
of this disease has been underestimated on a national basis. There
are indications that the overall preval ence of this disease has al so
been underestimated in several other countries. Local well-conducted
studi es of the preval ence of anal gesi c nephropathy showed hi gher
preval ences than the European Dial ysis and Transport Associ ation

Regi stry. In the Federal Republic of Germany, a preval ence of 13% of
anal gesi ¢ nephropathy in dialysis patients was found, while the
appropri ate European Dial ysis and Transport Associ ation data was never
nore than 6% (Pomrer et al., 1986). In Belgium the preval ence of

anal gesi ¢ nephropat hy was 18% whereas the European D alysis and
Transport Associ ation registered a preval ence of 12% (El seviers & De
Broe, 1988). The percentage of nephropathi es of unknown etiol ogy and
of pyelointerstitial nephritis nmay al so indicate an underestimation of
anal gesi ¢ nephropathy. These percentages are low in countries with a

hi gh preval ence of anal gesic nephropathy (Switzerland and Bel gi um and
are high in countries such as Italy and Spain (Wng et al., 1989)
wher e anal gesi ¢ nephropathy is considered to be rare. Anal gesic
nephropat hy progresses silently over a |ong period, and so the
diagnosis is difficult. In addition, nost patients deny being

anal gesi ¢ abusers, which further confounds diagnosis. Synptons are
nonspeci fic until the degenerative cascade affects the cortex, when
renal failure occurs. Mrreover, even when the renal failure is

recogni zed, the diagnosis of anal gesic nephropathy remains difficult
unl ess 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 nay be identified in
specific patient popul ations. Hypertension, diabetes, cardiovascul ar
di sease, etc. are all thought to have the potential to exacerbate
nephrotoxicity, but nmany of these conditions have not been
systematically investigated for all types of nephrotoxicity. There are
exanpl es where both chem cals and other disease factors cause a
| esion. For exanple, sickle cell disease and di abetes can cause rena
papillary necrosis, a condition that is also comon in individuals who
abuse anal gesics. The risk factors that predi spose individuals to
renal papillary necrosis are not clear, and it is al so uncl ear whether
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di abetics are at greater risk of developing the lesion if they take

hi gh doses of anal gesics. This question cannot be resolved until
better diagnostic criteria are developed to identify the |esion before
it involves the cortex. Risk may al so vary for different nephrotoxins.
Whi | e Bence-Jones protein excretion considerably increases the risk of
radi ocontrast-induced renal injury, the effects of other types of
chemicals in patients with nultiple nyelonma are not clear. Therefore
recognition of the risk factors is necessary for the understandi ng and
prevention of renal damage.

There are al so many exanpl es of aninal data that have not yet
been translated into risk terns in humans. For exanple, the inmature

ki dney nmay be resistant to am no-glycosides (Marre et al., 1980) and
cephal osporins (Tune, 1975), but the reverse is true for other
chemi cal s such as hexachl orobut adi ene (Hook et al., 1983). O her

factors, such as electrolyte and volune changes or an alteration in
the renin-angi otensin system may affect sone types of drug-induced
acute renal failure (Bennett et al., 1983).

Ri sk factors as a neasure of vulnerability to potenti al
nephrotoxicity that could be caused by drugs and chenicals are not
wel | defined at present. Clearly, wide variation exists anong
i ndi vi dual s and even groups of people. Miltiple exposure to toxic
agents and nultiple drug usage are certainly factors, but the ability
to estimate risks to nultiple exposure is limted. Factors intrinsic
to the nature of renal function and risk factors presented by clinical
di sease have been reviewed (Porter, 1989) and are di scussed bel ow.

1 Artawerpen
-

Fig. 1a. Analgesic nephropathy as a cause of end-stage renal failure in Belgium
{1984). Population, 10 million; area, 30 515 kmg; 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 dialy=sig unit{=). From: Elseviers &

De Broe {1988).
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Schelswig-Holstein
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Bremen Mierdersachsen
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Mardrhein-Westfalen
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Heszen

Bayern

Rheinland-Pfalz 555 pmp

T22pmp

Saarland
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Baden-"Wiirtembery
10.22 pmp

Fig. 1b. Prevalence of terminal analgesic nephropathy in the Federal Republic
of Germany {(1986). From: Pommer et al. (1986); pmp, per million population.

2.5.1 Factors related to renal function

The vulnerability of the kidney to toxicity from exposure to a
particular drug or chemical is the product of several groups of risk
factors. In any one person, multiple factors nay be operative. The
nature of normal renal function in itself contributes to the
vul nerability to toxins. The intimate association of the capillary
endot helial surface during the process of ultrafiltration provides
opportunity for direct toxicity. A further contribution to the
glonerul ar capillary vulnerability is the positive hydrostatic
pressure required for producing the plasma ultrafiltrate. Adding to
this vulnerability is the "hyperfiltration injury" hypothesis proposed
by Brenner (1983) and Brenner et al. (1978, 1982), who showed t hat
when a nephron ceases to function, the renaining nephrons hypertrophy
and the flow rate per functioning nephron is raised, thus increasing
the exposure to the drug or chemical. A further aspect is the concept
of renal reserve, i.e. fewer functioning nephrons further increase the
vul nerability of the kidney to toxicity.

Anot her aspect of the structure of the glonerul ar endotheli al
cells that can lead to injury to the kidney is the negative charge of
the filtration nmenbranes. Positively charged |igands can becone
electrostatically attached and alter the permneability coefficient of
the glonmerulus. In addition, cationic proteins can be sequestered in
the gl omerulus and act as "planted antigens", and a circul ating
anti body can attach to such antigens resulting in an in situ inmune
conpl ex formation; hydro-carbons from petrol eum products can act in a
simlar way (Ravnskov, 1985). This is but one of a wi de variety of
i mmunol ogi cally nmedi ated glonerular injury patterns that have been
identified. This variety is not surprising when one considers the
het erogeneity of the biochenical conposition of the glonerulus and the
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wi de spectrum of antigenic conpounds to which the body is exposed
(d assock, 1986).

Tubul ar vul nerability to nephrotoxins is related to the nature of
normal tubular function. The nmedullary countercurrent multiplier
system provi des a nechanismfor elimnating body waste products while
m ni m zi ng body water |oss. A consequence is the reabsorption and
recycling of conpounds of |ow relative nolecular nass, in particular
urea and neutral toxicants and/or their netabolites, which can
accunul ate in the nedullary interstitium Depending on their chenica
properties, they may initiate an inflammatory response through
activation of nediators, a factor that may be relevant in the
pat hogenesi s of anal gesi ¢ nephropat hy (Midge, 1982).

The organic acid and base transport systens of the proxina
tubul e serve to excrete certain nolecular species. Several comonly
used drugs, including the organic acid penicillin, utilize this
nmechani sm of transport. Toxicants that are involved in these systens
m ght induce renal injury directly because of high cellular
concentration or by acting as conpetitive inhibitors to bl ock the
elimnation of endogenously produced toxic netabolites. Tubul ar

nechani sns for acidification may play a part in tubular injury by
drugs or chemicals that induce an acidification defect, e.g., lithium
(Batelle et al., 1982). Drugs or chemicals that are absorbed by

pi nocyt osi s beconme concentrated in | ysosones where they are subjected
to digestion by hydrolytic enzynes. Sone toxicants, however, nay
inhibit the hydrolytic process, resulting in drug accunul ati on and
tubular cell toxicity that may resenbl e | ysosonal storage di sease (as
occurs in am nogl ycosi de nephrotoxicity).

2.5.2 dinical risk factors

The application of nmultivariate analysis for investigating
clinical risk factors in the onset of acute renal failure (Rasmussen
& lIbels, 1982) may provide sone insight into factors that may increase
vul nerability to nephrotoxicity fromdrugs and chemicals. The risk
factors sumarized in Table 3 show that nultiple risk factors coexi st
inthe majority of patients with acute renal failure. Al though age has
been recogni zed as a factor in a nunber of studies (Porter, 1989;
Porter & Bennett, 1989), it may sinply be a convenient nmarker for the
change in renal vulnerability that relates to the decline in
glonerular filtration rate (GFR) occurring beyond the age of 50
(Davi es & Shock, 1950). The pat hol ogical basis for this decline is not
certain but may be related to vascul ar changes that acconpany agi ng
(Avendano & Lopez- Novoa, 1987). Another possible explanation is that
the ki dneys of people over 50 years of age no | onger respond to
hypertrophic growth factors. Renal donors aged 50 or nore show little
or no functional increase after the | oss of one kidney (Boner et al.
1972). Indeed, renal function reserve declines linearly with tine
after 30 years of age (Anderson & Brenner, 1986). Age nmay also reflect
a loss of the ability of the renal tissue to repair. In young
i ndi vi dual s nephrotoxicity in terns of tubular necrosis may be
conpensated for by constant repair, while in older patients this
repair capacity nmay be dimnished, resulting in the clinica
expression of renal injury (Laurent et al., 1988).

Pre-existing renal disease is an obvious risk factor predisposing
to abnormal accunul ati on and excess bl ood | evels of many nephrotoxic
drugs and chemicals. It is not clear whether sex is a predisposing
risk factor in humans, but male rodents are considerably nore
susceptible than fenmal es to nephrotoxicity and carcinogenicity from
many environmental toxins (NTP, 1983, 1986, 1987).
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Factors such as short-term and hi gh-dose exposure versus chronic
and/ or | ow dose exposure influence vulnerability via the node of

met abolism rate of excretion, etc. Long-term
subst ances that have a | ong biological half-life,
cadmi um increases risk fromthese nephrotoxins,

co-risk factors is not known.

their

| ow- dose exposure to
such as | ead or
role as

Table 3. Frequency of conbined risk factors in 143 patient
with acute renal failure (ARF)?

Age Hyper - Gout / Di abet es Re
t ensi on hyper - di
uri caem a
Age (> 59 years) 30
Hypert ensi on 29 4
CGout / hyperuri caeni a 21 18 4
Di abet es 11 6 4 1
Renal di sease 18 12 12 6
Di uretics 29 27 21 8 1
Mil tiple risksP 108 63 37 14 1¢

& Mdified from Rasnussen & lbels (1982).

b
regressi on anal ysi s.

2.5.3 Extrapolation of aninmal data to nan

The use of aninals has been essenti al

to hel p define the

nol ecul ar basis and the progressi on of nodel
be i nappropriate to extrapol ate ani mal toxicology data directly to nman
because of narked species, strain, dietary,
addition, there may be differences in dosing levels and reginmen and in
the absorption, distribution, netabolism and excretion of potential
nephrotoxins. There are also very significant differences in rena
structural and functional characteristics in the conmon | aboratory

speci es used for risk assessnent.

nephr opat hi es,

Significant risk contribution to ARF based on discrimnant nmultiple |line:¢

it may

and sex differences. In

Cheni cal safety assessnent has generally been undertaken in

relatively few strains of aninmals, such as the Sprague- Daw ey,

W st ar

and Fisher-344 rats. There is limted infornmation on inter-species

comparisons. In addition to assessing the rena

di fferences in each

of the species or strains used, it is necessary to exani ne extrarena
di fferences. Thus, for exanple, there are marked species differences
in the hepatic handling of chemicals (Snith 1974; Testa & Jenner
1976) and the netabolic capacity of each of the mmjor organ systens

(Litterst et al., 1975a; Kluwe, 1983). This will
consequences on the amount of a parent chem ca

net abolites that reach the kidney. Dietary factors such as
carbohydrate, lipid, and protein intake alter rena

have prof ound
and the pattern of

function,

and the

presence of contam nants and natural toxicants nmay add to the toxic
burden of the kidney (Bridges et al., 1982).

If the mechanistic basis of a renal injury is clearly
established, it is easier to assess the risk of chem ca

injury in

man, but such data are at present only available for a few chemicals

There are relatively few exanmpl es of nephrotoxic chenicals where there

is afull profile of information from experinenta

ani ml s and man,

and in the vast majority of cases data are available only in rats.

In order to extrapolate animal data for risk assessnent,

each
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screening procedure should cover a sensible | evel of exposure and a
conparabl e condition to that found in nan. The experience gai ned
shoul d provide a foundation fromwhich a rational basis can be

devel oped to identify potentially exacerbating risk factors and from
whi ch nephrotoxicity can be reduced. Some |esions can only be induced
inrats with difficulty, and there may be a need to use sensitive
species or strains and/or to adapt certain experinental nanoeuvres to
produce a lesion simlar to that which occurs in nan.

2.5.4 Risk assessnent from nephrotoxicity studies in aninals

Ri sk assessnment from nephrotoxicity studies in aninals has been
best defined for therapeutic agents. Many have been widely tested in
animals as a pre-clinical safety evaluation or used to study the
mechani sm of renal injury where there are adverse reactions caused by
these conpounds in clinical usage. The risk assessnent for a nunber of
wor kpl ace or environnmental chenicals has been devel oped from ani nal
nodel s that have been used to study the nmechani sns of these effects,
especially those of the heavy netals and sone of the industrial
organi ¢ chemi cal s.

2.5.5 Special risk groups in humans

The marked variability in the response of any study population to
potentially nephrotoxi c compounds establishes clearly that there are
groups at risk. There are a nunber of factors that could be
responsi ble for increasing the risk of nephrotoxicity. These include
exi sting renal disease, |oss of renal parenchynma, high protein diet,
chem cal exposure, predisposing factors, nmultiple nyel oma, and ot her
conditions where there is an added | evel of protein excretion when the
ki dney is under an additional work-I oad.

So far there has been relatively little interest in the
i ndividual s that do not appear to be at risk fromexposure to
potential nephrotoxins. Wiile this is generally assuned to be the
result of an absence of predisposing factors, there may well be ot her
chemical, dietary, or disease considerations that provide a protective
effect. There is experinental evidence to suggest that a pre-existing
streptozotoci n-i nduced di abetes and al so poly-aspartic acid protect
agai nst am nogl ycosi de-i nduced renal injury, and that fish oil diets
(high in onmega-3 pol yunsaturated fatty acids) reduce cycl osporin-A
nephrotoxicity. These factors could well be used to reduce the health
i npact of nephrotoxicity.

2.5.6 Miltichenm cal exposure

At present, there is virtually no information on the effects of
mul ti chem cal exposure in man and very little data on the effects of
nore than one chemical administered sinultaneously in aninals.

Si nul t aneous exposure to several chenicals represents a najor
toxi col ogi cal problem as man is generally exposed to nore than one
substance in nedicines, in food, and fromenvironnmental factors.
However, nost experinental studies have investigated only single
chemicals. Interactions have been studi ed between mercuric chloride,
pot assi um di chromate, citrinin, and hexachl oro-1, 3-butadi ene (HCBD)
invivo and in vitro using a rat nodel (Baggett & Berndt 1984a, b;
1985). Dichromate potentiates the mercuric chloride effect, i.e. the
effects produced by the conbination of netals are always greater than
the sum of the individual effects. There appears to be no sinple

ki netic explanation, i.e. no enhanced renal accunul ation of the
nmercuric ion. The plasma nmenbrane may be a site for the interaction of
these netal ions and could be the prelimnary step that leads to
overall renal dysfunction and an ultinmately enhanced acute rena
failure. Dichromate-citrinin and di chronmate-HCBD interactions have
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been denonstrated by alterations in urine flow, glucose excretion, and
transport processes. Sone experinental data suggest that a

synergi stic interaction may occur in anal gesi c nephropathy. The
mechani sns that underlie these interactions are not understood, and at
present there is no rational basis to predict them Experinental
studi es have shown that tubular cell injury, induced by
trichloroethyl ene and carbon tetrachloride, is potentiated by exposure
to pol yhal ogenat ed bi phenyls, e.g., polychlorinated biphenyls (Kl uwe
et al., 1979).

2.5.7 Renal functional reserve

The concept of renal functional reserve is a sinple one in which
not all of the nephrons nor all of the cellular functions in a single
nephron are avail able or used at any one tinme (Friedl ander et al.
1989). Thus there is a buffering capacity in the kidney that can cope
with short-lived or protracted demands on function that exceed the
normal level. Part of this functional reserve is used to neet the
response to perturbation of the homeostatic system by water or
el ectrol yte | oading. Mst of the studies on and understandi ng of rena
functional reserve relate to changes in glonmerular filtration rate and
renal blood flow It is likely that additional approaches are needed
to test for other types of functional reserve.

2.5.8 The effects of chem cals on kidneys with pre-existing renal |esions

Al though it is generally acknow edged that there are several
types of renal |esions that exist as a nephropathy in the genera
popul ation at a | ow but significant |evel (e.g., nephrotic syndrone),
little is known about how these pre-existing | esions affect the
response of the kidney to subsequent nephrotoxic insults.

2.5.8.1 Nephrotoxicity in the presence of renal and extrarenal disease

Saf ety screening is conducted on young, disease-free animals,
housed under optinmal conditions, fed contanination-free, high-protein
food. By contrast, man is exposed to a variety of dietary and
environmental chenicals and to a pol y-pharmacy of both prescribed and
sel f-adm ni stered nedi cati ons over nany years. |n addition, screening
is generally undertaken using normal experinmental aninmals. This may be
i nappropri ate because, with the exception of occupational and
envi ronnment al exposure, man i s exposed to potentially nephrotoxic
therapeuti c substances to treat disease. Pre-existing di seases can
have a profound effect on the direct or indirect response of the
ki dney to handling chenmicals (Bennett, 1986). There is an increasing
weal th of aninmal data to denonstrate that comon clinical conditions
in man, such as hypertension, renal conpromn se, and renal ischaemc
i njury, exacerbate cyclosporin nephrotoxicity and bacterial endotoxins
in animals and that systemi c infection increases the sensitivity of
the kidney to am noglycoside toxicity (Bergeron et al., 1982).

The role of pre-existing renal |esions on nephrotoxicity is
important, but there are few clear indications of what can be
predicted fromexisting clinical data and from ani mal studi es.

Di abetes is generally associated with reduced renal function, diabetic
nephropat hy, and renal papillary necrosis, and night be expected to
exacerbate chem cal - associ at ed nephrotoxicity. Untreated
streptozotoci n-i nduced di abetes, however, protects rats against

gentam cin, |ow dose cisplatin, and uranyl nitrate nephrotoxicity

(Teixeira et al., 1982; Vaanonde et al., 1984). Recent studies on the
acute effects of intravenous radi o-contrast nedia on anaesthetized
diabetic rats were inconclusive (Reed et al., 1983, CGolman & Al nen,

1985, Leeming et al., 1985).
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3. KIDNEY STRUCTURE AND FUNCTI ON

An in-depth review of kidney structure and function is beyond the
scope of this nonograph. Only sufficient information will be given to
provi de a general background agai nst which nephrotoxicity can be
franed. A fuller insight into the conplexities of the kidney in
heal t h, di sease, and nephrotoxicity has been described by Valtin
(1973), Oloff & Berliner (1973), Hook (1981), Porter (1982), Bach et
al . (1982, 1989), Bach & Lock (1982, 1985, 1987, 1989), Seldin &

G ebi sch (1985), Brenner & Rector (1986).

3.1 Renal anatony

The two kidneys are situated retro-peritoneally, on either side
of the vertebral colum, and process 25% of the resting cardi ac output
via an arterial blood supply. Miuch of the fluid and nost of the
solutes in blood are filtered through the gloneruli into the proxinal
part of the nephron (the functional unit of the kidney) from which
essential small nol ecul es are reabsorbed. Numerous nacro-nol ecul es are
reabsorbed into the tubular cells by an endocytotic process and are
digested in tubular |ysosones. Many organi ¢ acids and bases (incl uding
many drugs) are secreted (and reabsorbed) by carrier-nedi at ed
processes |located principally in the proxinmal tubule. There is sone
secretion, mainly of waste solutes, fromthe blood into the dista
part of the nephron, and nuch of the water in which they are dissolved
i s subsequently reabsorbed.

Each ki dney is made up of a | arge nunmber of nephrons, groups of
which unite to continue as collecting ducts or tubules, and these in
turn conbine to nake up the ducts of Bellini, which exit around the
papilla tip. The papilla opens into the calix, which is in continuity
with the renal pelvis, a funnel-shaped area that narrows to the
ureter. The continued production of urine, together with peristalsis
of the ureter, carries excreted waste to the bl adder. The
nmor phophysi ol ogy of the kidney varies markedly between speci es.
Therefore, a generalized description will be provided, and only the
i mportant differences between the rat (and ot her conmmon | aboratory
animals) and man will be described (Mffat, 1979).

3.1.1 Histology

Renal |esions occur in discrete anatonical regions. This
hi ghl i ghts the need to understand changes in terns of the biochenica
properties of the specifically affected region and its adjacent cells.
Wi | e haemat oxylin and eosin staining and a nunber of other routinely
used staining procedures identify nephropathies and rena
degeneration, these are generally based on a relatively non-specific
assessnent. The non-specificity of routine histopathology has, in
fact, been the strength of these nethods in the prelimnary
assessnent of chenically induced nephropathies. It nay, however, niss
sone types of |lesions and generally gives little informati on that can
hel p identify the nechanistic basis of a |lesion

Hi st ocheni cal techni ques can provide insight into primry and
secondary cel lul ar nechanisns. One aspect of "histochenistry" is the
use of frozen segnents of the nephron (Bach et al., 1987) and the
application of fluori-netric or radi ochem cal assays to neasure the
activities and distribution of specific biochenical characteristics.
M crodi ssection generally fails to give a detailed |ocalization of
these properties in relation to specific or individual cells. In
addition, the technique is difficult to apply to injured renal cells.

The nost wi dely used hi stochem cal approach is based on obtai ning
frozen, fixed frozen, or fixed enbedded sections of the kidney that
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are then used with chrono- or fluoro-phores. These react with a
sel ected type of naterial. The types of materials that can be
visualized in section depends on their chem cal structure (e.g.

carbohydrate), enzymc activity (e.g., |lactate dehydrogenase),
antigenicity (e.g., specific nolecules), or physicochemical
properties (e.g., lipophilicity), some of which are shown in Fig. 2.

Thi s approach al so includes the distribution or incorporation of
radi ol abel | ed nol ecul es by their interaction with a photographic film
| aid over the section (Bach et al., 1987). | nmunohi stochem ca

techni ques using | abelled anti bodi es pernit antigens to be localized
at the light mcroscopical and ultrastructural |evels.

These m croscopi ¢ hi stochem cal techni ques provide informtion on
the distribution at, or within, specific cells and their relative
activities, and have been used to define a variety of characteristics
of the kidney. It is inportant to stress that each nethod has its own
i nherent strength and weakness, and that it nay be difficult to relate
data fromtissue sections to absol ute biochenical neasurenents. This
is a consequence of the conmplex mixture of materials that are present
in tissue sections and the chem cal changes that may take place in
these sections, particularly once they have been fixed. Wile the
bi ochemi cal characteristics of tissue in frozen sections are | east
likely to be adversely affected, subtle and misleading alterations in
chem cal properties can still occur. In addition, treatnents to
conserve norphol ogi cal features (fixation and enbeddi ng) alter these
values. It may also be difficult to be certain whether an increased
intensity of staining for a certain substance represents de novo
synt hesi s, unmasking, or the loss of factors that suppress staining.
These two techni ques have proved to be very powerful in providing
i nformati on on the biochem cal characteristics of cells and the
changes associated with renal injury. The in situ hybridization
techni ques, using specific |abelled nucleotidic probes, pernit the
detection of protein synthesis at a subcellular |evel

3.1.2 Enzyne histochenmistry and quantification

Hi st ocheni cal heterogeneity is evident in each part of the
nephron and varies between different species. In addition, the profile
of characteristics within any region of the kidney and nephron may be
related to sex and age. Antibodies are directed agai nst uni que or
novel characteristics along the nephron that are present on enzynes,
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Fig. 2a. Papilla tip from kidney of control animal showing characteristic pink
(Giemsa) staining of interstiial matrix and single cuboidal covering epithe-
lium (arrowhead). Giemsa, x 89. All the photomicrographs in Fig. 2 were
supplied by Dr N.J. Gregg.
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Fig. 2b. Low magpnification micrograph sl;lowinp typical RPN lesion 72 h after
BEA. Note denudation of covering epithelium (arrowheads). Giemsa, x 36.
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Fig. 2¢c. Control urothelium from Wistar rat showing three distinct layers: a)
epithelium, b) lamina propria, ¢) lamina muscularis. Giemsa, x 357.
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Fig. 2d. Hyperplasia of leading edge of remaining covering epithelium (CE);
blebbing, sloughing cells have atypical nuclei and numerous eosinophilic cyto-
plasmic granule, 72 h after BEA (100 mg/kg), H&E, x 893.
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Fig. 2e. Mosaic pattern of alkaline phosphatase staining in hyperplastic uro-,
thelium, 18 h after BEA, alkaline phosphatase, x 357.
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Fig. 2f. Heterogenous ATPase staining in proteinaceous casts in necrotic
tubules in papilla, 72 h after BEA, ATPase, x 36.
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Fig. 2g. Sub-urothelial capillary endothelium stained with ATPase, thickness
increasing to occlude lumen (arrowheads), ATPase, x 8393.
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Fig. 2h. Numerous PAS positive staining granules and inclusion bodies in
superficial layer of hyperplastic ureteric urothelium, 21 weeks after BEA

(100 mg/kg). PAS, x 893.

Fig. 2i. Fixed frozen section of papilla 7 days after single iv dose of BEA
(100 mg/kg) showing Oil red O stained lipid in collecting duct (arrow) and
covering epithelium cells. Qil red O, x 223,

gl ycoproteins, or other nolecul es associated with nenbranes or sol uble
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cytosolic constituents. The biochenical characteristic can be

vi sual i zed using enzyne, fluoro-phore, or radioactive |abels (Bach et
al ., 1987). Individual mcrodissected nephron segnents have been
studied to determine the quantitative distribution of selected enzynes
(Table 4). Table 5 lists biochenmical and function paraneters for the
di fferent nephron segnents, showi ng their individual receptor
sensitivity.

3.1.3 I munohi stochem stry

The use of antibodi es rai sed towards enzynes can help in the
study of isoenzyne distribution and factors affecting changes in their
di stribution. For instance, al dolase-B nonomers increase in the
proxi mal tubules of rats during renal maturation, but not in the
distal tubules. In contrast, aldolase-A nononmers increase in the
di stal tubules but not in the proxinmal tubules.

I mmunohi st ocheni cal techni ques denonstrate nany functiona
proteins at discrete |locations in the kidney, including the glomnerul
and the tubul ar basenment nenbrane, but there are few data on changes
in these proteins as a result of nephrotoxicity. A variety of
i mmunodeposits are associated with gl onerul opathies including those
caused by heavy netals, but these appear to be T-cell nediated. They
are assessed by i nmunofl uorescent nonitoring in the glonerulus, but
this acts as a passive sieve and nmay be involved as a secondary
consequence of inmmunodeposition

Hi st ochenistry can al so be used to show the distribution of a
nunber of oxidative enzynmes. Cytochronme P-450 mi xed-function oxidase
activities have been shown i mmuno-histochemically to be localized in
the proximal tubule, particularly in the S, and S; segnments in the

Table 4. Distribution of enzynes in individual neph
in various ani mal species

Enzyne Rel ative activity?

Specific to the gl onerul us
Adenosi ne deam nase

Specific to the proximl tubule

A ucose- 6- phosphat ase S1>S,>S;
Fruct ose-1, 6- bi sphosphat ase S:1<5,>S;
Phosphoenol pyruvat e carboxyki nase S1>S,>S;
Fruct oki nase S1=5,<S3
Fruct ose- 1- phosphat e al dol ase S1=5,>S;
d ycer oki nase S1=5,>S;
A ycerol - 3- phosphat e dehydr ogenase 5,=5,<S3
A ut am ne synt het ase S

Al ani ne am notr ansf er ase S1=5,<S;
Ganma- gl ut anyl tr aspepti dase S1<5,<S;
Ganme- gl ut anyl - cyst ei ne synt het ase S3

d ut at hi one- S-transferase S$1<5,5<S3
Cytochrome P-450 S$:=5,>S3
Al ani ne am nopepti dase S1<5,<S;
Al kal i ne phosphat ase S5.=5,=5;
Leuci ne am nopepti dase S1<5,<S;
D- Ani no aci d oxi dase S51=5,<S;
L- Hydroxy aci d oxi dase S1=5,<S;
Fatty-acyl - CoA oxi dase S1=5,<S;
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S51=5,<53
Sl<82283

Enzyne Rel ative activity?
Rel atively specific to the proximl tubule

A ut amat e dehydr ogenase S1=5,>S;

Mal i c enzyne $1=5,<S3

Trypsi n-type protease S1>5,>S;

B- D- Gal act osi dase S1=5,<S3

N- Acet yl - B- D- gl ucosanmi ni dase S1=5,>S;

Xant hi ne oxi dase S1>5,>S;

Super oxi de di snut ase S1>S,>S;

Specific to the | ower nephron

Hexoki nase

Phosphof r uct oki nase
Pyruvat e ki nase

Kal i krein

Rel atively specific to the | ower nephron

Fruct ose 1, 6- bi sphosphat e al dol ase
A ycerol dehydrophosphat e
dehydr ogenase

Table 4 (contd).

MTAL=CTAL>DCT>CCD=MCD
MIAL=CTAL=CCD=MCD
MIAL=CTAL<DCT<CCD=MCD
CNT

MIAL=CTAL>DCT
CCD<MCD

Enzyme

Rel ative activity?

Rel atively specific to the
| ower nephron (contd.)

Lact at e dehydr ogenase
Aspartate am notransferase
Ctrate synthase

| soci trate dehydrogenase (NADY)
Na, K- ATPase

MI'AL=CTAL- DCT=CCD
MIAL=CTAL>DCT

MIAL=CTAL=DCT>CCD
MIAL=CTAL=DCT=CCD
MIAL<CTAL<DCT>CCD

a CCD = cortical collecting duct; CNT = connecting tubule; CTAL = cortic:
linb of Henle's | oop; DCT = distal convoluted tubule; MCD = nedullary
MIAL = nmedul lary thick ascending linb of Henle's | oop
Sy = early proximal tubule; S, = mddle proximal tubule; S; = late prox

rat and rabbit. Large nunbers of peroxi sones containing D-amino acid

oxi dase and catal ase are localized in the Sz portion of the proxim

tubul e, but they are absent fromthe gl onerul us and the distal

nephron. There is little immno-histochem cal data on the distribution

of nmolecules that are likely to protect renal cells fromthe effects

of reactive internediates. Ligandin or glutathione- S-transferase B

is located in the proximal tubule of both animals and nan and in the

thick Iinb of the loop of Henle in man. Catal ase activity is greatest

in the proximal tubule (where it is localized in the peroxisones),

less in the distal tubule, and very low in the gl onerulus. d utathione
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has been shown by histochenistry to be localized in the proxinal
convol uted tubul e. However, there are sone uncertainties as to what

only glutathione. The distribution of at |east one superoxide

di smut ase i soenzyne shows a marked species difference between the dog

and rat, but is localized in the proxinmal tubules in both (Bach et
al., 1987).

3.2 The renal bl ood supply

Each kidney is supplied by a renal artery (a branch of the
abdoni nal aorta), which divides to formseveral interlobar arteries
(Fig. 3). These in turn give rise to the arcuate arteries, which run
between the cortex and nedulla parallel to the kidney surface. Many
cortical radial arteries arise fromthe arcuate vessel and pass
through the cortex. Here a small ampunt of bl ood reaches the surface
to supply the kidney capsule, but nost of the blood flowis directed
through branches that formthe afferent arterioles to the gloneruli

Each afferent arteriole breaks up to formthe capillary plexus of the
glomerulus; this is drained into the efferent arteriole. The efferent

arterioles formtwo types of capillary networks

* In the "md" and "superficial" cortical regions, they formthe
peritubul ar capillaries surrounding proxi mal and distal tubules
(in the superficial regions sonme peritubular capillary networks
interlace the nephron fromwhich they were derived, but such an
associ ation appears to be the exception rather than the rule).

is
bei ng assessed, since the reaction nmeasures sul fhydryl groups and not

* In the juxtanmedul | ary region (and sone mid-cortical areas in nan)

each efferent arteriole is directed into the nmedulla, where it

branches into the vasa recta bundl es. Each bundl e consists of up

to 30 descending vessels, the peripheral vessels of which give

rise to a highly branched capillary network in the outer nedulla.

The core of the vasa recta bundle continues to the inner nmedulla

where it terminates in a capillary network (Beeuwkes, 1980).

The walls of all peritubular capillaries in the kidney are nade
up of a thin fenestrated endotheliumresting on a basal |amina. The
capillaries in the cortex generally open into the cortical radial
vein, fromwhich blood flows via the arcuate vein to the renal vein
and finally to the inferior vena cava. The capillary plexuses in the

Table 5. Summary of nephron heterogeneity?

Anat oni cal region® Bi ocheni cal features® Func
d onerul us SF<IM Reni n: (SF>JM GFR (S
epi thel i um Adenosi ne- AC Mesang
(AT, |
endot hel i um Hi st am ne- AC (i ntra-nmesangi um
nmesangi um Ser ot oni n- AC (extra-nesangi um
ANP- GC ROM ge!
and ex
ET- PGE2 (i ntra-nmesangi um
AVP- PGE2 (intra- and extra-nmesangi um
All -PGE2 (intra- and extra-nesangi un
Proxi mal tubul e A ucose carrier: J-gl uc
Si, S, S (brush border) (S1>Sy, €
A uconeogenesi s
(S1>S:>S3) J-V: (S
Cyt ochronme P-450: 1, 25(0O
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(S1<52>S3)

NADPH- cyt ochrome ¢ reduct ase: J-V de

(S$1<5,>Ss)

Anmmoni agenesi s P-d /P

(Sl>Sz>S3)

PTH AC( S1>S3) PAHsecr
(S$1<S>

Adenosi ne- AC J-am ni
(S1>S,,

Henl e' s | oop

Thin: DTL<ATL AVP- AC( +ATL, - DTL) P- wat e
P- NaCl
P- ur ea

Table 5 (contd).
Anat oni cal region® Bi ochemical features® Func

Thi ck: MIAL>CTAL AVP- AC. ( MTAL>CTAL) AVP st |
J-d.

PTH AC. ( MTAL<CTAL) PTH st |
J-Ca:

SCT- AC. ( MTAL>CTAL)

Tamm Hor sfall gl ycoprotein

PGE2 synthesis J- Nadl

( MTAL>CTAL) PG i nhi
(+MTAL
EGF syi
J-Na di

Di stal tubule

DCT:single cell type SCT- AC. ( +DCT) SCT su
Vt: (DC

CNT:mul tiple cell PTH- AC: ( +CNT) PTH st

types J-Ca:

AVP- AC: (+CNT) AVP suj
Vt: (CN

| SO AC: ( +CNT) | SO su
Vt: (CN

Kal I'i krei n: (+CNT)

Al dost er one bi ndi ng Vt: (DC
K-secr:

Col I ecting duct system

two cell types AVP- AC. (CCD > OMCD)

CCD (P.cell>l.cell) | SO- AC. (CCD > OVCD) Vt: (CC
J-Na al
by ANP

Table 5 (contd).
Anat oni cal region® Bi ochemical features® Func

OMCD (P.cell>l.cell) PG AC. (CCD < OMCD) P-urea

PGE2 synthesis
( CCD<OVCD<I MCD)
Al dost er one bi ndi ng
Adenosi ne- AC ( CCD>OMCD)
ANP- GC ( CCD<OMCD<I MCD)
| MCD J-V de
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Based on data obtained fromthe rabbit and rat Kkidney.

Parts of the nephron: ATL = ascending thin linmb of Henle's |oop; CCD = ¢
duct; CNT = connecting tubule; CTAL = cortical thick ascending Iinb of
di stal convoluted tubule; DTL = descending thin linb of Henle's | oop;
cell; IMCD = inner nedullary collecting duct; JM = juxtanedullary nephr:
collecting duct; MIAL = nedullary thick ascending linb of Henle's | oop
medul  ary collecting duct; P.cell = principal cell; S; = early proxinal
proximal tubule; S; = late proxinmal tubule; SF = superficial nephrons.
Hor mone effects on nephron receptors: Al = angiotensin |Il; AC = adenyl ¢
atrial natriuretic peptide; AVP = argi ni ne vasopressin; GC = guanyl ate
epi dermal growh factor; ET = endothelin; 1SO = isoproterenol; PG = pro
par at hyroi d hornone; ROM = reactive oxygen netabolites; SCT = sal nbn ca
Transport substances: PAH = para-ani nohi ppurate; J-x = flux of substanc
fluid volume; P-x = perneability for substance x; Vt = transcellular vo
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Fig. 3. Scheme of renal vessels. This scheme depicts the course and
distribution of the intrarenal blood vessels; peritubular capillaries are not

Fils]

shown. Hot drawn to scale. Within the cortex the medullary rays of the cortex

{MR} are delineated from the cortical labyrinth {CL} by a dashed line. 05 =
outer stripe; 15 = inner stripe; IM = inner medulla; P = renal pelvis. 1Ma =
interlobar artery and vein; 2/2a = arcuate artery and vein; 373a = cortical
radial artery and vein; 4 = gtellate vein; 5 = afferent arteriole; & = efferent
arteriole; ¥a/fb/fc = superficial, midcortical and juxtamedullary glomerulus;
#/8a = juxtamedullary efferent arteriole, descending vasa recta; 99a =
ascending vasa recta (those ascending within a vascular bundle and those
independent from a bundle). From: Kriz & Bankir {1988).
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medul l a drain into the ascendi ng vasa recta, which join the arcuate

vei ns.
contrast,

The arterial branches are termnal,
the veins are richly anastonbsed.

There is a well-defined structural
recta bundl es and the nephrons in the outer nedulla, at

wi t hout anast onpses.

| east

In

rel ati onshi p between the vasa

in the

Page 36 of 185



Nephrotoxicity associated with exposure to chemicals, principles and methods for the assessment o...

ani mal s that have been studied. A central core (consisting of
descendi ng and ascendi ng vasa recta) is surrounded by a periphera

| ayer consisting of a closely interm ngled ascendi ng vasa recta and
the descending thin linbs of the | oops of Henle. Between these bundles
are the thick ascending linbs of the |oops of Henle, some descending
linbs, and the collecting ducts. Wthin the bundl es both ascendi ng
and descending vasa recta are in intimte contact with each other
(rather than with the sane type of vessel). There are nore ascending
vessels, all of larger dianeter, than descending ones, and this

i ncreased vol unme capacity relates to the renoval of excess water from
the interstitiumand the nai ntenance of the medullary osnotic gradient
shown in Fig. 4.

Many of the "mmjor"” and "minor" blood vessels in the kidney have
either smooth nuscle cells as an integral part of their structure, or
other cells that may have a contractile function. Thus nost of the
i ntrarenal vascul ar system has both adrenergic and cholinergic
i nnervation. Intrarenal blood flow, the factors which alter it, and
its effects on renal function are poorly understood. Although there
appear to be the facilities for a direct and effective perfusion of
the medulla fromthe arcuate artery, this does not seemto occur
(Moffat, 1979; Beeuwkes, 1980).

3.2.1 Renal haenodynam cs

The nmeasurement of total blood flow through the kidneys can be
neasured rel atively easily using nodern techniques (Gunfeld et al.
1971; Pearson, 1979). Defining the zonal blood flow has given sone
conflicting results, but assessing regional blood flow within the
kidney is fraught with difficulties and is subject to varied
interpretations (G andchanp et al., 1971; Gunfeld et al., 1971
Pearson, 1979; Aukl and, 1980; Knox et al., 1984). There are, however,
consistent data (derived froma nunber of fundanentally different
techni ques) to show that intrarenal blood flowis greatest in the
cortex (80-85%of total renal flow) and that it decreases through the
juxtanedul lary region to less than 10% of the total renal flowin the
medulla. It nust be stressed that, although the nedulla is poorly
perfused in conparison to the rest of the kidney, it is, nonethel ess
(because of the 25% resting cardi ac output and therefore abundant
renal blood flow), a well-perfused tissue. According to Thurau (1964),
the medull ary blood flow is about 15 tinmes that of resting nuscle and
the same as that of the brain. In addition, the capillary volune
fraction of the medulla is nore than twice that of the renal cortex
(Beeuwkes, 1980). Despite this, there is considerable variation in
tissue pG, in the kidney; a marked decrease in pO, levels is seen
with increasing tissue depth (Brezis et al., 1984).

3.3 The nephron

The kidney is divided into three main regions, cortex (outer),
medul la (inner), and pelvis (Fig. 5. Wthin the cortex arise the
renal corpuscles, defined as superficial, mdcortical or
j uxtanedul | ary dependi ng on the anatonical |ocation of the rena
corpuscle in the cortex. The nephron is the functional unit of the
ki dney and consi sts of a continuous tube of highly specialized
het er ogeneous cells, which show sub-specialization along the I ength of
nephrons and between them There are marked structural and functiona
di fferences between the nephrons arising in the cortex and those
arising in the juxtamedullary regions. The total nunber of nephrons
varies between different species and within any one species as a
function of age. The macroscopic differentiation of the kidney into
di stinct zones arises not only fromthe regional vascularity but also
fromthe way different functional parts of the nephron are arranged
within the kidney. A nore detailed account of the ultrastructure of
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t he norphol ogi cally definable regi ons of the nephron and their
functional inter-relationship has been provided by Mffat (1981
1982), Bohnman (1980), and Maunsbach et al. (1980). Recently the
nephron nonencl ature has been standardi zed by the Renal Conmi ssion of
the International Union of Physical Sciences (Kriz & Bankir, 1988).
This is summarized in Figures 3, 5 and 6, and Table 6.

3.3.1 Cellular heterogeneity and cell-cell interaction

There are well over 20 norphologically different cell types
(based on light microscopy alone) in the kidney, and when
hi st ocheni cal and i mmunohi st ochem cal nethods are applied to rena
tissue sections the diversity of cell types is even nore apparent. The
spect rum of bi ochem cal (and structural and functional)
characteristics in these cells denonstrates the very marked
het erogeneity that is the hallmark of the kidney. It is well
established that the expression of nany of these biochenica
characteristics is an integral of the functions of that particular
region of the kidney, and there is the potential to change the
expression of these characteristics in ternms of the demands on the
ki dney. These include both water and el ectrol ytes, dietary factors,
and chem cals with pharnacol ogical and toxic effects, or nay be as a
result of chenmical and other types of injury. Mre inportantly, the
characteristics of a cell may nake it either resistant or sensitive to
the target selective toxicity of a chem cal
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Fig. 4. Cortico-papillary concentration gradient of osmolytes in rat kidney. Results obtained
from kidneys of b rats are given as means * SEM. Personal communication by W, Guder,
Munich,to IPCS,

3.3.2 The gl onerul us

The gl omerulus fornms the initial part of the nephron and
functions as a relatively poorly selective nacro-nol ecul ar excl usion
filter to the hydrostatic pressure of the bl ood. The nunber of
gloneruli is, in general, related to the mass of the species, and the
size of each gl onmerul us depends, anong other factors, on the
envi ronment al water bal ance. Three anatomically distinct types of
glomeruli can be identified: those in the superficial cortex, which
are part of the superficial nephrons; those arising in the mdcortica
area; and those ofjuxtanedullary origin, which continue as nephrons
that |l oop down into the nedulla. The structure of the glonerulus is
conplex (Fig. 7) and has only been defined using scanning and
transm ssion el ectron mcroscopy (Maunsbach et al., 1980; Mffat 1981
1982) .

The gl omerular "tuft" is nade up of a nunber of capillary
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branches that arise fromthe afferent arteriole, anastonobse, and drain
to the efferent arteriole. There are al so comuni cating vessels
between the branch capillaries. The fenestrated endot hel i um cannot
prevent plasma nol ecul es fromleaving the [unen, but a negatively
charged cell coat inparts sonme selective perneability. The capillaries
are in direct contact with the glonerul ar basenent nenbrane (or basa

| am na), which, when viewed under the electron mcroscope, can be
divided into three layers: the lamna rara interna on the endotheli al
side; the central |am na densa; and the lanmina rara externa, which is
in direct contact with the epithelial cells (the podocytes). The basa
| am na contains collagen (nostly Type IV) and sialic acid and is rich
i n glycosan nogl ycans, nainly heparan sul fate (Kanwar & Farquhar

1979), which provides a strongly anionic macronol ecular filtration
barrier.

The capillary tuft (ensheathed in its basal lanmina) is surrounded
by a nunber of podocytes, each of which gives rise to several prinary
processes (trabeculae). These in turn give rise to secondary
processes, and, finally, to nunerous tertiary foot processes that are
enbedded in the lamna rara externa

The foot processes of one podocyte interdigitate with those of an
adj acent epithelial cell for adjacent trabecul ae. The surfaces of the
podocytes are covered by a strongly anionic cell coat that extends to
the spaces between the foot processes. It is through these spaces that
the glonmerular filtrate reaches the |umen of Bowran's space. Thus, the
podocyte provides a structural support for the basal |anina and may
al so serve to provide additional anionic forces for the process of
biological ultrafiltration. It has been suggested that podocytes nay
have phagocytic properties and undergo contraction (Mffat, 1981).
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Fig. 5. Scheme of nephron. This scheme depicts a short-looped and a long-looped

nephron together with the collecting system. Hot drawn to scale. Within the
cortex a medullary ray is delineated by a dazhed line. 1 = renal corpuscle
including Bowman's capsule and the glomerulus {glomerular tuft); 2 = proximal
convoluted tubule; 3 = proximal straight tubule; 4 = descending thin limb; 5 =
ascending thin limb; 6 = distal straight tubule {thick ascending limb); 7 =
macula densa located within the final portion of the tick ascending limb; § =
distal convoluted tubule; 9 = connecting tubule; 9* = connecting tubule of the
juxtamedullary nephron that forms an arcade; 10 = cortical collecting duct;

11 = outer medullary collecting duct; 12 = inner medullary collecting duct.

From: Kriz & Bankir {1988).
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Fig. 6. Schematic representation of the different cellular and extracellular components in
the kidney. Fron: Moffat (1982).

Table 6. Summary of nonencl ature of segnments and cells of the renal tubul
arrow () neans that the transition between the two structures is gradual. A
transition is gradual in sonme species, abrupt in others. Abbreviations narke
(Kidney Int 9: 264, 1976). They nean: DCTa = Distal convoluted tubule, initi.

portion; DCTg = Distal convoluted tubule, granular portion; DCTI = Distal co
collecting tubule, granular portion; CCTlI = Cortical collecting tubule, |igh
M cro-

Anat omi cal Mai n di vi si on Subdi vi si ons Segnent ati on A
terns Vi
Pr oxi mal PROXI MAL pars convol uta Pr oxi ma

convol ution TUBLULE or Convol ut ed S 1 - segnent P

convul ated part Tubul e

S 2 - segnment

pars recta Pr oxi mal
or Strai ght S 3 - segnent P.
straight part Tubul e
Loop of | NTERMVEDI ATE pars descendens Descendi ng D
Henl e TUBULE or Thin of short | oops
descendi ng part Li mb of long | oops
upper part
| ower part

pre-bend segnent
pars of ascendens
or Ascendi ng Thin Linb A
ascendi ng part
ascendi ng part
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Table 6 (contd.)

M cr o-
Anat omi cal Mai n di vi si on Subdi vi si ons Segnent ati on A
terns Vi
Dl STAL pars recta Di st al Medul | ary D
TUBULE or Strai ght strai ght S
straight part Tubul e part T
or Corti cal o]
Thi ck strai ght r
Ascendi ng part Macula Densa T
Li mb post macul ar A
segnment L
Di st al pars convol uta
convol ution or Di stal Convol uted Tubul e D
convol uted part
COLLECTI NG CONNECTI NG TUBULE
SYSTEM C
Col l ecting COLLECTI NG
duct DUCT Cortical Collecting Duct C
Quter Medullary 0]

Col I ecting Duct

I nner Medul |l ary I
Col | ecting Duct

The axial regions of each glonerulus contain nesangial cells.
Information on the structure and possible functions of nesangial cells
has been reviewed by Mdffat (1981). In brief, they undergo contraction
and may thus control glonerular blood flow via biogenic am ne or
hormonal control. O equal inportance is the observation that these
cells take up | arge nol ecul es (such as colloids, i mune conpl exes, and
protei n aggregates), which may eventually be di sposed of via the renal
| ynphatic system

The driving force for filtration is provided by the gl omerul ar
capillary hydrostatic pressure (which is controlled nmainly by the
vascul ar tone of the afferent and efferent arterioles), ninus both the
pl asma osnotic pressure and the hydrostatic pressure in the Bowran's
space. The resulting "effective filtration pressure” across the basa
lam na is about 1.2-2.0 kPa (10-15 nmmHg). Selective filtration is
achieved primarily on the basis of size restriction by the basenent
menbrane, which i npedes the passage of nacronol ecules with an
effective radius greater than 1.8 nmand conpletely prevents the
filtration of macronolecules with an effective radius greater than 4.5
nm |In addition the presence of fixed negative charges on the
endot helial, epithelial, and basenent nenbranes hinders the filtration
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of anionic macronol ecules while facilitating the passage of cationic
macr onol ecul es. The selectivity of filtrationis, in part, a
consequence of the anionic nature of the basement nenbrane, which

bl ocks or slows the passage of negatively charged or neutra
macr onol ecul es and | eaves those carrying a cationic charge and snal
nol ecul es (irrespective of charge) to pass uni npeded.

3.3.3 The proxinmal tubule

The proximal tubule is found only in the cortex or subcortica
zones of the kidney. Anatomically each proxinmal tubule can be divided
into the convol uted portion (pars convoluta) and the shorter straight
descendi ng portion (the pars recta), which then continues to becone
the descending linmb of the Ioop of Henle. It nay be sub-divided, by a
nunber of norphol ogi cal and functional features, into three segnents,
S, S, and S;.

The proxi mal tubule plays a decisive role in maintaining
honmeostasis. This is achieved when sodi um and chloride ions flux from
the tubule lunen to the peritubular capillaries under the control of
a nunber of processes such as nonspecific el ectrophysiol ogica
gradients and sel ective active transport nechani sns. Water foll ows the
ions by osmotic effects. In addition, hydrostatic pressure,
attributable to the presence of both proteins and gl ycosani no-gl ycans
(Wl gast et al., 1973), contributes to water novenent fromthe
epithelial cell to the interstitiumand thence, by an osnotic
gradient, into the capillaries (Valtin, 1973). The flux of ions within
the proximal tubule, including the absorption and secretion of
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Fig. 7. Glomerulus and juxtaglomerular comples, consisting of afferent arteri-
ole {(AA) with the granular cells {(JGC) of the juxtaglomerular appartus, the
extraglomerular mesangial cells {(EMC), the macula densa (MOC) =egment of the
ascending loop of Henle, and the efferent arteriole {(EA). Also shown are the
proxinyal tubule {PT), Bowman's space (BS), glomerular capillaries (GC),
peritubular capillaries {PC), mesangial cells (MC), and nerve fibers (HF).

From: Schrier & Gottschalk {(1987).

HCO;” and H' and the "lunen trappi ng" of amoniumions, controls
renal acid-base regulation (Valtin, 1973).

Those proteins that have passed from Bowran's capsule (a
significant anmount of albunmin in the case of normal rats) are
reabsorbed in the proximal tubule by pinocytotic renoval fromthe base
of the mcrovillous brush border into the epithelial cells. The
vesicles thus formed conmbine, formprotein-filled vacuol es, and fuse
with |ysosonmes, fromwhich the digestion products of the protein

Page 44 of 185



Nephrotoxicity associated with exposure to chemicals, principles and methods for the assessment o...

di ffuse, eventually, to the capillary systemor are used in the
net abol i ¢ processes of the cell

There are, in addition, other absorptive and secretory
nmechani sns. These include the co-transport process that reabsorbs
gl ucose and the secretion of both acidic and basic organi c conpounds
(valtin, 1973; Oloff & Berliner, 1973; Brenner & Rector, 1986;
Berndt, 1989).

3.3.4 The nedul |l a

The nedulla differs fromthe cortex (Fig. 5 and Fig. 8) both at
the macroscopic and at the mcroscopic levels. This region can be
divided into the outer medulla (which is nade up of the thin
descendi ng and the thick ascending |inmbs of the | oops of Henle,
collecting ducts, the vasa recta, and a dense capillary network) and
the inner nmedulla, the free part of which is referred to as the
"papilla" (although sone researchers apply that name only to the apex
of this region). The inner nedulla contains the thin |linbs of the
| oops of Henle, collecting ducts, the vasa recta, and a diffuse
network of capillaries. Packed into the spaces between these
structures are interstitial cells enbedded in a matrix rich in
gl ycosam nogl ycans.

The collecting ducts termnate as the ducts of Bellini around the
tip of the papilla. Wereas the nouse, gerbil, rat, guinea-pig,
rabbit, dog, cat, and prinmate ki dneys have only a single papilla, the
pig and man have nulti-papillate ki dneys. There are between 9 and 20
papill ae in each human kidney (Burry et al., 1977), of which there are
two anatom cal ly di stingui shabl e types. The conical non-refl uxing
papi |l |l ae, where the surface orifices of the ducts of Bellini are
slit-like, close when there is an increase in the "back-pressure" of
urine fromthe bl adder and so prevent intrarenal reflux when refl ux
occurs fromthe bladder. These papillae occur predom nantly in the
m d zone. The refluxing papillae occur predom nantly in the polar
regions, and, as they have flattened tips, the collecting duct
orifices are wide and prone to retrograde flow of urine into the
tubul es during vesico-ureteric reflux (Ransley & R sdon, 1979). The
m croscopic and ultrastructural features of the nedulla have been
descri bed by several researchers (Mffat, 1979, 1981, 1982; Bohnan
1980; Maunsbach et al., 1980).
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Fig. §. Coronal section through a normal rat kKidney. Toluidine Blue; bar
line =1 mmj). From: Bach & Bridges {1985a).

3.3.4.1 The | oops of Henle

The | oops of Henle nay be divided into two popul ati ons on
anat om cal grounds. Short |oops penetrate no further than the outer
medul | a. The proxi mal tubule and thick ascending linb are closely
associated in the cortex, but in the medulla the descending linb is
intimately related to the ascending vasa recta, and the ascending linb
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to the collecting duct. The association of the ascendi ng and
descending linbs of the loop of Henle with the vascular systemor with
the collecting ducts provides a nulti-dinensional network in which
solutes or water may undergo countercurrent exchange. These exchanges
may either provide a shunt that excludes sel ected solutes (and water)
fromthe inner nedulla or, alternatively, solutes (e.g., sodium
chloride and urea) may be trapped in this zone. This excl usion of

wat er and trappi ng of sodium chloride, urea, and osnol ytes hel ps

mai ntain the osnotic gradient along the inner nmedulla. In [ong | oops
(the length is proportional to the renal concentrating potential), the
| oop of Henle penetrates the inner nedulla. Only about a third of the
ascendi ng and descending linbs of long loops lie together; in the

ot her instances the ascending |inbs are nearer to collecting ducts
than to descending |inbs.

3.3.4.2 Collecting ducts

Col l ecting ducts consists of three identifiable segnents, which
lie, respectively, in the cortex, the outer nedulla, and the inner
medul | a. These segnents denonstrate different perneabilities to water
and osnol ytes. The difference in perneability nay be related to the
presence of two cell types, the intercalated and coll ecting duct (or
principal) cells.

3.3.4.3 The distal tubule

The distal tubule connects the thick ascending linb of the | oop
of Henle to that part of the collecting duct which originates in the
cortex. The distal tubules are in-involved in both ion and water
reabsorption, but play a nuch |less significant role than the proximal
tubul es. The underlyi ng nechani sns responsible for reabsorption
appear, in essence, to be simlar to those already outlined. The mngjor
di fferences include a stronger Na® gradient against which to "punp",
the ability to reabsorb sodi umw t hout reabsorbing water, the
controlling effects of anti-diuretic hornone (ADH) and al dosterone
(anong other nediators), and the very limted (or lack of) protein
reabsorption. The secretion of potassiumions appears to be under the
control of an active transport mechanism the regulating factors of
whi ch are many and conplex (Valtin, 1973; Oloff & Berliner, 1973;
Brenner & Rector, 1986).

3.3.4.4 The countercurrent nultiplier systemand urine concentration

Less than 1% of the glomerular filtrate | eaves the ki dney as
urine (unless there is a state of diuresis), the reminder having been
reabsorbed. The process of urine concentration is conplex and depends
(at least in part) on the countercurrent nultiplier system which
establishes a steep osnotic gradient along the inner nedulla. The high
osmolality is a consequence of the differential perneability of the
linmbs of the | oops of Henle and the collecting ducts to water and
ions. The thick ascending Iinb is thought to have an active nechani sm
whi ch transports chloride and sodi umout of the lunen and into the
interstitium but the linb remanins inperneable to water. As a
consequence the osnolality decreases in this part of the tubule (the
diluting segnent). The descending linb, on the other hand, is freely
perneable to water, but probably not to sodiumions. The high ion
concentration in the interstitiumwuld draw water out of the
descending linb, increasing the osnolality towards the turn of the
U-loop. This is augnmented by urea and other osnolytes that |eave the
collecting ducts and enter the ascending linb via the interstitium
thus being recirculated to the medull a.

The coll ecting ducts regulate the final urine concentration by
controlling the anbunt of water that is reabsorbed. The passage of
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wat er out of the ducts is thought to be nediated largely by cyclic
adenosi ne- nonophosphate (cAMP), the synthesis of which is stinulated
by ADH, which increases the perneability of the luminal cell menbrane
to water. GCsnotic effects draw the water out of the cell (through the
basenent nenbrane) into the hyperosnotic interstitium In the absence
of ADH the collecting duct is thought to be inperneable and relatively
little water is reabsorbed fromit. The interstitial osnotic gradi ent
is assuned to be maintained by the effective renoval of water via the
ascendi ng vasa recta, which have both a greater radius than the
descendi ng vasa recta and are about twi ce as nunerous. The
countercurrent exchange associated with the | oops of Henle arising
fromcortical nephrons offers an inportant "barrier" zone, which is
thought to facilitate solute trapping in and sol vent exclusion from
the inner medulla, and thus helps to maintain the hyperosnolality in
this "conpartnent".

There are a nunber of other factors that control, alter, or
contribute to urine concentration. Medullary blood flowis conplex, as
are the factors controlling it. Increased blood flowrates wll
decrease the efficiency of countercurrent exchange in the outer
medul | a, as a consequence of which the high osnotic gradient in the
inner nmedul lary conmpartnent will be "washed out", and urine will not
be concentrated. Diuresis is associated with increased blood flow
rates (Earley & Friedler, 1964, 1965; Chuang et al., 1978).

A uni que feature of the vasa recta is their perneability to
macr onol ecul es, a consequence of which is that the nedulla contains a
| arge pool of albumn. The factors controlling the rapid turnover of
this mlieu are poorly understood. It is generally assuned that
(together with the gl ycosam nogl ycans) these proteins provide an
interstitial osnotic pressure that facilitates water reabsorption (see
Brenner & Rector (1986) for a fuller discussion and Iist of
ref erences).

3.3.4.5 The interstitial cells

Interstitial cells occur in nost organs. Three types of
interstitial cells have been described in the medulla of the rat
ki dney (Bohman, 1980). Type | cells are the nost abundant and
represent the typical renal nedullary cells. Type 2 nedullary
interstitial cells are generally round and lack lipid droplets, while
Type 3 cells correspond to the pericytes. Types 2 and 3 are sparsely
distributed and are often overl ooked between the tubul es, ducts, and
bl ood vessels. In the inner nedulla, however, Type | cells are
nunerous and especially prom nent because they are set in a dense
matri x of gl ycosam noglycans (previously referred to as
mucopol ysacchari des or acidi ¢ nmucopol ysacchari des).

The nedul lary interstitial cells have been described by Mffat
(1979, 1981, 1982), Bohman (1980), and Maunsbach et al. (1980). The
nunber of cells and the anmount of nmatrix substance occupi es 10-20% of
the tissue volume in the outer medulla, and 40% near the apex of the
i nner medul l a (Bohman, 1980). The cells, which are arranged in a
regul ar pattern perpendicular to the tubul es and vessels, are
irregular in shape and have nany | ong sl ender processes. These cone
into close contact with adjacent interstitial cells, capillaries, and
the linbs of the | oop of Henle, but there is no such relationship with
the collecting ducts.

One of the nost characteristic features associated with the Type
| cells is the presence of lipid inclusion droplets, which occupy at
| east 2-4% of the total cell volume. The lipid content is largely
triglycerides, with variable amunts of chol esterol esters and
phosphol i pi ds. A nunber of conditions have been described where there
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are marked changes in the size and nunber of l|ipid droplets. The
pat hophysi ol ogi cal significance of these changes is difficult to
interpret because of varied experimental approaches, species
variation, and contradictory reports (Bohman, 1980).

3.4 Species, strain, and sex differences in renal structure and function

There are inportant differences between the renal structure of
animals and man that may have a direct effect on the interpretation of
toxi col ogi cal data (Stolte & Al't 1980, 1982; Midge 1985). The ki dney
varies greatly in structure and function between different species and
strains, and there are also nore subtle differences between the sexes
of several animals. In general, the kidneys can be classified into
those that are multipapillate, such as those of nan and the pig, those
that have nore than one papilla (e.g., spider nonkey), and those of
the vast mgjority of aninmal species, which are unipapillate. The
papi |l ae may either be present as a well defined pyranidal structure,
as in rodents, man, pigs, and dogs, or represent only a ridge as in
the non-human primates. Furthernore the ki dney may be unil obar (and
have a conpact structure) or consist of a nultilobar structure, as in
bovi nes and el ephants.

Tabl e 7 conpares sone of the structural and functional features
of the npbst species nbst comonly used in toxicity studies. It
illustrates clearly that there are a nunber of differences between nan
and the rodents, which are the nost conmonly used species to assess
nephrot oxi ¢ potential and study mechani sns of injury. There are al so
maj or strain differences between Sprague-Dawl ey, Wstar, and Fi scher
344 rats, which probably account for the vast majority of animals
studi ed. The Brown Norway rat is a nost useful nodel for studying
mercuric chloride i munonedi at ed nephropathy (Druet et al., 1987), and
the di fferences between the netabolism of nethoxyflurane anaesthetic
in Fischer 344, Buffalo, Wstar, Long Evans, and Sprague-Dawl ey rat
was used as the basis for denonstrating the toxicity of the fluoride
ion rel eased by hepatic mixed-function oxidase activity (Mazze, 1976,
1981). In addition there is evidence that there are consistent
di fferences between the renal structure and function of nmale and
femal e mice. Gther sex differences have been reported in other
speci es.

Speci es or strains with uni que anatom cal and functiona
attributes can offer an inportant way of hel ping to understand toxic
nmechani sns, but at present there are few published data on non- hunman
primates, nmarnosets, or the pig.

3.5 Renal biochem stry

There is little doubt that renal netabolismis coupled tightly to
specific functions in the kidney. |In particular, reabsorption of
sodi um chloride can be correlated directly with oxygen consunption and
is probably the nost energy-demandi ng transport function of this
organ. The regions of the kidney vary in their ability to nmetabolize
and produce various substrates.

3.5.1 Biochenmistry and netabolismin the cortex

The novenent of the sodiumions fromthe tubular fluid to the
blood is quantitatively one of the the nost inportant functions that
the kidney perfornms. This is acconplished by aerobic netabolismlinked
to adenosi netri phosphate (ATP) production and utilization. The exact
nechani sns are not fully understood.

Renal cortical nephrons are capable of utilizing a variety of
substrates, and the substrate utilization varies from nephron segnent
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to nephron segnent. For exanple, Klein et al. (1981) denonstrated
that the convoluted portion of the proximal tubule utilized succinate,
glutamate, glutam ne and other substrates quite extensively. This sane
nephron segment, however, utilized glucose, |lactate, and palnitate
only minimally. The hexosenobnophosphate shunt is present at highest
activity in the distal segnment of the nephron and in the thick
ascending linb. Although this pathway may account for relatively
little glucose oxidation, it would appear inportant as a source of
reduced ni coti nami de adeni ne di nucl eoti de phosphat e ( NADPH)

The ki dney cortex is al so capabl e of producing glucose from
non- car bohydrate precursors. Although different substrates are
utilized for gluconeogenesis in the kidney, conpared with the |iver
the gl uconeogeni c pathways are simlar. Changes in hydrogen ion
activity do not alter hepatic gluconeogenesis, but narkedly effect
that in the Kkidney.

Additionally, renal gluconeogenesis is influenced by the
concentration of substrate in the renal arterial blood. Guder &
Schmi dt (1974) and Schm dt & Guder (1976) have denonstrated that the
rate-limting enzynes for gluconeogenesis are not uniformy
di stributed throughout the nephron. For exanple, the highest activity
is found in the proximal convoluted tubule, there being relatively
little activity in the thick ascending linb. The glycolytic enzynes,
on the other hand, are present in the thick ascending |inb, the dista
tubul e, and the collecting duct. A specific role for glucose in
supporting the various renal transport processes has not been
adequat el y descri bed. Renal phospholipid netabolism however, nay be
important in support of transport and may play a direct role in sodium
novenent .

Table 7. Conparison between the renal structure and function in man
and in comonly investigated species?

Man Rat Dog
Cortical structure
Nephrons per g body wei ght 16 128 45
d onerul ar radi us (um 100 61 90
Proxi mal tubular length (m 16 12 20
Tubul ar radi us (um 36 29 33
Cortical function
Gonerular filtration rate (nm/nmin per nf) 75 35 104
Inulin clearance (m/mn per kg body weight) 2.0 6.0 4.3
p- Ami nohi ppurate transport maxi ma
(mg/ m n per kg body wei ght) 1.3 3.0 1.0
Dr ug- et abol i zi ng enzynes®
M xed-functi on oxi dase 4 5 -
NADPH- cyt ochrome ¢ reduct ase 15 48 -
Medul l ary structure
Nunber of papilla 15- 20 1 1
Percent |ong | oops 14 28 100
Rel ative nedul | ary thickness 3.0 5.8 4.3

Medul I ary function

Maxi mum urine osmolality
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(mosnol / kg) 1400 2610 2610

a Data from Mudge, 1985; Stolte & Alt, 1980, 1982; Gyrd-Hansen, 1968
Renal enzyne activity expressed as a percentage of liver activity

- No data published on this paraneter
3.5.2 Biochenmistry and netabolismin the nedulla

Guder & Ross (1984) have highlighted the biochenical aspects of
het erogeneity al ong the nephrons. Mich of the published i nformation
has been derived fromwhole nedulla or nedullary slices and fails to
differenti ate between the netabolic contribution fromthe nephrons
(1 oops of Henle), as opposed to the collecting duct epithelia, versus
the interstitial cells.

3.5.2.1 The biochem stry of renal prostaglandins (PG

The PGs and endoperoxi des are a group of ubiquitously distributed
hormones with a broad spectrum of potent biological activity that
shows marked receptor specificity. They are synthesized fromthe C20: 4
fatty acid arachidonic acid by an enzynme system (whi ch incl udes
cycl o- oxygenases, peroxi dases, isonerases, and reductases)
collectively called PG synt het ase.

The PGs (Fig. 9) are structurally simlar and are only present in
m nute concentrations. Several are |labile and undergo spont aneous
chem cal changes. Thus, nost of the methods (both qualitative and
quantitative) needed for their biochemical investigations are fraught
with subtle pitfalls (Frolich & Wal ker, 1980). The literature on renal
PG biology is large, conplex, contradictory, and difficult to
interpret. The subject has been reviewed recently by Dunn & Hood
(1977), Dunn & Zanbraski (1980), Horrobin (1980), Mrrison (1980),
Zusman (1980), Dunn (1981), Frolich et al. (1981), and Levenson et al
(1982).

PGs are not stored in renal tissue but are synthesized de novo
from arachi donic acid, which is released from stored phospholipid or
triglyceride pools by the action of phospholipase A,. The factors
that regulate the rel ease of arachidonic acid include both
receptor-nedi at ed responses (such as vasoactive peptides and bi ogenic
am nes) and non-specific stimuli (ischaem a). The prostagl andin
precursor may be drawn fromdifferent |ipid pools. Any arachi donate
that is not channelled into prostaglandin synthesis may be re-acyl ated
(as are the de novo synthesized nol ecul es) or disposed of via
several other netabolic routes. Arachidonic acid (the availability of
which is rate limting) is converted to PG5 and thence to ot her
PG rel at ed substances.

The anatomically identifiable areas of the kidney each synthesi ze
a different pattern of PGs in vitro. The in vivo contributions of
each area to PG synthesis and the function of each PG remains |argely
a matter of speculation at present. Total PG synthesis is severa
times higher in the nmedulla (where typically it is greatest in the
papilla) than in the cortex (Dunn & Hood, 1977). However, the
distribution of, for exanple, PGE, synthesis reflects a nore conpl ex
picture, its concentration being lower in the papilla than the rest of
the inner nmedulla (van Dorp, 1971). A recent study using isolated
nephrons showed that the highest PGE, production is in the nmedullary
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Fig. 9. The bioconversion of arachidonic acid to prostaglandins (PGs) and
thromboxanes (TXs). From: Bach & Bridges (1985a).

collecting tubules, followed by cortical collecting ducts and
glonmeruli. Furthernore, there are marked sex-related differences in
the effects of cofactors on nedullary PG synthetase activity (Hrafuji
et al., 1980). Sone PGs break down spontaneously (e.g., PA, to

al pha- 6-keto-PGF), but the majority are netabolically degraded
(Morrison, 1980). The enzym c conversions are nediated by a nunber of
enzynes, including dehydrogenases, reductases, and B- and
onega- oxi dases. The enzynes that degrade PGs are |located mainly in the
cortex, but there are species differences in the corticonedullary
rati o of these enzymic activities (Powell, 1980).

The factors regulating the biosynthesis of each type of PG are
only poorly defined (Horrobin, 1980). A |large nunber of endogenous and
exogenous substances have been reported to alter renal PG synthesis,
and several patho-physiol ogical conditions have been described in
whi ch renal PG synthesis is increased. Mst attention has been
focussed on the inhibitory effects of the anti-inflamuatory drugs. The
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steroi dal conpounds (e.g., corticosteroids) prevent the rel ease of
arachidonic acid fromits lipid pools, and the non-steroida

products (e.g., indonethacin) inhibit cyclo-oxygenase. It is, however,
essential to be aware that any factor that perturbs PG synthesis may
act differently at different sites in the synthetic (or degradative)
pat hway.

| ndonet hacin (one of the nobst extensively studi ed cycl o-oxygenase
i nhi bitors) produces several alterations in renal PG dynanics.
Uncertainties in defining PG "rel ated" pathophysiol ogi cal changes are
conmpounded by the observation (Attallah & Stahl, 1980) that PGE;
synthesis in slices fromeach zone of the kidney has a different dose
response to i ndonethacin inhibition: the cortex is nost sensitive and
the papilla |l east sensitive. The cycl o-oxygenase i nhibitors are
generally classified as either reversible or irreversible, but the
nmultiplicity of effects and the possibility of enzym c pol ynorphismin
different regions of the kidney suggest that such a classification my
be an over-sinplification

The exact physiological roles of the PGs in nornmal renal function
and the way in which these are altered in the devel opnent of
nephropat hies are not clear. Firstly, indonethacin, for exanple, has
been shown to cause bi ochem cal changes that may be classified as
either related or unrelated to altering PG dynanics. Secondly, many
attenpts to define renal PG function have been based on the hypothesis
that urinary PG excretion reflects de novo renal synthesis (Dunn &
Hood, 1977; Dunn & Zanbraski, 1980; Dunn 1981), notwi t hstandi ng
anal ytical difficulties of neasuring very low |l evels of various PGs
and apparently ignoring the fact that de novo synthesized PGs may
have undergone extensive degradation. The neasurenment of urinary PGs,
as an estimate of their de novo renal synthesis, renmins equivoca
because, firstly, sem nal PCE, is an unavoi dable and vari abl e
contaminant in the urine of males (Suzuki et al., 1980) and, secondly,
Brown et al. (1980) have denpnstrated that both rabbit and rat urinary
bl adders can synthesize PGE from arachidonic acid. Finally, the

physi ol ogy of renal function is controlled by several hornona
systens, the detailed functioning of which has not been clearly
established. It is known that renal PGs may be altered by (or may
alter) the renin/angiotensin |l/al dosterone system (Hackent hal et
al ., 1980; Lee, 1980; Wber, 1980; Baer, 1981), the kallikrein-kinin
system (Margolius, 1980; Rockel & Heidland, 1980), and the regul ation
of fluid bal ance and water reabsorption via ADH (Bl air-Wst et al.
1980). Furthernore, each of these hornonal systens nmay interact with
the others via direct or indirect nechanisns. It seens likely that a
full understandi ng of the pathophysiol ogy of the renal hornonal
systens will take some tine to crystallize.

In spite of the rather abstruse biology, there is genera
consensus (Dunn & Hood 1977; Dunn & Zanbraski, 1980; Morrison, 1980)
that PGs have a central role in renal function. It seens, however,
that renal PGs play little, if any, major regulatory role in basa
renal blood flow in normal conscious aninmals. There is evidence that
PGs are released in response to ischaenic and vasoconstrictive stress,
where their role seens to be to provide a protective effect by
mai nt ai ni ng gl onerul ar dynanmics. The role of PGs (especially PGE)
in preventing experinentally induced acute renal failure is
conflicting. Arachidonic acid does stinmulate renin release, a
response that is blocked by cycl o-oxygenase inhibitors, but it renains
uncertain which of the PGs nediate this effect in vivo. It is also
uncl ear from which renal zone such nediators are synthesized and
rel eased. Renin release may, in turn, affect PG synthesis and the
kal l'i krein-kinin system (which in turn may nodul ate PG synthesis and
the renin system). ADH is assunmed to stinulate PGE;, but published
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data on the controlling effects of PGs on salt and water bal ance are
very difficult to interpret. Simlarly, the mass of literature on
hypertensi on and PGs favours the concept that the two are related, but
fails to propound a unifying hypothesi s.

3.5.2.2 Lipid nmetabolism

The contents of the interstitial lipid droplets are too
specialized to be used as a netabolic energy store (Bohman, 1980),
al t hough this droplet popul ation undergoes narked and rapi d change
during the short periods that precede various pathophysiol ogi ca
conditions. The interstitial cells produce the ground substance matrix
that surrounds them Early evidence that the interstitial cells of the
renal medulla are only a highly specialized PG producing cell type has
becone equivocal. The interstitial lipid droplets do not, in fact,
provi de the sole source of arachidonic acid for PG synthesis. Only 50%
of the medullary capacity for synthesizing PGis confined to the
interstitial cells; the rest is in the collecting ducts (Bohnman
1980). The significance of PG synthesis in the nedullary cells cannot,
however, be overlooked, as it may play an inmportant role in regulating
bl ood pressure and other renal functions. It has al so been suggested
to occupy a central position in the pathogenesis of renal papillary
necrosi s.

In recent years the inportance of the endocrine function of the
medul lary interstitial cells in regulating blood pressure has been
hi ghl i ghted by several workers (Mandal & Bohman, 1980). Three groups
of vaso-active conpounds have been isolated fromthe nedulla or
cultured interstitial cells. Experinentally induced, spontaneously
occurring, and pathologically precipitated hypertensive states have
been reversed by subcutaneous transplants of renal papillary fragnments
and by cultured interstitial cells. |In addition, the systenic
admi nistration of both the polar and neutral reno-nedullary |ipids
reduces arterial blood pressure (Miirhead & Pitcock, 1980).

The nunerous lipid droplets in the interstitial cells have been
found to contain traces of chol esterol esters, a few percent of
phosphol i pi ds, nmainly phosphatidyl choline, and, rarely, trace anounts
of phosphati dyl - et hanol am ne. A few percent of free fatty acids and
tri-acylglycerols make up the renaining 80-90% the conposition of
which varies in different species. The nost striking features are the
varied types and | arge anpbunts of unsaturated fatty acids; nost
notably those of 20 or nore carbon atons such as arachidonic acid and
especially adrenic acid. The |arge anmount of arachidonic acid suggests
that the interstitial lipid droplets may be an inportant pool for PG
synthesis in the kidney (Bojesen, 1974).

3.5.2.3 Carbohydrate netabolismin the nedulla

The netabolismof carbohydrate in the renal nedulla has been
revi ewed by Cohen (1979). Sone early observations suggested that the
| ow oxygen tension in the inner medulla (a pO, as low as 0.67-2.0
kPa (5-15 mrHg) conpared with 10 kPa (75 mtHg) in the cortex) would
necessitate anaerobi c netabolism However, aerobic netabolismis only
l[imted at an O, availability of less than 0.13 kPa (1 nmHg).

Many netabolic investigations have used nedullary slices or
honogenat es. Thus, the exact contribution of the different cell types
in the inner medulla to functional energy dynam cs and to the changes
that underlie, for exanple, diuresis or anti-diuresis have yet to be
related to the phosphorylation and redox states within these
i ndi vi dual cell types

Car bohydrates are stored in the nmedulla as either glycogen or as
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gl ycosam nogl ycan (GAG, the forner in collecting ducts and epithelia
and the latter as an inportant constituent of the interstitial ground
substance. There is evidence to suggest that either can be nobilized

to provide an energy source or the glucose units for the synthesis of
the ot her macronol ecul ar car bohydrates (Darnton, 1967, 1969).

3.5.2.4 Medullary glycosam nogl ycan (GAG

The bi ol ogy of GAGs has been described by Kennedy (1979). GAGs
are |linear polysaccharides that are made up of repeating di saccharide
units, one carbohydrate noiety of which is a hexuronic acid (or a
neutral sugar in one case) and the other a hexosam ne. The nature of
the di saccharide units and the occurrence of N-acetyl groups,
together with the position of O-sulfate groups, define the species
of macronol ecul e. There are seven basic types of GAG These nol ecul es
al so show heterogeneity of relative nolecular nass (when isolated from
the sane or different organs; Toledo & Dietrich, 1977), and the nol ar
ratio of sulfate to hexosam ne varies by up to 2-fold for the sane
type of GAG (Suzuki et al., 1976). Mst of these substances probably
occur in vivo as proteoglycans (PoGs). These supranvol ecul ar
structures are conposed of a linear protein backbone that carries GAGs
covalently bound at intervals along its length. In theory, any
conbi nation and ratio of GAGs may occur. It is only recently that the
concept of PoGs has been accepted; before this the presence of protein
was assuned to be a contami nation and vi gorous steps were taken to
renove it.

In spite of the ubiquity of PoGs and their conposite GAGs,
relatively little is known about their physiological functions, with

the exception of their anti-coagulant and anti-|ipaenic properties,
whi ch are best studied in heparin. These nol ecul es are bound to cel
surfaces (Kjellen et al., 1977), where they may control the access of

endogenous and exogenous nol ecul es to cell nenbrane receptors.
Simlarly, the functions of this intercellular polyanionic matrix nost
probably extend beyond that of "inmobilized anti-coagul ants” or "space
filling", and include controlling the mcro-environnment of cells (by
bi ndi ng either inorganic or organic cations and by their imense

wat er - hol di ng capacity) and regulating cell-cell conmmunications. GAGs
may al so control cell recognition and adhesion, and contribute to the
control of cell novenment, growth, differentiation, and proliferation
(Long & WIliamson, 1979). The association of GAGs with mitochondria
and nucl ear nmenbranes suggests that these macronol ecul es may al so pl ay
a direct role in controlling sone intracellular functions.

The distribution of GAGs has been assessed in tissue either by
t he aut or adi ographi c distribution of precursor carbohydrates or
3530, or by histochemical staining. It is generally assumed that
sul fate radi ol abel distribution is relatively specific for GAGs.
However, nost of the staining procedures are nonspecific (e.qg.
toluidine blue interacts with any polyanion to give a netachromatic
col our shift) and depend either on a priori know edge of
distribution or, for exanple, the use of control sections that have
been exposed to selective enzym ¢ digestion

The anmount and types of GAGs in the kidneys of various species
have been reported. The quantity of polyanionic macronol ecul e has been
found to be greater in the nmedulla than in the cortex for the rat
(Jacobsen et al., 1964; Kresse & Grossnmann, 1970), pig (Kresse &
Grossmann 1970), dog (Castor & Green, 1968; Kresse & Grossmann, 1970),
and normal hurman ki dney (lnoue et al., 1973; Constantopoul os et al.
1973). The nedulla:cortex ratio in the human ki dney was found to be
age related, increasing rapidly to a maximumin the fourth decade and
then declining slowy (Inone et al., 1973). The heterogeneous
distribution of the types of GAGin the kidney is supported by the
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data of Constantopoulos et al. (1973) for the hunman ki dney and Castor
& Green (1968), who reported that hyaluronic acid had a high relative
nol ecul ar mass in the medulla but a low one in the cortex of dogs.
However, other data on the dog, pig, and sheep (D cker & Franklin,
1966) and the rat (Barry & Bowness, 1975) suggest that the types and
quantities of GAG are the same in both the cortex and nedul | a.

The processes underlying and controlling the biosynthesis of PoGs
are conpl ex and inconpl etely docunented (Kennedy, 1979). Miirhead &
Pitcock (1980) reported that medullary interstitial cells synthesize
PoGs (both in situ and in culture) and that these nacronol ecul es are
associated with the cellular cisternae (dilated rough endopl asnic
reticulum. Darnton (1967, 1969) presented data to show that gl ycogen
associated with the epithelial cells of the collecting duct in the
rabbit is nobilized and incorporated into GAGs.

The functions of the nedullary GAGs have been the centre of
controversy since G netzinsky (1958) suggested that the action of ADH
was medi ated by the rel ease of hyal uroni dase. This woul d depol yneri ze
medul | ary GAG and (so it was argued) allow greater water reabsorbtion
fromthe tubules into the interstitiumand thence to the blood supply.
Thi s hypot hesis has been supported by sone workers (Jacobson et al.
1964; Farber et al., 1971) but refuted by others (Sun et al., 1972;
McAul i ffe 1978, 1980; Sun, 1980) in aninals with spontaneous diabetes
i nsi pi dus. These conflicting data are difficult to resolve into a
single unifying theory relating the physiol ogical function of GAGs to
the urine-concentrating process.

3.6 The netabolismof xenobiotic nolecules in the kidney

Chemically induced | esions may depend to varying extents on the
nmet abol i c capacity of tissues to deal with "insults". The netabolism
of xenobiotic nolecules may either prevent |esions (by deactivation),
or be directly responsible for damage (by bio-activation). The rena
nmet abol i sm of chemicals (and its consequences) has been revi ened by
Hook et al. (1979), Anders (1980), Connelly & Bridges (1980), Kluwe &
Hook (1980), Davis et al. (1981), Rush et al., (1984) and Tarloff et
al . (1987).

It is likely that the Iiver neets the chall enge of netabolizing
a mgj or proportion of exogenous conmpounds in vivo before they reach
the systemic circulation. Mst fundanental types of bioconversion have
been described for the perfused kidney of several species (Szefler &
Acara, 1979; Elbers et al., 1980; Ross et al., 1980; Enslie et al.
1981) and for isolated renal cells and tubular fragnents (Fry et al.
1978; Jones et al., 1979; O nstad, 1982). Simlarly, kidney
m cr osones have been shown to have nost of the enzymic and
cytochrome- nedi ated nmetabolic activities that have been described in
other tissues. The xenobiotic-transfornating capacity of the kidney is
about 3-50% (dependi ng on the system species, and source of data) of
that found in the liver (Litterst et al., 1975a, Navran &
Loui s- Ferdi nand 1975; Fry et al., 1978), but it may be nuch higher
than that of the liver under certain circunstances (Anders, 1980).
There are marked qualitative differences between hepatic and rena
xenobi otic netabolism Renal enzynes are stable during the Ca?
net hod of preparing microsones (Litterst et al., 1975b). Enzynic
ki netic constants vary between m crosones isolated fromthe two organs
(Navran & Loui s-Ferdi nand, 1975). Wereas there are narked sex-rel ated
differences in hepatic metabolism there are fewin the kidney
(Litterst et al., 1977). There is evidence to suggest that liver
cytochrome P-450 is simlar to that of the kidney, based on
el ectro-phoretic and el ectron paramagneti c resonance studies
(Arnbrecht et al., 1979), imunological criteria (GQuengerich & Mason
1979), and on i munomnet aboli c studies (Kam nsky et al., 1979).
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However, these data are nost difficult to interpret in "absolute"
terns, because the sanples of cytochronme P-450 were from organs
exposed to different inducing agents. There is now substanti al

evi dence that hepatic and renal tissue respond differently, both
quantitatively and qualitatively, to the various inducers of
cytochronme P-450 (Litterst et al., 1977; Zenser et al., 1978a;

Kam nsky et al., 1979). Ascorbic acid deficiency (Sikic et al., 1977)
and carbon tetrachloride pretreatnent (Litterst et al., 1977) alter
the met aboli sm of xenobiotics in a different way in the Iiver and
ki dney. In addition, the inhibitory effects of

2-di et hyl am noet hyl - 2, 2-di phenyl val erate (SKF-525A) on renal and
hepatic nicrosones studied in vitro are sinmilar but not identica
(Litterst et al., 1977).

There are several enzynes involved in renal xenobiotic
metabolism It is not possible to coment on all of those that nay be
rel evant to nephrotoxicity nor, indeed, is it clearly established what
rol e each renal enzyne plays in the realization of the potential
toxicity of a chemical. Many of the enzynes that netabolize
xenobi otics are conpartnentalized in specific regions of the kidney.
The anatomical |ocalization of these characteristics may play a key
role in the toxicol ogi cal consequence that follows the entry of a
xenobiotic into the kidney. The distribution and regul ati on of these
enzynes may predi spose to the toxic effects of chemicals. Thus,
al t hough intrarenal metabolismmay be a prerequisite for the target
selective effects of some chemicals, the final outcome of the toxic
response relates to the sumof a nunber of factors. These include the

| ocalization of those renal enzynmes involved in xenobiotic netabolism
(this may be metabolic activation or other processes, perhaps in an
adj acent cell) and the processes controlling the intracellular
concentration of toxic chemicals. The intracellular concentration of
a chem cal can be influenced by xenobiotic netabolism per se and by
many of the inherent processes in the kidney, such as transport, pH
and solute gradients on either side of a nmenbrane. The outcone of a
chem cal exposure may al so be affected by the nunbers and types of
organelles in a specific cell type that have critical properties
relevant to the functions of that cell and by the presence of a
protective nmechanismin a particular cell type (such as antioxidants,
free radical scavengers). Mdst of the processes that underlie
nephrotoxicity are probably nulti-step events that are affected by
nore than one netabolic pathway and occur via conpeting and sequenti al
pat hways. Little is known about the control of these pathways, so that
it is difficult to predict fromthe structure of a chenical al one what
effects it will have on the kidney. In addition, a major role is

obvi ously played by the extra-renal metabolism (in the liver, |ung,
gut, etc.) of the parent chemi cal and by a variety of other organ
functions. These include the lung (exhal ation of volatile
netabolites), liver (biliary excretion), and gastrointestina

m crofl ora (enterohepatic circul ation, serum protein binding), and
they determne the types of chemicals, the concentration that reaches
the kidney, and their renal pharnacokinetics.

3.6.1 Oxidases

Oxi dases can convert chemicals into active internediates or
generate reactive species by redox cycling. This is potentially
i nportant for conpounds that contain arylanm ne, quaternary bipyridyl
(paraquat), quinone (adriamycin), or nitro (nitrofurantoin)
structures. It is generally accepted that, in the liver, biologically
reactive internmediates nediate their toxic effects by binding to
cel l ul ar macronol ecul es and bl ocki ng normal functional processes
(Jollow et al., 1976; Snyder et al., 1981). Simlar mechani snms have
been proposed to explain various types of chenically induced rena
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| esions, including papillary necrosis. The netabolically generated
reactive internmedi ates have a relatively short Iife and are nost
likely fornmed in the organ or anatomical area in which they induce
damage.

3.6.1.1 Cytochrone-P-450-dependent m xed-function oxi dases (nobnooxygenases)

This enzyne systemcarries out a two-electron flow pathway, and
the flavoprotein conponent can catal yse single electron reductions
such as the reduction of quinones to seniquinone radicals (Bachur et
al., 1979). Multiple forns of cytochrone P-450 have been identified in
the ki dney. These include phenobarbital -, 3-nethylchol ant hrene-, and
- napht hof | avone-i nduci bl e cytochrone P-450. Renal cytochronme P-450
induction varies in different species. Polycyclic aromatic
hydr ocar bons i nduce cytochrome P-450 in npbst species, whereas
phenobarbital is effective in hansters and rabbits but not in

gui nea-pigs, rats, and mce (Snith et al., 1986). Sinmilarly, rena
P- 450 responds differently to inhibitors of m xed-function oxi dases.

The effects of inhibitors such as SKF-525A are further
conplicated by multiple actions on renal transport, intracellular
bi ndi ng of chemicals at noncatalytic sites, and on cytochrone
P- 450- dependent netabolism O her inhibitors do not appear to have
been as fully studied, and the paucity of data in this area makes
other studies on the effects of inhibitors nost difficult to
interpret. Some species al so have sex-related differences, e.g., nale
m ce have hi gher concentrations and activities of P-450 than fenal e
mce (Krijsheld & Gam 1984; Smith et al., 1984; Hawke & Wl ch
1985), but this is not the case for rats (Litterst et al., 1977; Hook
et al., 1982) or rabbits (Litterst et al., 1977). There is no clear
data on ot her species, such as man, nor on how different types of
renal disease affect the concentration of renal P-450 or its induction
or inhibition.

The specific activity of the renal m xed-function oxi dases varies
wi del y between species and is about 10% of the hepatic activity
(Zenser et al., 1978a,b; Endou, 1983). This suggests a role for rena
P-450 that is quantitatively less inportant than that of the liver
However, this is not the case for all chemicals, since the rena
nmet abol i sm of chloroformis about 2-fold higher than the hepatic
activity (Smth & Hook 1984). Mre inportantly, m xed-function
oxi dase activities are intra-renally localized to discrete areas
where their significance in netabolismmay be far greater than in the
liver. The S, proximal segnent has a cytochronme P-450 concentration
that is 2-3 times higher than the S; or S; segnents. The dista
tubul es, cortical collecting ducts, and the nedulla contain no
measur abl e cytochrome P-450 activity (Endou, 1983). By contrast
NADPH- cyt ochr orme- P- 450 reductase activity is highest in the S, and
S; segnments, but it also extends to the distal tubule and nedullary
structures.

3.6.1.2 Prostagl andi n peroxi dase-nedi ated nmetabolic activation

Recently, it has been shown that there are marked quantitative
and qualitative differences in the regional distribution of microsona
m xed-functi on oxidase activity within the rabbit kidney (Zenser et
al ., 1978a,b; Arnbrecht et al., 1979). Most mi xed-function oxi dase
activity is located in the cortex and least in the inner nedulla in
control tissue and in that taken from animals induced wth
3-met hyl chol ant hrene. Cytochrone P-450 is not detected in the nedulla
of controls or even those of induced animals. In addition, laurate
hydr oxyl ase activity (the only m xed-function oxi dase activity found
in the inner medulla) shows nmarked differences in the pattern of
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i nhi bition by carbon nonoxi de, al pha-naphthoflavone, and netyrapone in
the cortex and the outer and inner nmedulla. This suggests differences
in the genetic expression of the same type of enzymic activity in
different zones of the kidney.

Davis et al. (1981) showed that oxidative netabolismin the
nmedul la is nmediated in the absence of spectrophotonetrically
neasur abl e cytochronme P-450. Zenser et al. (1979a) reported that
cortex mcrosones mnetabolized 1, 3di phenyli sobenzofuran to

O di benzoyl benzene largely via a cytochrone P-450-1ike system (it
was NADPH dependent and i nhi bited by carbon nonoxi de and netyrapone).
The inner nedulla microsones had the sane netabolic capacity in the
presence of arachidonic acid (the system was i ndependent of NADPH, and
it was inhibited by non-steroidal antiinflammatory conpounds such as

i ndonet haci n and not by carbon nonoxi de or metyrapone). The outer
medul | a nicrosones had both types of activity. The anti oxi dant

et hoxyquin inhibited the arachidonic acid and t he NADPH dependent

net abol i ¢ processes.

The specific arachidonic-aci d-dependent PG
cycl ooxygenase- nmedi at ed nmet abol i sm of benzi di ne has been shown to be
absent from hepatic and renal cortical nicrosones but active in
nmedul | ary m crosones, especially those fromthe inner nedulla. The
net abol i smwas i nhibited by nonsteroidal anti-inflamatory drugs,
et hoxyqui n, and arachi doni c acid anal ogues. Approxi mately 75% of
nmet abol i zed benzi di ne was coval ently bound to macronol ecul es,
presumably via a reactive internediate. Addition of sulfhydryl
protectors, such as glutathione, reduced the anmpbunt of covalently
bound netabolite to 25% (Zenser et al., 1979b,c). Using rabbit rena
inner medullary slices, Rapp et al. (1980) have confirned the
ar achi doni c- aci d- dependent co-oxi dative activation of |ow
concentrations of benzidine, and its covalent binding to tissue.
Mohandas et al. (1981a,b) exam ned the activation of paracetanol
(acet am nophen) and the covalent binding to protein in the inner
medul | a, outer nedulla, and renal cortex, and conpared this to the
situation in the liver. The arachi doni caci d- dependent pat hway showed
a ten times greater degree of activity in the inner nedulla conpared
to the renal cortex, internediate activity being found in the outer
nmedul la. In the Iiver the arachadoni c-aci d-dependent pathway activity
was approxi mately 50% of that of the renal cortex. The total
activation of paracetanol (acetam nophen) by arachadonic-acid- and
NADPH- dependent pathways in the renal cortex and the liver was
essentially the sane.

3.6.2 Conjugation

Conj ugati on takes place on existing groups or those produced by
oxi dation, and greatly increases the polarity of conpounds. This
facilitates their elimnation and generally term nates any
phar macol ogi cal activity. There are several exanples, however, where
conjugation may give rise to reactive conpounds (e.g., the
gl ucuroni des of N hydroxy-2-acetyl am nofl uorene and

N hydr oxyphenacetin are potently toxic). Similarly, glutathione
conjugates may be toxic (section 6.3.2.1).

3.6.2.1 ducuronide conjugation

A ucuroni de conjugates are fornmed by the action of uridine
di phosphate (UDP) gl ucuronyl transferase. This enzyne has at | east
three i sozynmes, each of which preferentially conjugates different
types of nolecules. Only UDP-GI1 occurs in the rat kidney, where the
substrates include planar conmpounds such as 1-naphthol and
4-ni trophenol. UDP-GI1 activity is increased by 3-nmethyl chol ant hr ene.
Hurmman ki dneys have UDP- GI'l and high GI2 activities, while rabbit
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ki dneys have all three isoenzynes. UDPgl ucuronyl transferase activity
is highest in the cortex, and the distal tubule activity is about 50%
of that found in the proximal tubule (Cojocel et al., 1983). The
enzynme is al so measurable in rat kidney nedulla, but here its activity
may be limted by the availability of the cosubstrate, UDP-glucuronic
acid. Renal glucuronidation capacity nay be conparable to or greater
than that of the liver, depending on the substrate, and nicrosones
fromfermal e rats form considerably nore gl ucuronide conjugates than
those from mal e rat ki dneys

3.6.2.2 Sulfate conjugation

Sul fotransferases formhighly polar and, therefore, rapidly
excreted sul fate esters. The concentrations of both sulfotransferase
and activated sulfate are higher in the renal cortex than in the
medul | a, and renal sulfotransferase activity is markedly [ower than
that of the liver. The capacity to synthesize sulfate conjugates is
not increased by standard inducers.

3.6.2.3 dutathione conjugation

G utathione is the nost abundant thiol-containing peptide in the
ki dney, where it is synthesized in the proximal tubule and provides a
scavenger for detoxifying electrophilic radicals forned from al kyl and
aryl halides, epoxides, and al kenes (Ornstad, 1987). These conpounds
are degraded to the cysteine conjugate and are generally excreted as
the N acetyl-cysteine conjugate. d utathione may al so have |igand
bi ndi ng and transport properties, and it has been suggested that it is
an inportant carrier in the transfer of amno acids fromthe extra- to
the intracellular space. @ utathione S-transferase plays an active
role in netabolism where it catalyses the initial step in glutathione
conj ugation of hal ogenated aronmatics, epoxi des, hal ogenated al kyl s and
aral kyl s, and al pha, B-unsat urat ed conpounds (Reed & Beatty, 1980),
drugs such as paracetanol (acetam nophen), and endogenous substrates
such as estrogen and PGs (Ml deus et al., 1978; Jones et al., 1979;
Kapl owi tz, 1980).

The total renal GSH S-transferase activity per g wet tissue is
considerably |l ess than the correspondi ng hepatic activity (Hal es et
al ., 1978). There are sex differences in the renal GSH S-transferase
activities in rats, aralkyl, epoxide, and al kyl transferase activities
being lower in nales than in femal es. Rat kidney gl utathione

S-transferases consist of three distinct proteins. One is identical
to hepatic transferase B (ligandin), a second conjugates
al pha, B-unsaturated substrates simlarly to the hepatic enzyne, and
the third, renal transferase, is unique to the kidney and active with
p-ni trobenzyl chloride (Hales et al., 1978).

Renal GSH S-transferases are under conpl ex hornonal control

Hypophysectony in nale rats significantly increases GSH S-aryl,
aral kyl, and epoxide transferase activities without altering GSH

S-al kyl and al kene activities. GSH S-transferase can be induced by
a nunber of chemicals, but the profile of activities affected is
conpl ex. Phenobarbital fails to induce cytochrone P-450 activity in
rat kidney, but increases GSH S-aralkyl transferase activity without
affecting GSH S-alkyl, aryl, and epoxide transferases.
3- Met hyl chol ant hrene (3MC) induces renal GSH S-aryl and aral ky
transferase activities but not GSH S-alkyl or epoxide transferases
(Adifton et al., 1975; Chasseaud, 1980).

3.6.2.4 Mercapturic acid synthesis

The formati on of glutathione conjugates is the first in the
pat hway of renal netabolismto nercapturic acid. The enzyne
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ganmma- gl ut anyl transpeptidase is localized on the brush border of
the proximal tubule, where it cleaves the gamma-glutanyl |inkage of
gl ut at hi one to produce the cysteinyl-glycine conjugate in the tubule
lunmen. This nmetabolite is a substrate for a nunber of peptidases that
produce the cysteinyl conjugate, which in turn is converted to the
nmercapturic acid by microsonmal N-acetyltransferase (Green & Elce,
1975). The cells of the proximal tubule in the outer nmedulla produce
the N-acetyl-cysteine conjugate of paracetanol (Jones et al., 1979).

@ ut at hi one conjugation is generally a detoxification pathway,
but some conpounds may undergo bioactivation by R-1yase (localized in
the outer mitochondrial nenbrane and the cytopl asm of the proxinmal
tubul e). This enzyne is now known to be capable of cleaving the CS
bond, |eaving a reactive internediate.

Extrarenal biotransformati ons are now known to produce substrates
for renal enzymes, which convert these netabolites into reactive
i ntermedi ates that cause target selective toxicity.
Hexachl oro- 1, 3- but adi ene (HCBD) is metabolized in the liver probably
by GSH S-transferasecatal ysed hal ogen substitution rather than a
cytochrome P-450-nedi ated reaction to the GSH conjugate. In the
process, hepatic but not renal GSH is depleted in the nale rat,
whereas GSH decreases in the fermal e rat ki dney. The HCBD- GSH conj ugate

may be transported to the bile, returned to the bl oodstreamvia
intestinal reabsorption, and excreted via the kidneys (Nash et al.
1984). The cysteine conjugate of HCBD, S-pentachlorobuta-1, 3-dienyl
cysteine, causes the sanme |lesion. The enzyne R-lyase is present in
both the liver and kidney. The unique renal susceptibility to the
HCBD- GSH net abol ite appears to be related to accumnul ation via the
organi c anion transport, as this is inhibited by probenecid both
invivoand in vitro (Fig. 10).

Sone al kyl hal i des, such as 1, 2-di br onbet hane (Lock, 1987) and

1, 2- di br ono- 3-chl oropropane (DBCP) (Dybing et al., 1989), may form
reactive, nephrotoxic intermedi ates (presumably episul foniumions)
foll owi ng conjugation with glutathione w thout further mnetabolism by
B-1yase. 1, 2-Di bronpethane and DBCP are netabolized in the liver by
bot h cytochrome P-450 oxidative dehal ogenati on and by

gl ut at hi one- S-transferase-nediated substitution. The renal cortex
of the rat contains substantial quantities of gl utathione

S-transferase wth a high activity towards 1, 2-di bronoet hane (Lock
1987). In the nmale rat kidney, studies with perdeutero-DBCP indicate
that DBCP is not netabolized by cytochrone P-450, but presumably by
glutathione S-transferase. Furthernore, inhibitors of

gamma- gl ut anyl transpepti dase and R-1yase do not affect DBCP-induced
renal tubular necrosis (Omchinski et al., 1987; Dybing et al., 1989).

3.6.2.5 Anino acid conjugation

The am no acid glycine forns a glyco-conjugate via the activation
of a carboxylic acid (e.g., salicylic acid) by coenzyme A. Salicyl - CoA
and glycine are co-substrates for acyl-CoA-gl yci ne-

N-acetyl transferase, which catalyses the condensation to
salicyluric acid. Adycine Nacetyltransferase activity is present in
the ki dneys of rabbits, nobnkeys, and humans (Bekersky et al., 1980).
The kidney may be a major site for the metabolismof benzoic acid to
hi ppuric acid, p-aminobenzoic acid to p-am nohippuric acid, and
salicylate to salicyluric acid (Wan & Ri egel man, 1972a,b; Wan et al.
1972). The isolated rat kidney perfused with glycine and salicylic
acid excretes 3-4% of the salicylic acid as the glyci ne conjugate (Wan
& Ri egel man, 1972a,b; Wan et al., 1972; Bekersky et al., 1980). These
reactions are reversible in the kidney. About 20% of salicyluric acid
is converted to salicylic acid by the isolated perfused rat kidney,
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whereas the |liver does not deconjugate salicyluric acid to salicylate.
The freshly deconjugated salicylate is nore rapidly excreted than the
parent salicylate. Possibly the diffusion of salicylate into the rena
cell is the rate-limting step of elimnation. This is not the case
for salicyluric acid, which is converted to salicylate within tubular
cells (Bekersky et al., 1980).
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Fig. 10. Schematic representation of the bioconversion of hexachlorobutadiene
to itz proximate toxic metabolite {Courtesy of Or. E.A. Lock).

O her aromatic acids (such as benzoic acid or p-am nobenzoic
acid) conpetitively inhibited glycine conjugation. Cellular glycine is
l[imted, and so its use in conjugation would be saturated with
i ncreasi ng concentrations of substrate.

3.6.3 Oher enzynes involved in xenobiotic metabolism
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Hi ghly electrophilic epoxides play a key role in tissue
al kyl ati on of nacronol ecul es, especially nucleic acids, |leading to
mut ageni ¢ and car ci nogeni ¢ effects. Epoxide hydrase (hydrol ase)
converts aliphatic and aronmatic epoxides to their trans-hydrodiols, a
process that may generate both toxic and non-toxic products (Anders,
1980) .

The oxi dati on of al dehydes to ketones or carboxylic acids in the
ki dney is nediated by al dehyde oxi dase and al dehyde dehydrogenase
(ol dberg & Anderson, 1985). Renal al dehyde oxi dase activity is
| ocalized in the proxinmal tubule but represents only 40% of the liver
activity (Anders, 1980), but al dehyde oxi dase represents only 10% of
renal al dehyde dehydrogenase activity (Anders, 1980). At |east two
al dehyde dehydrogenase i sozynmes occur in proxinmal tubule nitochondria
and cytosol. Substrates include formal dehyde, acetal dehyde, acrol ein,
and nal ondi al dehyde (Hjelle et al., 1983).

DT- di aphor ase ( NADPH qui none oxi doreductase) is a cytosolic
enzyne that is present at highest concentration in the nmedulla and
catal yses a two-electron reduction of quinones to |less reactive
hydroqui nones. It therefore bl ocks redox cycling and the generation
of superoxide anion radicals (Lind et al., 1978).

4. THE MECHANI STI C BASI S OF CHEM CALLY | NDUCED RENAL | NJURY

Over the past 20-30 years there has been a grow ng understandi ng
of the mol ecul ar basis of disease and the bi ocheni cal nechani sns that
are associated with chemcally induced cellul ar degeneration and
| esions in target organ systens. The application of this understanding
provi des a foundati on upon which to study chenically induced rena
injury and, in particular, a rational basis for the extrapol ati on of
animal toxicity data to man and ri sk assessnent.

4.1 | rmmunol ogically induced gl onerul ar disease

I mrunol ogi cal | y medi ated gl omrerul onephritis can result fromthe
deposition of free circulating antibodies interacting with a
structural glonerular antigen or with a "planted", non-glonerul ar
antigen (such as cationic proteins that fix on anionic sites of the
gl omerul ar basement menbrane). Alternatively, glonmerular injury may
be the consequence of the deposition of circulating inmmune conpl exes.
The two main forms of antibody-nedi ated gl onerul onephritis are the
anti - GBBM nedi at ed di sease and nenbranous gl onerul onephritis (or
i mmune conpl ex-type nediated gl onerul onephritis). The forner disease
is characterized by the presence of |inear 1gG deposits along the
gl omerul ar basement menbrane. The latter formmay result fromeither
of the mechani sms nentioned, i.e. deposition of free circulating
anti bodi es against an irregularly distributed antigen, which my be of
glonmerul ar origin, or deposition of circulating i nmmune conpl exes. A
menbr anous gl onerul onephritis is characterized by the presence of
granul ar 1gG deposits along the gl onerul ar basenent nenbrane.

Besi des anti body-nedi at ed gl onerul onephritis, it is nore and nore
apparent that there are cell-nediated gl onerul onephritides w thout Ig
deposition. An exanple of such a disease is probably the nephrotic
syndrone with m nimal gl onmerul ar changes at the |ight mcroscope
| evel .

The rol e of genetic factors, which has been well denonstrated in
the nmercury nodel in the rat, is also clear in the hunan situation
Menbr anous gl omer ul onephritis induced by gold and D-penicillanne is
much nore frequent in DR3-positive rheumatoid arthritis patients and
in poor sulfoxydators. The lupus-like di sease observed in
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hydral azi ne-treated patients is nore frequent in those with the DR4
antigen and "sl ow acetyl ators".

O her drugs such as non-steroidal anti-inflanmatory agents or
[ithiumsalts may induce the nephrotic syndrone with ninim
gl onerul ar changes. | munofl| uorescence is negative in these cases, and
there is indirect evidence that such disease could be due to T
cell-nediated i mmunity.

There are nany potential environmental agents, drugs, and toxic
chemi cal s that have been related to this form of glonerul onephritis.

Drugs and toxic chemicals that may induce gl onmerul onephritis in humans
i nclude gold and nercury, d-penicillamne, non-steroida
anti-inflammatory agents, and heroin. Qther drugs and chenmicals, in
whi ch association is suspected but not certain, include silica
exposure, toxic-oil syndrone, hydrocarbon exposure, and interferon

O her drugs may i nduce an i mune conpl ex type of gl onerul onephritis in
the context of a lupus-like syndrone (e.g., hydral azi ne, procanani de,
and di phenyl hydantoin. Furthernore, there are many ot her substances
that have been inplicated by case reports or unconfirned experinents.
Anti - GBM nedi at ed gl onerul onephritis is not the usual nechani sm
responsi ble for toxic glonerul ar nephropathy. However, exposure to
organi ¢ solvents is thought to be a factor in sone cases of
CGoodpasture's syndrone, which consists of the sinmultaneous occurrence
of necrotizing haenorrhagic interstitial pneunonitis and
proliferative usually rapidly progressive glonerul onephritis. This is
an auto-i nmune di sease resulting from anti GBM anti bodi es t hat
cross-react with basenment nenbranes in lung alveoli.

The mechani snms by whi ch drugs and chemical s i nduce
i mmunol ogi cally rel ated renal disease are both conplex and not
entirely understood. It is unlikely that drugs or toxins induce rena
damage by nodi fying self antigens or by acting as haptens. On the
ot her hand, many agents such as gold, d-penicillamne, and nmercury
may have an inmunonodul atory effect. This nechani smof action is also
not understood, but Druet et al. (1987) and Druet (1989) have
sunmari zed the evidence that this effect is dependent on genetic
factors and may be related in the rat to the appearance of anti-class
[l T cells.

4.2 Direct glomerular toxicity

A onerul ar |l esions may be caused by the direct toxicity of a drug
or chemcal. Direct toxicity to conponents of the glonerular
apparatus, apart fromimunol ogically induced injury, is relatively
unconmon. However, it has been described follow ng exposure to
puronycin or to materials that nmay be deposited in the basenent
nmenbrane (Caulfield et al., 1976). Particul ate substances such as gold
and silica my becone deposited in nesangial cells (Burkhol der, 1982).
Whet her material within nesangial cells is actually phagocytosed is
uncl ear, but the reaction to such deposits may be a proliferation of
glonmerul ar cells and inflamuatory cell response. Injury to the
nmesangi um nmay alter glonerular perneability. Solutes and water nove
across glonerular capillary walls through an extracel |l ul ar pat hway
that consists sequentially of endothelial fenestrae, the glonerular
basenent nenbrane, the pores of slit diaphragns, and the filtration
slits. Water perneability is determined by the total area of
epithelial slit pores. Contraction of the glonerular nesangi um
shortens and narrows glonmerular capillaries, which in turn narrows
epithelial slit pores and reduces glonerular filtration

Damage to the glonmeruli may al so occur as a result of fibrin
deposition due to local or system c activation of the coagul ation
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system This may be induced by a variety of renal diseases including
toxic or imunotoxic disorders. Fibrin deposits per se may danmage
glomeruli in several ways, including occlusion of glonerular
capillaries, involvenment in an inflammtory reaction, or direct
toxicity to glonmerular nmesangial cells (Kanfer, 1989).

4.3 Tubulointerstitial disease

Tubul ointerstitial disease may result from hypersensitivity to
specific drugs or chemicals or fromdirect toxicity to tubul ar
epithelial cells. Mst forns of tubular injury also involve the
interstitium and so these forns of renal injury are considered
t oget her. However, they nay be subdivided, on the basis of
clini co-pat hol ogi cal features, into three groups of disorders.

4.3.1 Acute interstitial nephritis

Acute interstitial nephritis (AIN) occurs as an imunoal |l ergic or
cell -medi ated i mmune response to a variety of drugs, particularly
penicillin and its derivatives (e.g., nethicillin), but is also
reported after therapy with thiazdes, non-steroidal anti-inflammatory
drugs, gold salts, and occupational exposure to nercury (Kl einknecht
et al., 1978; Cive & Stoff, 1984).

Both hunmoral and cellular imunity are involved. Anti-tubul ar
basenent nenbrane anti bodi es are probably involved in sonme cases of
methicillin- or di phenyhydantoi n-i nduced inmunol ogi cal nephritis. In
the mapjority of cases of acute interstitial nephritis no i mmune
reactants are found. The nobst striking feature is the presence of
cells infiltrating the interstitiumw th nononucl ear cells and
eosi nophil es. Most |ynphocytes have been shown to be T cells; nost of
these are T4 cells (hel per/inducer cells) and a | esser fraction
conposed of T8 cells (suppressor/ cytotoxic cells). It has been
suggested that the T cells may be activated by drug exposure (Druet et
al ., 1987; Druet, 1989).

When extrarenal signs and clinical synptons are present, they may
reflect a systenic hypersensitivity reaction that includes fever, skin
rash, and eosinophilia. Renal involvenent is nanifested by mld
proteinuria and haematuria. AIN tends to be nore severe, with a high
incidence of renal failure, in adult patients, but is usually nilder
in patients under 15 years of age. It has al so been pointed out that
absence of prior allergic reaction to a drug (e.g., penicillin) does
not alter the risk of AIN. The kidneys are usually swollen (as
vi sual i zed radi o-graphi cally) because of oedena fluid and cellul ar
infiltration, conmposed nost commonly of |ynmphocytes and plasma cells
as well as eosinophilic and pol ynor phonucl ear neutrophils. In sone
i nstances the histol ogi cal appearances may suggest chronic
i nflammati on, and nmacrophages and giant cells may be present. Rena
tubul ar cell damage is always present, but there is no fibrosis in the

acute stages. d onerul ar and vascul ar | esions are unconmon, and the
| esions are usually reversible. However, persistent |oss of rena
function indicates progression to fibrosis and chronic interstitial
di sease in an undeterm ned nunber of cases. Anti-tubul ar basenent
nmenbrane anti bodi es are probably involved in sone cases of
methicillin- or di phenyl hydantoi n-i nduced nephritis. Deposits of 1gG
and C3 may be detectable along tubules in biopsies during the acute
phase. IgE may be elevated in the serum confirmng the allergic or
hypersensitivity process. The reaction can be further indicated by
tests of cell-mediated hypersensitivity (lynphocyte transformation
test) or antibodymedi ated hypersensitivity (circulating antibodi es
reacting with the drug).
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4.3.2 Acute tubular toxicity

Acut e tubul ar effects of drugs and toxins are the result of
direct cellular toxicity. They may vary from necrosis of tubular
cells, leading to acute renal failure, to subtle subcellular |esions
and functional effects. The mmjor groups of agents causing acute
tubular toxicity are antibiotics, particularly am nogl ycosi des,
contrast agents, non-steroidal anti-inflanmmmatory drugs, and
chenot her apeuti ¢ agents including cyclosporin A and cis-platinum

Injury to proxinmal tubular Iining cells is manifest by increased
excretion of substances nornally resorbed by these cells, such as
gl ucose, amino acids, phosphate, and sodium Extension of the |esion
to distal portions of the tubule is acconpanied by | oss of the ability
to acidify the urine and to maintain water and el ectrol yte bal ance.
Tubul ar toxicity nmay be acconpani ed by gl omerul ar effects, and, if the
process is persistent, nay lead to a chronic interstitial nephropathy,
as in lead and cadmumtoxicity.

4.3.3 Chronic interstitial nephritis

Chronic interstitial nephritis (CIN) generally has fewer
di sti ngui shing norphol ogi cal features than nost forns of acute rena
disease. It is characterized norphologically by infiltration with
nmononucl ear cells, prominent interstitial fibrosis, and tubul ar
atrophy. The best docunented cause of CIN is anal gesi c nephropat hy
which is often acconpani ed by acute papillary necrosis. CIN may al so
occur as a sequela to severe acute tubul ar di sease or acute
interstitial nephritis, or as an expression of chronic | ow dose
exposure to specific nephrotoxins (lead or cadm um nephropathy). The
term"tubul ointerstitial disease" may be preferable, because it better
identifies the primary sites of the pathol ogi cal process. Progressive
fibrosis of the interstitial tissue results in a decreasing nunber of
functional nephrons with eventual reduction in glonerular filtration
rate and azotaemi a. There may be few synptons preceding the onset of
renal failure.

4.4 Mechanisnms of cellular toxicity

There are several nechanisns that are thought to be central to
toxicological injury, including inmpaired |ysosmal function, menbrane
changes, and oxidative stress. It is now wi dely accepted that
Ca?*-honeostasis in the cell and Ca?-nediated cell functions are
critical targets for numerous pathophysiol ogi cal processes including
toxi cant-i nduced cell death (Recknagel, 1983; Pounds & Rosen, 1988).
Many cl asses of pharmaceuticals and other chemicals (e.g., netals,
pesticides, and solvents) inmpair the cal ci um nessenger system (Pounds,
1984; d orunsogo et al., 1985; More et al., 1986). Disturbances in
intracel lul ar Ca?" honeostatis and sustained increase in cytosolic
Ca?* cause cell death by the disruption of the plasma nenbrane,
cyt oskel eton, endoplasnmic reticulum and mtochondria. 1In addition
chemi cals (alkylating or arylating agents) can be toxic and may induce
cell death through an initial DNA damage or by apoptosis
(receptor-nedi ated programred cell death). In cell injury caused by
chemical toxicants, cellular accunulation of Ca?" and the generation
of oxygen free radi cals damage cellul ar conponents, particularly
m t ochondri al nmenbranes. |Indeed Ca?" potentiates oxygen free radica
injury to renal mitochondria (Malis & Bonventre, 1986), and the result
of this detrinmental interaction could be due, in part, to the
activation of phospholipase A2.

Li pi d peroxi dati on has been suggested as one of the possible

nmechani sns wher eby chenical s may produce nmenbrane danage and cel
death. Free radicals, generated either directly by the metabolism of
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a chemical or fromthe reduction of oxygen (formng O, HG

and OH*), can initiate |ipid peroxidation via hydrogen abstraction
from pol yunsaturated fatty acids. This interaction will formlipid
peroxyradi cal s and |ipid hydroxyperoxi des, propagating the chain
reaction. Such a chain reaction may destroy cellular nmenbranes and
thereby result in increased plasna nenbrane perneability or altered
fluidity and cell death. Lipid peroxidation may al so cause cell death
through the formation of potent toxic lipid netabolites (such as
hydr oxyal kenal s). However, several lines of evidence indicate that
lipid peroxidation is nost often i ndependent (or is a consequence
rat her than the cause) of cell death (Wtschi et al., 1987). One or
nore of these nmechanisns of cellular injury could closely interact.

Proxi mal renal tubular cells are particularly vulnerable to the
toxic action of chenicals, owing to their high energy demand (such as
reabsorptive and secretory functions). Redox-active agents may cause
ext ensi ve oxidation of GSH to oxidized gl utathione (GSSG. Under such
conditions, often referred to as "oxidative stress", reduction of
GSSG back to GSH by the NADPH dependent GSSG reductase is | ower than
the rate of GSH oxidation. This may |ead to gl uthathione depletion and
cause oxidation of cellular enzynes, depletion of cellular ATP, and
| oss of mitochondrial function (Trunp et al., 1989).

Reactive el ectrophilic netabolites are known to bind covalently
to tissue proteins, and it has been suggested that cell injury and
death are a consequence of the interaction of such reactive
intermedi ates with critical cellular nolecules. Free sulfhydryl groups
are involved in the catatylic activity of many proteins. Modification
of such sul fhydryl groups by coval ent binding or by oxidation may
inactivate critical enzymes and lead to cell death. For some chemicals
the 1 oss of protein sulfhydryl groups results mainly froma reversible
oxi dative process, which leads to the formation of disulfide
cross-links or mxed disulfides with another protein or GSH Enzynes
i nvol ved in Ca?" honeostasis may be one exanple of such critica
cellular target nolecules for alkylating/arylating or oxidizing
met abol i tes.

Studies on isolated cells have shown that exposure to |etha
concentrations of some cytotoxic chenicals leads to a rapid and
sustained rise in cytosolic Ca?". Ca?“"nmediated cytotoxicity may
at least in part be related to effects on cytoskel etal organization.
H gh Ca?" concentrations affect the regulation of the formation of
actin bundles and tubulin polynerization. Activation, by high
intracel lular Ca?", of Ca?-dependent proteases that cleave
cyt oskel etal proteins has been proposed as one nmechani smof cell death
(Fig. 11). Activation of other enzynes, such as phospholipase A;
(causing disruption of the plasma menbrane and formation of toxic
menbr ane breakdown products) and endonucl eases (extensive DNA
fragmentation), has al so been associated with cell death (Trunp et
al ., 1989).

Certain al kyl halides such as DBCP (Qmchinski et al., 1987;
Dybing et al., 1989) and reactive oxygen species cause single-strand
breaks in DNA Extensive DNA danage activates poly
ADP-ri bosyl transferase, which leads to a critical reduction in
cellular NAD" levels, followed by depletion of ATP and eventua
cell death.

The process by which glucocorticoids induce killing of inmature
thynocytes has been termed programmed cell death (apoptosis). Recent
studi es indicates that the environnmental contan nant
2,3,7,8-tetrachlorinated di benzo- p-dioxin (TCDD) causes a
receptor-mediated influx of Ca?" in thynmic cells, which in turn
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acti vat es endonucl eases and thereby causes progranmed cell death. The
role of such a process in the chemcally nediated killing of kidney
cells has yet to be deternined (MConkey et al., 1988).

4.5 Factors that nodify cellular injury by toxins
4.5.1 Cellular transport and accurul ation

Drugs and ot her chemcals including netals may be transported
across proximal tubular cells, i.e., fromrenal capillaries across
tubular cells to be excreted in the tubular lunmen or vice versa
(absorption). Many organi c ani ons are excreted agai nst concentration

gradients at rates that exceed glonmerular filtration. This inplies an
active carrier-medi ated transport process. Such a process requires
energy obtained from oxidative nmetabolismlocated in mitochondria. An
active process for transporting solutes in renal tubular cells has
certain inplications concerning the susceptibility of tubular cells to
effects of toxins (Berndt, 1989). If cationic drugs or chemicals are
actively transported, there is the i medi ate probl em of conpetition
with the transport of essential cations. Active transport with the
capability of concentrating absorbed material nay concentrate
potential nephrotoxins as well as essential solutes in the rena
cortex. The sanme toxins that inpair energy netabolismw || inpede the
cellular transport of essential solutes (Rennick, 1978). Other toxic
subst ances may be concentrated in the nedulla or the papillae,
probably as a consequence of the physiol ogi cal nmechani smt hat
concentrates urine. The renal accumul ation of chemicals such as
gentam cin, cephaloridine, or cadmumis well docunented.

4.5.2 Metabolic degradation

Met abol i ¢ degradation or transformati on nost often occurs in the
liver, but many of the same enzynme systens are present in the kidney
as well. The metabolismof drugs and chem cals within the kidney may
result in substances that are either nore or less toxic. Those drugs
and chemicals that are netabolized by the mxed-function oxidase
system have received the nost attention. For exanple, severa
chl orinated al kyl hydrocarbons of |ow relative nol ecul ar mass, such as
carbon tetrachloride and trichloronethane, may be transformed into
reactive, toxic products that bind covalently to renal tissue,
produci ng nmenbrane injury. In addition, |owlevel exposure to other
subst ances, such as pol ychl ori nated bi phenyls (PCBs), that activate
the enzyne systens nay enhance the production of toxic products (Kl uwe
et al., 1979). Sinmlarly, pretreatnment with phenobarbital enhances the
activity of m xedfunction oxi dase enzynes and, hence, the toxicity of
compounds |i ke met hoxyfl urane whose netabolic products are fluoride
and oxal ate, two substances potentially toxic to the kidney. The
fluoride ion is toxic to cell nenbranes, whereas oxal ate nay
precipitate within the | unmen of nephrons (Mazze, 1976). On the other
hand, phenobarbital reduces the renal toxicity of DBCP due to an
increase in its detoxication in the liver (Kl uwe, 1983).

4.5.3 Intracellular protein binding

The intracellular concentration of toxins may be influenced by
protein binding. The sol uble cytoplasmc protein, netall othionein, and
i nsol ubl e acidic protein conplexes formi ng nucl ear inclusion bodies
are exanpl es of a phenonmenon that concentrates two different groups of
netal s.

Met al | ot hi oneins are proteins of low relative nol ecul ar mass

(6000- 7000 Dal tons) characterized by a high cysteine content (23-33%
a conplete lack of aromatic acids, and a high content of heavy netals
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(7-12 nmetal atons/nolecule of protein). Metallothioneins can bind
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Fig. 11. Flowchart illustrating the relationships between ion deregulation, cell injury, and
carcinogenesis. Fron: Trump et al. {(1989).

several essential or non-essential heavy nmetal ions including zinc,
copper, cadm um nercury, silver, gold, and cobalt (CGoyer & Cherian
1977). The nmetal ions are bound exclusively through thiolate

coordi nation conpl exes, which involve all the cysteine residues (20 in
rat liver netallothionein) located in two domains (al pha and R

domai ns). Metal ions that can bind to netall othioneins can also, to
vari abl e extents, pronote the transcriptional activity of

met al | ot hi onei n genes. In the kidney, Cd?** and Hg?" are the best

i nducers of netallothionein synthesis. Metallothionein synthesis can
al so be induced by various stresses (e.g., tissue injury, food
restriction, infections). Not all the biological functions of

nmet al | ot hi onei n have been fully el ucidated. They probably include
protection agai nst and detoxification of heavy netals, regulation of
the metabolismand possibly the function of essential elenents such as
copper and zinc, and a protective response to various stresses hy
altering zinc distributions between tissues and within cells (e.g.

macr ophages) and by acting as a free radical scavenger (Dunn et al.
1987).

Lead and bisnuth accunmul ate in renal tubular cells bound to a
conpl ex of acidic proteins that form norphol ogically discernible
i nclusion bodies (Goyer & Cherian, 1977). As with netall ot hionein, the
sequestering of toxic netals by the protein conplex is thought to
reduce the intracellular toxicity of these netals.

4.5.4 Menbrane reactions and pinocytosis

Macr onol ecul ar substances are transported by pinocytosis and
included in intracellular vacuoles. Proteins that are normally in the
glomerular filtrate are taken up by the cell nenbrane by pinocytosis.
Such pinocytotic vesicles fuse with prinmary |ysosones, which contain
I ytic enzynes. Secondary |ysosones are forned, and the nacronol ecul ar

Page 69 of 185



Nephrotoxicity associated with exposure to chemicals, principles and methods for the assessment o...

material is degraded or broken down. The products of low relative
nol ecul ar mass then | eave the |ysosones in order to prevent an
increase in osmolality and | ysosone swelling (Jacques, 1975).

Potenti al nephrotoxins that may be taken into renal tubular cells
in this manner include chelating agents such as nitrilotriacetic acid,
et hyl enedi am netetraacetic acid (EDTA), and netall ot hionein. Menbrane
bi ndi ng of EDTA adm ni stered as the cal ci um EDTA chel ate persists, the
cal cium but not the EDTA being dislocated to other cellular
conmponents. This suggests the nmanner in which EDTA nay sequester
cellular lead or other netals for excretion (Schwartz et al., 1970).

5. THERAPEUTI C AGENTS AND CHEM CALS THAT HAVE THE POTENTI AL TO CAUSE
NEPHROTOXI CI TY

5.1 Therapeutic agents

Many t herapeutic agents have been linked to clinically
significant nephrotoxicity. At present nmuch is known and under st ood
about some of these agents, as there is a substantial anount of
rel evant animal toxicity and human data for conparison

5.1.1 Analgesics and non-steroidal anti-inflammtory drugs (NSAI Ds)

Anal gesi ¢ nephropathy may be a consequence of the excessive
consunption of m xed anal gesics. Originally, phenacetin was common to
all of these mixtures, which led to the conclusion that this drug was
the only cause of "phenacetin kidney". Subsequently, a variety of
anal gesi cs, NSAIDs, and a nunber of industrial and environnental
chem cal s have been shown to have the potential to cause RPN and
interstitial nephritis (Burry et al., 1977, Schwarz, 1987).

The preval ence of anal gesi c-associ at ed nephropat hy varies
wor | dwi de and is probably related to patterns of anal gesic use. It has
been found nost often in wonmen aged 45-55 as a result of a high
i nci dence of anal gesic abuse, and has been reported nore frequently in
Australia and Switzerland and | ess frequently in the USA Canada, and
Germany. It is estimated that nore than 37 million people in the USA
have arthritis and use these drugs. This is indeed a very large
popul ation at risk. Analgesic effects are said to be a factor in as
many as 20-30% of cases of interstitial nephritis in the south-east of
the USA (Murray & Gol dberg, 1975).

Di agnosis is often made by coupling the history of anal gesic
abuse wi th norphol ogi cal evidence of renal papillary necrosis and
chronic interstitial nephritis. The resultant |esions can be
recogni zed by radi ol ogi cal exam nations or ultrasonography and consi st
of calcifications along the Iine of Hodson, shrinking of the kidneys
resulting in irregular contours, and decreased | ength of both ki dneys.
Necrotic papillae may be voided in the urine and this is occasionally
observed.

At least two countries have legislated to prevent phenacetin from
bei ng sold over the counter. This legislation has had the effect of a
change in anal gesic fornmulation, usually towards that of a single drug
such as aspirin or paracetanol (acetam nophen). In Sweden, the renoval
of phenacetin resulted in the progressive decline in the incidence of
anal gesi ¢ nephropathy. This began approxinmately 6 years after the
renoval of phenacetin and the nmajor inpact was seen after 12 years. In
Australia, phenacetin was renoved from conbi nati on anal gesics by 1976
and repl aced with acetam nophen (the principle netabolite of
phenacetin); by 1979 legislation prohibited the overthe-counter sale
of conbi nati on anal gesics. According to the Australia-New Zeal and
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D al ysis and Transpl ant Registry, this has resulted in a progressive
decline in the incidence of anal gesic nephropathy in patients
presenting with end-stage chronic renal failure in dialysis and
transpl ant programmes. In 1982, 22% of patients in dialyses and
transpl ant programres had anal gesi ¢ nephropathy; by 1988, the

i nci dence had declined to approximately 13% By contrast, the sale of
phenaceti n-cont ai ni ng anal gesics declined to 21% (in 1976) and 9% (in
1983) of the total volune of analgesics sold in Belgium but the
preval ence of anal gesi ¢ nephropat hy renmai ned unchanged over this
period. Retrospective and prospective studies in Bel giumhave shown
decreased renal function in anal gesic abusers who never took anal gesic
m xtures contai ni ng phenacetin (El seviers & De Broe, 1988).

Par acet anol, which | argely replaced phenacetin in anal gesic m xtures),
is assuned to be involved in the pathogenesis of RPN. Recently, an
increased risk of renal disease was found in daily users of
paracetanmol in North Carolina, USA (Sandler et al., 1989). O her
therapeutic agents (nostly anal gesics and NSAl Ds) have been
inplicated in RPN, and a nunber of industrial and environnental
chemical s al so have the potential to cause this |esion (Bach &

Bri dges, 1985a).

Most patients deny anal gesic abuse, thus nmaki ng epi deni ol ogi ca
studies that attenpt to identify the causative agent difficult. Mst
of the epidem ol ogical data that has been reported over-reflected the
i ntake of phenacetin at the expense of other agents that could equally
be inmplicated. The estinmate of the total lifetine dose of anal gesic
that produces papillary necrosis varies from< 1 to 35 kg (but this
was based only on phenacetin). No data was given in the
epi dem ol ogi cal studies on what quantities of other anal gesics were
al so taken or on exposure to papillotoxic chem cals. Thus the etiol ogy
of RPN has been conplicated by poly-pharmacy, |ack of docunentation on
the intake of other anal gesics and NSAI Ds, exposure to other
chemicals, and the difficulty in diagnosing RPN

Anal gesi ¢ abuse (Nanra et al., 1978; Nanra, 1980; Prescott, 1982;
Bach & Bridges, 1985a; Schwarz, 1987) and addicti on have been |inked
to co-fornulation with caffeine, but there is no firm supporting
evi dence. Few anal gesi c abusers take the drugs for appropriate
i ndi cations. The origins of abuse are usually psycho-social and
represent neurotic, dependent, immture, introverted, anxious, or
depressed individuals, up to 20% of whom al so snoke and abuse al cohol
psychotropi ¢ drugs, and sl eeping tablets. Mst anal gesic abusers are
worren (over 30 years of age) from | ower soci oecononi c/education
groups, who have taken these mixtures for 5-30 years. Several factors
such as dehydration, secondary to high anbient tenperatures and
bacterial infection, have been inplicated in the devel opnent of rena
failure (Kincaid-Smith, 1979). Renal function may be preserved and the
progressi on to ESRD nay be prevented by stopping anal gesi c exposure,
but patients who continue to abuse anal gesi cs have a poor prognosis
(Schwarz, 1987). Anal gesic abusers al so have an increased incidence of
anaenmi a, gastric ulcers, and cardiovascul ar heart disease (Dubach et
al ., 1978).

Clinical features of anal gesic nephropathy include | oss of
urine-concentrating capacity (Bengtsson, 1962), electrolyte
di sturbances, (sodi um wastage and hypocal caenia), and defective
urinary acidification after ammoni um chloride | oadi ng (Bengtsson
1962; Nanra et al., 1978). An increase in BUN or creatinine
identifies incipient renal failure; at this stage papillary necrosis
is well advanced and includes secondary degenerative changes.
Radi ol ogy and ultrasound may identify irregular shrinking of the rena
tissue and nedul lary calcifications, but these are advanced changes.
Very early in the course of the injury histological changes are
confined to the medulla (a region of the kidney that is not always
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assessed at autopsy). This situation progresses to include other
changes, especially in the cortex, that are easily biopsied to show
interstitial nephritis, but they do not define the underlying cause.

The earliest degenerative changes begin at the papilla tip and
affect interstitial cells, |oops of Henle, capillaries, and the
prot eogl ycan ground substance, and result in |ipidosis. Mre advanced
or intermediate RPN affects the outer nedulla, as seen by atrophy,
sclerosis, and inflammatory response and cal ci fication of the necrosed
papilla tip (Burry et al., 1977; door, 1978). Total RPN affects the
corticomedul lary and cortical regions and is characterized by chronic
interstitial nephritis, tubular dilatation, atrophy, basenent nenbrane
thickening, fibrosis, sclerosis, and inflammatory cell infiltration
Vascul ar degeneration such as suburothelial capillary sclerosis is
pat hognonmoni ¢ for RPN (M hatsch et al., 1984). Pelvic, ureteric, and
bl adder urothelia show thickening of capillary walls, sclerosis of
| am na propria, altered fat and coll agen deposition, and epithelial
hyper pl asi a advancing to malignancy and tunours (Burry et al., 1977;
M hatsch et al., 1984).

The pat hol ogi cal changes in humans with RPN have been obt ai ned
fromautopsy or postnortemtissues, where autol ytic degradation nmay
alter the appearance and nake interpretation of the stage of the
lesion difficult. Animal nodels of RPN in a |aboratory situation have
provi ded nore detail on the focus of primary injury and the course of
degenerative changes and al so all ow nmechani snms to be studi ed, but they
do not necessarily reflect the situation in hunans.

Anal gesics (e.g., aspirin, phenacetin, and paracetanol) do not
al ways cause RPN in rats. Thus inappropriately high doses have
somet i mes been given for prol onged periods (Prescott, 1982; Bach &
Bri dges, 1985a). Biological variation within such groups is very high
and experinmental use of NSAI Ds has caused fatalities due to
extra-renal toxicity (gastric ulceration and perforation; see Kaunp,
1966). This has produced experimental nodels that are of linited
val ue for studying the course of the |esion or mechani smof RPN. The
renal functional changes and the pathonorphol ogi cal progression of the
| esion in several acute nodel systens show nmarked simlarities with
those reported for the anal gesic-associated lesion in both
experinmental animals and nman (Bach & Hardy, 1985; Bach & Bridges,
1985a) .

The hi stol ogi cal changes i nduced by experinental RPN follow a
simlar pattern of early, internediate and total RPN to that described
in man (Fig. 12), and are dose and tine dependent. The earliest
nmor phol ogi cal changes i nduced by papillotoxins occur in the rena
medul lary interstitial cells. The nedullary gl ycosam noglycan matri x
al so under goes changes, showi ng an increase and then a decrease in
staining intensity. It is only subsequently that there are platelet
adhesi ons, bl ocking of blood vessels, degenerative changes in the
coll ecting ducts and proximal tubules, and the accunulation of lipid
material in capillaries and epithelial cells. At the sane tine as
repair and reepithelization are taking place, there is an increase in
the presence of tubular casts, proximal and distal tubular dilatation
and hyperplasia of the collecting ducts, and pelvic wurothelia, and
the suburothelial capillaries undergo sclerotic changes. Wen the
repair phase is advanced or conplete, there are al so degenerative
changes in the cortex, including fibrosis, glonerular sclerosis, and
cystic dilatation. The histol ogi cal and functional changes produced by
nodel RPN are renmarkably similar to those observed in human anal gesic
abusers. The use of high-resolution 1light m croscopy and
ultrastructural studies (in conjunction with histochem stry and
i mmuno- hi stochemi stry) can help establish the changes in adjacent
cells and link the "cause-and-effect" relationships in the sequence of
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degenerative events.

The mechani sm of anal gesi c-i nduced renal papillary necrosis is
still not fully understood. Progress in our understanding of the
pat hogenesi s of the nodel |esions (Bach & Bridges, 1984, 1985a) has
enabl ed sone factors to be identified that nay be involved in the
nmol ecul ar changes. There is no evidence to suggest that the nopde
| esion has an early inmmnol ogical basis, nor that it is a consequence
of renal hypoxia or vasoconstriction, and there is no experinenta
basis to suggest that the altered internediary netabolismis a
critical factor (Bach et al., 1983). The concept that altered PG
met abol i sm gives rise to vascular (or other) changes is an attractive
one, but the exceptionally | ow |evels of these hornones, conbined with
their instability, have made it very difficult to test this
hypot hesi s. The countercurrent concentrati on nmechanismis an inportant
normal renal function and is thought to play an inportant role in
concentrating chenicals to toxic levels within the nedulla. One of
the earliest changes in the devel opnment of RPN is the |oss of
concentrating processes, which detracts fromthis hypothesis.
Furthernore, the concentrating of a conpound in the nedul |l a does not
expl ain the nol ecul ar nechani sm by which it causes RPN (Bach &
Bri dges, 1985a).

At present the npbst attractive explanation for the devel opnent of
RPN rel ates to a nmetabolic activation within the kidney. There are two
maj or oxi dative systenms for xenobiotic nmetabolismin the kidney. The
cytochrome P-450 systemis localized to the cortex, whereas the PG
hydr oper oxi dase system (PGH) is |ocated al nost exclusively in the
medul | a. The reasons for the selective targeting of particul ar
chemicals for the renal nedulla interstitial cells are uncertain, but

S
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Fig. 12. Apex-limited focal RPH in animal closed with 100 mgkg BEA given orally;

H & E stained wax section {Courtesy: P.H. Bach).

may relate to the absence of free radical scavengers or nucl eophiles
and/or to the presence of extensive nunbers of lipid droplets

contai ning polyunsaturated fatty acids within these cells. These woul d
forman ideal substrate for extensive |lipid peroxidation (Porter et
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al., 1980) within the renal medullary interstitial cells once a
reactive species had been generated within these cells. The role of
co-oxi dation of substrates as a consequence of PG synthesis has becone
an attractive nechanistic basis on which to explain papillary damage
(Fig. 13) and the activation of bladder carcinogens, and it may al so
be pertinent to other types of renal toxicity that are not associated
with m xed-function oxidase activity (Bach & Bridges, 1984).

Pr ost agl andi n endoper oxi de synt het ase consists of two i nseparabl e
activities. Fatty acid cycl o-oxygenase catal yses the oxidation of
arachi donic acid to PG hydroperoxy-endoperoxi de (PG5), while the
other activity, PG hydroperoxi dase, reduces PGG to PG4 and

co- oxi di zes another nolecule. PGH, is the precursor for both PGs and
t hromboxanes (Davis et al., 1981). PG hydroperoxidase is inhibited by
antioxidants and will reduce many different fatty acid peroxides,

ot her organi c peroxides (cunene hydroperoxide and tert-butyl

hydr oper oxi de), and inorgani c peroxi des (hydrogen peroxide) and, in
the process, co-oxidize a range of substrates including severa

bl adder carcinogens that produce free radicals.

Paracetanol forms a reactive intermediate that co-valently binds
to trichloroacetic-acid-precipitable nacro-nolecules but is inhibited
by aspirin and other inhibitors of fatty acid cycl o-oxygenase.

Et hoxyqui n, ascorbic acid, and glutathione also inhibit coval ent

bi ndi ng of paracetanol during peroxidative activation by reacting with
el ectrophilic internedi ates generated by co-oxidation (Zenser et al.
1983).

O her non-steroidal anti-inflammatory agents nmay produce
hypersensitivity reactions, |ipoid nephrosis, and interstitial
nephritis (Finkelstein et al., 1982).

5.1.2 Paracetanol (acetani nophen) and para-am nopheno

Large doses of paracetanol can produce acute proxi nal tubul ar
necrosis, especially in male Fischer-344 rats (Mtchell et al., 1977;
McMurtry et al., 1978; Hennis et al., 1981; Newton et al., 1983a,b).
M crosonmal cytochrone P-450 activation to a reactive arylating
intermediate is thought to be an obligatory biochem cal event in
par acet anol -i nduced hepatic necrosis (Mtchell et al., 1973; Nelson
1982) . Nephrot oxi ¢ dosages of paracetanol bind covalently to rena
protein (Mtchell et al., 1977; McMirtry et al., 1978; Nelson, 1982)
by an NADPH dependent, cytochrone-P-450-nedi ated process (McMirtry et
al ., 1978; Newton et al., 1983a,b). Alternatively, paracetanol is
enzym cal |y deacetylated to para-am nophenol, a potent selective

nephrot oxi n that damages the proxinal tubule (Calder et al., 1979).
Par a- am nophenol produces acute necrosis of the proximal convol uted
tubules in rats after a single injection (Geen et al., 1969), and has
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Fig. 13. Schematic representation for the arachidonic acid cascade including the proposed pathways

for the oxidative activation of H5AIDs, analgesics and carcinogens, the generation of free radicals,

and the oxidoreductive depolymerization of glycosaminoghycans by hydroxyl radicals. Abbreviations:
AA=arachidonic acid; adduct=DHA, protein, or micromolecular adduct; BRI=biologically reactive intermediate;
depolymerization = the oxidoreductive depohymerization of ghreosaminoghrecans by hydrownd radicals

or other reactive species; FAP=Tatty acid peroxide; GSH=glutathione; HETE=hydroxyeicogatetraenoic

acid; HPETE=hydroperoxyeicosatetraenoic acid; LPO=lipid peroxidation; HSAID=nonsteroidal anti-
inflammatory drug; Oz=superoxide anion; OH=hydroxyl radical; PG=prostglandin; PUFA=polyunsaturated
fatty acid; TBX=thromboxane. From: Bach & Bridges (1984).

been denonstrated to be a mnor nmetabolite of paracetanol in the

Fi scher-344 rat and its isolated perfused ki dney (Newton et al.

1982). Paracetanol ( N-acetyl- p-am nophenol) is structurally

closely related to para-am nophenol, and netabolites have been shown

to be excreted by the biliary route in rats (Siegers & Kl aassen, 1984)

and m ce (Fischer et al., 1985). These netabolites are the glucuronic
acid and sul fate conjugates (Siegers & Klaassen, 1984) and the

gl ut at hi one conjugate (H nson et al., 1982). Toxicity arising from
par a- am nophenol has been previously suggested to result froma

dose-rel at ed depl etion of kidney reduced gl utathi one and coval ent
binding to essential renal macronol ecules (Crowe et al., 1977; 1979).

Bot h paracetanol and para-am nophenol deplete renal cortica
reduced gl utat hione concentrations and aryl ate renal nacronol ecul es
(MeMirtry, et al., 1978; Crowe et al., 1979). The changes produced by

par a- am nophenol are indistingui shable fromthose caused by

paracet amol (Newton et al., 1983a,b). Muse renal cortical slices and
honogenat es are capabl e of deacetyl ati ng paracetanol to

par a- am nophenol (Carpenter & Midge, 1981), which has al so been
identified as a urinary netabolite of paracetanol in both hansters
(Genborys & Mudge, 1981) and Fischer-344 rats (Newton et al.
1983a,b). Thus the rat is capable of deacetylating paracetanol to
par a- am nophenol. |In the renal cortex, paracetanol deacetylation
occurs primarily in the cytosolic fraction (Newton et al., 1983a).
Simlarly, nmetabolic activation of paracetanol to an arylating

i nternediate is dependent on the presence of a cytosolic deacetyl ase
(Newt on et al., 1983b).

Bot h para- am nophenol and bis-( p-nitro-phenyl)-phosphate (a
car boxyl est erase-ami dase inhibitor) inhibit the coval ent binding of
paracetanol to renal macronol ecules (Newton et al., 1983b). Concl usive
evi dence that para-cetanol binds to renal nmacronol ecul es after
deacetyl ati on and netabolic activation to para-amn nophenol has been
provi ded by the denonstration of coval ent binding of [ring-
14 - paracet amol , but not [acetyl-1*C]-paracetanmpl, to rena
protein (Newmton et al., 1983b).

Thus, paracetanol activation by renal cortical tissue can occur

intw different ways, i.e. either a microsona
cyt ochr ome- P- 450- dependent pat hway or deacetylation to
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par a- am nophenol and subsequent netabolic activation. The reactive
i nternmedi ates forned by each pat hway suggest that both nmechani sns nay
play a role in paracetanolinduced renal cortical necrosis.

5.1.3 Antibiotics

Nephrotoxicity related to antibiotics is nost often due to
effects on transport, concentration, and excretory functions. Al
parts of the nephron or kidney may be affected. However, there is
usual Iy sone specificity in the site of action, particular toxins
af fecting specific portions of the nephron (Curtis, 1979).

Mechani sns of injury span a broad spectrum of potential |esions.
The nost common effect is direct toxicity to renal tubular cells
mani fested by cell injury and necrosis. Direct toxicity to gl omerul
is not as conspi cuous but does occur. |nmunol ogically induced | esions
in glomeruli and interstitial tissue may al so occur

5.1.3.1 Am nogl ycosi des

Nephrotoxicity is a common conplication of am noglycoside
antibiotic therapy in nan (Bennett, 1983; Matzke et al., 1983;
Kahl met er & Dahl ager, 1984). Early signs of nephrotoxicity include
increased urinary excretion of proxinmal tubular cell brush-border
menbr ane enzynes such as al ani ne ami nopepti dase, proteins of relative
| ow nol ecul ar nmass such as |ysozyme and [32-mi crogl obulin, and granul ar
casts (Schentag, 1983). A urine-concentrating defect is usually
evi dent and may explain the non-oliguric acute renal failure typically
observed in these patients. Less comon nanifestations of tubular
dysfunction include potassium magnesium calcium and glucose loss in
the urine. Azotaenia and elevation of the serum creatinine
concentration are relatively late manifestations of nephrotoxicity
and refl ect depression of glonerular filtration rate consequent to
extensive proximal tubular cell necrosis. Patients receiving standard
doses of am no-gl ycoside antibiotics usually do not manifest
depression of glonerular filtration until after seven or nore days of
drug therapy. However, pathol ogi cal changes confined to the proxinma
tubul e can be seen in renal biopsy nmaterial obtained before this tine
(DeBroe et al., 1984). At the light microscope |level, these changes
range fromloss of brush-border nenbrane, apical bl ebbing, and
prom nent vacuoles to cloudy swelling, patchy cell necrosis, and
sl oughing of necrotic cells with cast formation in the [umen. Electron
m croscopy reveals the presence of nulticentric multilanellar menbrane
structures known as myel oid bodies within distended | ysosones (Kosek

et al., 1974). These |ysosonal |esions can be seen within 1-2 days of
drug treatment and they increase in size and nunber as therapy is
pr ol onged.

The nephrotoxicity potential of am noglycosides has been ranked
as neonycin > gentamcin > sisomcin = kananycin > tobranycin >
netilmcin > streptonycin (Parker et al., 1982). The situation wth
am kaci n has been somewhat controversial, but recent studies have
suggested that it is |ess nephrotoxic, even in experinental animals,
than the other clinically avail able anmi nogl ycosi des, except for
streptomycin. Clear-cut therapeutic advantages of any particul ar
am nogl ycoside are not readily apparent in patients because of the
serious nature of their underlying illness and concurrent therapy with
mul tiple drugs. Furthernore, the relative nephrotoxicity is usually
assessed by insensitive techni ques, such as blood urea nitrogen, serum
creatinine, and enzynuria, that do not give a quantitative
representation of the extent of renal injury. In humans, few would
argue that neonycin and gentamcin are nmuch nore nephrotoxic in
therapeutic use than streptonycin, but there are al so other inportant
risk factors that relate to the clinical condition of the patient:
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* dehydration, volune depletion, diuretic-induced vol une depl etion
* advanced age;

* pre-exi sting renal disease;

* el ectrol yte inbal ance (acidosis, hypomagnesaem a, hypokal aem a

hypocal caem a) ;

* hypot ensi on/ renal ischaeni a;

* extrarenal target organ disease such as cirrhosis of the liver
* exposure to multiple nephrotoxins;

* frequent dose regi mens as opposed to |arger doses given |ess

frequently;
* el evat ed am nogl ycosi de trough concentrati ons.

Current understandi ng of the pathogenesis of am no-glycoside
nephrotoxicity has been derived primarily fromstudies in rats, which
exhibit a pattern of renal injury indistinguishable fromthat observed
in man (Kal oyani des & Pastoriza-Minoz, 1980; Hunes et al., 1982;
Bennett, 1983; Tul kens, 1989). The drug dose, in relation to body
weight, required to induce injury in the rat is considerably |arger
than that required in man, whereas the dose is approxinmately the same
when expressed in relation to body surface area. From such studi es has
ener ged unequi vocal evidence that am nogl ycosi de nephrotoxicity is
causally linked to the transport and accunul ati on of drugs by rena
proxi mal tubular cells. Follow ng parenteral administration
am nogl ycosi des are elimnated unchanged in the urine by glonerul ar
filtration. A small fraction of the filtered drug is taken up by the
renal proximal tubular cells via a low affinity, high capacity
transport mechani smthat exhibits saturation kinetics (Kal oyanides,
1984a; Guliano et al., 1986). The first step in this transport
process invol ves binding of the cationic ani noglycoside to apica
nmenbrane receptors, thought to be anionic phospholipids such as
phosphati dylinositol (Sastrasinh et al., 1982). This is followed by
uptake into the cell by adsorptive endocytosis (Silverblatt & Kuehn
1979) with subsequent translocation and sequestration of the drug in
hi gh concentration within | ysosones (Murin et al., 1980; Josepovitz et
al., 1985). In addition a small quantity of drug appears to gain
access into the cell across the basol ateral nenbrane (Collier et al.
1979). Followi ng uptake into proximal tubular cells, am noglycosides
express their nephrotoxicity potential by disrupting one or nore
critical intracellular nmetabolic pathways.

Al t hough these drugs have been shown to effect a variety of
bi ochem cal processes at several sites within proximl tubular cells
(Kal oyani des, 1984b), it remains to be established which if any of
these actions are causally linked to the cascade that eventuates in

cell injury and necrosis. Prom nent anong the bi ochenical derangenents
is a disturbance of phospholipid netabolismreflected by an increase
in renal cortical phospholipid enriched in phosphatidylinosito

(Kal oyani des, 1984b). The phospholi pi dosi s has been shown to be due
primarily to the accumrul ati on of |ysosomal nyel oi d bodies (Josepovitz
et al., 1985), which formas a consequence of the inhibition of

| ysosomal phospholipases (Laurent et al., 1982; Carlier et al., 1983)
by the high concentration of drug within the |ysosomal conpartnent
(Ramsamy et al., 1989a). The nechanismof inhibition is thought to be
related to an electrostatic interaction between the cationic
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am nogl ycosi de and ani oni ¢ phosphol i pid. Another exanple of an adverse
i nteraction between am nogl ycosi des and phospholipid is the
observation that gentamicin inhibits agonist activation of the
phosphati dyl i nositol cascade (Ranmsamy et al., 1988a), an effect that
| ocalizes the site of interaction at the cytoplasnm c surface of the
pl asma nenbrane and nost |ikely reflects binding of the polycationic
gentam cin to the pol yani oni c phospholi pid,

phosphati dyl i nositol -4, 5- bi s-phosphate. This effect nmay al so explain
the observation that am noglycosides inhibit phosphatidylinositol-
speci fic phospholipase Cin renal brush-border nmenbranes (Schwertz et
al., 1984). Alterations of other biochenical processes associated with
pl asma nenbranes have been described, including depressions of
Na*- K- ATPase, adenyl ate cycl ase, al kaline phosphat ase, and
calciumbinding (Mrin et al., 1980; WIllians et al., 1981). Inpaired
m tochondrial respiration (Winberg & Hunes, 1980) and decreased

i ncorporation of leucine into mcrosomal protein (Bennett et al.

1988) have al so been observed prior to the onset of obvious
irreversible cell injury. These findings enphasize that nultiple
sites serve as targets for drug-cell interaction. However, it renains
uncertain which of these biochem cal abnornalities are proxinal
events causally linked to toxicity.

One theory that attenpts to integrate these diverse observations
focuses on the |ysosonmal accunul ation of am nogl ycosi des, wth
i nduction of a |ysosomal phospholipidosis as the critical first step
(Tul kens, 1989). If the injury threshold concentration of
am nogl ycoside is not reached, the |ysosomal phospholi pidosis
regresses w thout any biochem cal or norphol ogi cal evidence of
cellular necrosis and regeneration (Guliano et al., 1984). However
if the injury threshold concentration is exceeded, the |ysosonal
phosphol i pi dosi s progresses and the overl oaded | ysosones swel |,
resulting in the loss of integrity of the |Iysosomal nenbrane and the
rel ease of |ysosomal enzymes, toxins, and |large quantities of
am nogl ycosi des into the cytosol. The extral ysosonal ani nogl ycosi de
interacts with and disrupts the functional integrity of other
subcel | ul ar nmenbranes, thereby initiating the injury cascade that
eventuates in cell death.

It should be enphasi zed t hat am nogl ycosi de-i nduced proxi ma
tubul ar cell necrosis is acconpani ed by a conspi cuous regenerative
response (Parker et al., 1982; Toubeau et al., 1986). Thus, the
clinical threshold for nephrotoxicity is deternined by the bal ance

between the rate of necrosis and the rate of regeneration of proxina
tubul ar cells (Soberon et al., 1979). If necrosis dom nates, overt
renal failure ensues.

Am nogl ycosi de nephrotoxicity is acconpani ed by increased
generation of free radicals. Furthernmore, nephrotoxicity is bl ocked
with free radi cal scavengers/antioxidants such as dinethylthiourea,

di met hyl suf oxi de, sodi um benzoate, or deferoxani ne (Wal ker & Shah
1987). However other studi es have denpnstrated that antioxidants such
as vitamn E do not protect agai nst am noglycoside-induced injury
(Ramsamy et al ., 1986, 1987, 1988b). The reasons for this apparent

di screpancy are not known, and the exact role of lipid peroxidation in
gentam cin nephrotoxicity therefore renains uncl ear

Pol yaspartic acid has recently been shown to protect rats
compl etely from devel opi ng am nogl ycosi de nephrotoxicity w thout
i nhibiting proximl tubular cell drug uptake (WIllians et al., 1986;
Glbert et al., 1989; Ramsamy et al., 1989b). |In vitro studies
suggest that the protective effect of polyaspartic acid is due to the
ability of this polyanionic peptide to bind the cationic
am nogl ycosi des, thereby preventing these drugs frominteracting
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electrostatically wth various targets, presunmably anionic
phosphol i pids, within the cell

5.1.3.2 Cephal osporins

The nephrotoxicity of cephal osporins was first noted when the
drugs were used in conbination with am noglycosides, but it is now
recogni zed that cephal osporins, particularly cephal oridine, may
produce degeneration and necrosis of proximal tubular lining cells and
acute renal failure. It has been suggested that the cellular toxicity
is the result of netabolic activation of the five-nmenber thiophene
ring present in cephal othin and cephal oridine, the only two
cephal osporins that seem capabl e of produci ng dose-dependent direct
nephrotoxicity (Mtchell et al., 1977). DMore recently, it has been
suggested that |ipid peroxidation (Goldstein et al., 1989) and direct
m tochondrial toxicity may be involved in the mechani snms of
cephal oridi ne nephrotoxicity. Necrosis occurs when the concentration
exceeds 1000 ng/ kg wet tissue. The correl ation between dose and
response, as well as the localization of the lesion in the proxi mal
portion of the nephron, may be expl ained by a striking
corticomedul lary gradient in tissue concentration. The cellul ar uptake
of cephal ori di ne and nephrotoxicity have been nodified or elimnated
in experinmental animals by pretreatnment with either probenecid or

p- am nohi ppuric acid. The mechani sns of toxicity are conplex (Wld
et al., 1979; Tune & Fravert, 1980; Tune, 1986; Coldstein et al.
1987; Tune et al., 1988).

5.1.3.3 Anphotericin B

The increasi ng use of immunosuppressive therapy and the attendant
system c nycotic infections have resulted in an increase in the

adm ni stration of anphotericin B. This drug is al nost al ways
associated with sone degree of toxicity to the distal renal tubule and
acconpanyi ng aci dosi s, hypokal aem a, and pol yuria (Butler, 1966;
Dougl as & Healy, 1969). Reduced renal blood flow and gl omerul ar
filtration rate may al so occur. Pretreatnment of experinmental aninals
with furosenide or sodi um protects agai nst decreases in renal plasna
flow and glonerular filtration rate inmmediately foll owi ng anphotericin
B treatnent. Salt loading also protects against
anphot eri ci n-i nduced decreases in renal plasma flow and gl onerul ar
filtration rate upon chronic drug administration in rats. However, it
is inportant to note that tubular toxicity in these studies was not
aneliorated by salt loading (Tolins & Raij, 1988). These data suggest
that the tubular toxicity of anphotericin Bis not secondary to rena
vasoconstriction and i schaeni a.

5.1.3.4 Tetracyclines

The nephrotoxicity of tetracycline incited considerable interest
in the early 1960s, shortly after its introduction. People,
particularly children, devel oped a reversible proximal tubular
dysfunction after receiving outdated drugs. The nephrotoxicity was
found to be due to a degradation product, anhydro-4-epitetracycline.
The probl em has di sappeared with the substitution of citric acid for
| actose as a vehicle (Curtis, 1979).

O her rare effects of tetracycline that have been reported are
i mpai rment of renal-concentrating ability by
denet hyl chl orotetracycline and occurrences of acute interstitial
nephritis after mnocycline treatnment. Mre inportant to current usage
is the awareness that the serumhalf-life of the two nost commonly
used drugs, tetracycline and oxytetracycline, is greatly prolonged in
renal failure, and that the anti-anabolic effect of the tetracyclines,
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which inhibit the incorporation of amino acids into protein, nay
further contribute to negative nitrogen bal ance and uraem a by raising
bl ood urea nitrogen (Curtis, 1979).

5.1.4 Penicillam ne

Penicillamne (3,3-dinethylcysteine) was first used clinically as
a copper-chelating agent to treat Wlson's di sease. Because of the
drug's potential for decreasing collagen formation, its use has been
extended to a nunber of clinical disorders in which fibrosis is a
maj or conponent, such as rheumatoid arthritis, pulnonary fibrosis,
and |iver disorders.

It has been suggested that the drug acts by reducing disulfide
i nkages. This inhibits polynerization of nmacronol ecul es and | eads
to inpairnent of collagen formation. Use of the drug has been tenpered
by the occurrence of side effects in as many as 30% of patients. The
nost inportant side effect (20% of cases) is proteinuria. The
nmor phol ogi cal appearance of the glomerular lesions is typically that
of perimenbranous gl omerul onephritis with segnmental subepitheli al

i mmune- conpl ex deposits. These changes are best denonstrated as
granul ar i mmunof | uorescent deposits of 1gG and C3. Wthdrawal of
penicillam ne therapy results in di sappearance of the proteinuria and
repair of the basenment nenbrane changes in 60% of cases (Gartner
1980) . | nmune-conpl ex gl orerul onephritis with granul ar deposits al ong
basenent nenbrane and in the nesangi um can be produced experinentally,
confirmng the role of an immnol ogi cal nechanismin the pathogenesis
of the nephropathy. In addition the drug is associated with the

devel opment of Goodpasture's syndrone with |inear glonerul ar basenent
menbr ane deposits.

5.1.5 Lithium

Lithiumsalts, mainly lithium carbonate, have been used for 40
years to prevent relapses of naniac-depressive illness. Inpaired rena
ability to acidify and concentrate urine is a comon findi ng anong
patients given lithium (Batelle et al., 1982). It is usually regarded
as a mnor side-effect of the drug, i.e. a pharnacologically induced
physi ol ogi cal inpairnent of distal tubules and collecting ducts, such
a target-selective effect usually being reversible after
di scontinuation of the therapy. Since the polyurea is resistant to
ADH, the effect has been characterized as resenbling nephrogenic
di abet es insi pidus (Bendz, 1983).

Al t hough several case reports of lithiuminduced chronic renal
i nsufficiency have been published (Hestbech et al., 1977; Hansen et
al ., 1979, 1981; Kincaid-Snmth et al., 1979; Cohen et al., 1981
Wal ker et al., 1982,1986; Otosen et al., 1984), the overall evidence
suggesting progressive renal danmage in patients taking lithiumis
rather |imted because of nethodol ogi cal weaknesses in hunan studies
(Li ppmann, 1982). However, ani mal studies support the view that
long-termtreatment with lithiumsalts may lead to tubulo-interstitial
nephropat hi es. Experinentally induced focal fibrosis, tubular atrophy,
and cystic dilatation of distal tubules were obtained by exposing
animals to toxic doses (Otosen et al., 1984; Walker et al., 1986).

In addition to tubular effects, the occurrence of nephrotic
syndrone in psychiatric patients has been attributed to | ong-term
treatnment with lithiumsalts (R chman et al., 1980; Depner, 1982).
Thus, al though case reports do not constitute evidence, there is sone
indication that lithiummay adversely affect other segnents along the
nephron. A proportion of cases, ranging fromO to 50% (nedi an 8% of
patients on lithium may eventually devel op chronic rena
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i nsufficiency, evolving towards end-stage renal disease (Cohen et al.
1981). Such an increased risk may still be regarded as acceptabl e,
especi ally when conpared to the benefits of such a therapeutic
approach to serious psychiatric problens. Thus, fear of renal disease
may not require the therapy to be stopped. However, a close nonitoring
of renal function is strongly recomended. Once-daily dosing to
maintain serumlithiumlevels at the | ower therapeutic range, i.e.
0.4-0.7 nEg/litre, is advisable. Furthernore, it is critical to avoid

salt depletion, which can disturb the equilibriumof serumlithium and
i nduce acute intoxication

5.1.6 Urographic contrast nedia (UCM

Radi ogr aphi ¢ procedures are nornally safe, but a small proportion
of patients subsequently experience a transient or, very rarely, a
permanent decline in renal function (Cedgard et al., 1986). There are
various predisposition factors such as dose, age, nultiple utilization
of UCM dehydration, diabetes (Taliercio et al., 1986), nultiple
nyel oma (Harkonen & Kjellstrand, 1981), hypertension, atherosclerosis,
prior kidney or liver diseases, the co-adm nistration of nephrotoxic
drugs, and kidney transplantation. Prospective studies suggest that
di abetes per se is not a risk factor when natched for pre-existing
renal disease (Teruel et al., 1981; DEia et al., 1982). This
hi ghl i ghts pre-existing renal disease as a major risk factor. In view
of the fact that there are several nmillion radiol ogical procedures
each year, the nunber of patients at risk of devel opi ng adverse
effects fromthe adm nistration of contrast nmedia is significant. Up
to 10% of cases of acute renal failure in hospitalized patients nay be
due to intravascul ar urographic contrast medi um adninistration (Hou
et al., 1983).

The cause of such renal injury is not well understood, but
hyperosnolality (e.g., with neglumne diatrizoate) has been clained to
be an inportant factor in renal damage (Forrest et al., 1981). New
| ow- osmol ar urographi c contrast media (such as iopanidol) are being
i ntroduced, sonme of which are isotonic with plasm, but a progressive
increase in the incidence of ARF fromO0-12% up to 100% i n high-risk
patients has been reported (Ei senberg et al., 1980). About 65% of ARF
foll ow i ntravenous urography, and 30%follow arteriography. The rest
are associated with conputerized tonography (Hanaway & Bl ack, 1977;
Har konen & Kjellstrand, 1979; Fang et al., 1980). The reported
increase in UCMinduced ARF could be due to better nonitoring and
awar eness, hi gher health standards, or a prol onged survival of
patients with critical illnesses (who would then be nore prone to
multiple X-ray contrast nedi a exam nations), or could represent other
types of nephrotoxicity.

The pat hophysi ol ogy of UCM i nduced ARF is unclear, but may
i nvol ve renal ischaem a and haenodynanic effects on gl onerul ar
function and/or intrarenal flow distribution. Several hornonal systens
may be activated prior to and/or during ARF (Caldicott et al., 1970;
Chou et al., 1974; Katzberg et al., 1977). Thus, the effects of
contrast nedia on kidney function continue to be conflicting and
represent both glonerular and tubular dysfunctions (MInan & Gottlieb
1977; Rahim et al., 1981; Teruel et al., 1981; Khoury et al., 1983).
It has been suggested, but not confirned, that non-ionic | ow osnolal

contrast medi a have reduced nephrotoxicity (Gale et al., 1984;
Spataro, 1984; Smith et al., 1985; Cedgard et al., 1986; Cavaliere et
al ., 1987).

Attenmpts to induce radiocontrast nephrotoxicity in animls have
led to inconclusive or contradictory results. Intact hydrated rats
with or without experinmentally induced acute renal failure do not
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devel op radi ocontrast nephrotoxicity (MlIntosh, et al., 1975; Moreau
et al., 1980). Transient reductions in glonerular filtration rate and
renal blood fl ow have been reported i medi ately foll ow ng

radi ocontrast injection in rats and dogs (Norby & D Bona, 1975;

Cunni ngham et al., 1986; Katzberg et al., 1986), but rarely has acute
renal failure been studied or docunented in the intact animal

foll owi ng these acute nmeasurenents. Nephrotoxicity may occur, however,
when the radi ocontrast agent is given in association with experinental
manoeuvres designed to reduce renal function. These include repeated
dehydration with furosemi de injections, renal ischaenmia (Schultz et
al ., 1982), and acute renal failure induced by nercuric chloride or

gl ycerol (MLachlan et al., 1972).

5.1.7 Anticancer drugs
5.1.7.1 Cisplatin

Cisplatin ( cis-diamm nedichloroplatinumIl) has becone the
chenot her apeuti ¢ agent of choice in the treatnment of several solid
turmours, particularly testicular and ovarian cancers (E nhorn &
Donohue, 1977). Unfortunately cisplatin is also one of the nost toxic
anticancer drugs, its dose-limting toxicity being nephrotoxicity
(Madias & Harrington, 1978; Goldstein & Mayor, 1983; Safirstein et
al., 1986). Despite the use of optimal nethods for adm nistering
cisplatin, such as the use of active hydration (Cvitkovic et al.

1977) or sodiumchloride as the vehicle (Ozols et al., 1984),
approxi mately 30% of patients will nanifest nephrotoxicity.

Early clinical trials of cisplatin in cancer patients showed a
striking incidence of persistent azotaemi a and acute renal failure
(Rossof et al., 1972; Lippman et al., 1973). In later studies serum
creatinine levels increased within 6-7 days of treatment, and then
apparently returned to pre-treatnent |levels by approxi mately 3 weeks
(Hayes et al., 1977). Simlar results were seen follow ng the
injection of cisplatin into rats (Ward & Fauvie, 1976; Chopra et al.
1982). Thus cisplatin-induced nephrotoxicity initially appeared to be
an acute reversible condition. However, nore recent findings suggest
that cisplatin causes a pernanent reduction in GFR (Dentino et al.
1978; Meijer et al., 1983; Feldborg et al., 1986), which nmay indeed
be progressive in nature (Goth et al., 1986; Jaffe et al., 1987).

Hypormagnesaemia is frequently noted in patients receiving
cisplatin (Buckley et al., 1984; Vogel zang et al., 1985), and is
associated with inappropriately high levels of urinary excretion of
magnesi um This deficiency in magnesium |eads to hypokal aem a and
hypocal caem a. This selective renal |oss of nagnesiumis not unusua
and may be even nore common than other renal abnormalities as an
expression of cisplatin nephrotoxicity.

Li ght m croscope studies of human ki dneys have reveal ed foca
acute tubular necrosis, affecting primarily the distal and coll ecting
tubules, with dilatation of convoluted tubules and cast formation
(CGonzalez-Vitale et al., 1977). Mre recently, Tanaka et al. (1986)
reported sporadi c degenerative |esions, necrosis, and regenerative
changes in the S2 and S3 regi ons of the proximl tubule and also in
the distal tubule and collecting duct. The glonmeruli and vascul ature
appear ed uni nvol ved. These observations are sonewhat different to
those seen in the rat, where cisplatin-induced danage is |argely
confined to the S3 segnent of the proximal tubule, located in the
outer stripe of the outer nedulla (Chopra et al., 1982). Wth
increasing time cystic tubules develop in this region (Dobyan, 1985).
However, these cysts have not been reported clinically.

The activity of a nunber of urinary enzynes, including alanine
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am nopepti dase, N-acetyl-R-D glucosam nidase, |eucine ani nopeptidase
and B-gl ucurinidase, has been shown to be elevated as early as 36-48
h after cisplatin treatnent (Kuhn et al., 1978; Jones et al., 1980).
32-m cro-globulin excretion has al so been shown to be transiently
increased after cisplatin treatnent (Daugaard et al., 1988a,b). It is
of interest to note that this proteinuria (involving proteins of |ow
relative nol ecul ar mass), predonminantly tubular in origin, was

transi ent, whereas a persistent proteinuria consisting of proteins of
hi gh rel ati ve nol ecul ar mass, such as al bunin and 1&g, and gl onmerul ar
in origin was seen after the conpletion of cisplatin treatnent.

The pat hophysi ol ogy of the GFR reduction remains ill defined. It
is clear that cisplatin produces an acute, mainly proxinmal, tubular
functional inmpairment within hours of administration (Daugaard et al.
1988a,b). It has been suggested that the forner is a consequence of
the latter. Thus, Goth et al. (1986) attributed the chronic reduction
in GFR to increased intratubular pressure wthin damaged tubul es. The
gl onmerul ar proteinuria reported by Daugaard et al. (1988a) suggests

that cisplatin may directly damage gl omeruli. G splatin-induced
gl omerul ar | esi ons have been reported in the pig (Robbins et al.
1990) .

5.1.7.2 Adrianycin

The anthracycline antibiotic Adrianmycin is widely used in
clinical oncology to treat several cancers, including breast
carci noma, nalignant |ynphonmas, and sarcomas (Blum & Carter, 1974).
Its clinical use is limted by its cardiotoxicity. Experinentally
adri amycin has been shown to produce a nephrotic syndrone in rats
(Young, 1975), rabbits (Fajardo et al., 1980), and pigs (van Fl eet et
al., 1979).

Rats treated with a single dose of Adriamycin exhibited a nmarked
proteinuria evident within several days of treatnment (Bertani et al.
1982). Maximal levels were seen after approximately 2 weeks, after
whi ch | evel s declined but remained significantly above control |evels
10 weeks after treatnent. Serum al bumin levels were also significantly

reduced, whereas there was a concomtant hyperlipidaenia (Bertani et
al ., 1986). Adrianycin-induced changes in renal functional paraneters
are less well defined. Litterst & Wiss (1987) reported that BUN and
serum creatini ne val ues were either unaffected or only nmnimally

i ncreased. However, nore recent studies indicate significant and
progressive reductions in GFR (Hall et al., 1986). Single nephron
glonerular filtration rate is reduced due to a decreased
ultrafiltration coefficient (Mchels et al., 1983).

Mor phol ogi cal damage is first seen in the gl onerul us
ultrastructural exami nation reveal s extensive damage to the gl onmerul ar
epithelial cells occurring within 36-48 h of injection (Bertani et

al., 1982). This leads to the eventual |oss of the foot processes.
Li ght m croscope studies reveal the characteristic presence of
vacuoles in the glonmeruli; with time progressive glonmerul osclerosis is

seen. Associated with these glonerul ar changes are tubul ar changes;
these consist of dilated tubules filled with casts, predoninantly in
the outer stripe of the outer nedulla, and atrophic tubul es associ ated
with areas of interstitial fibrosis. It appears that Adrianycin
primarily damages the glonmeruli and that the tubulo-interstitial
damage results fromthe proteinuria, which induces cast fornmation and
interstitial inflammtory reaction. Fajardo et al. (1980) reported
that juxtamedullary glomeruli were nore sensitive than cortica
glomeruli; mcropuncture studies in the Minich Wstar Fronter rat
confirmthis observation (Soose et al., 1988).
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Renal toxicity in patients appears rare, although there has been
a report of acute renal failure follow ng Adrianycin-treatnent (Burke
et al., 1977). This may reflect species differences in sensitivity or
may reflect the use of inappropriate test protocols for detecting
renal danage.

5.1.8 | mmunosuppressive agents
5.1.8.1 Cyclosporin A

Cycl osporin A has been wi dely used for preventing organ rejection
after transplantation and in auto-inmune di seases, but it is highly
nephrotoxic in the clinical situation (Kostakis et al., 1977; Cal ne et
al., 1978; Powes et al., 1978). Cinically, cyclosporin
nephrotoxicity has been reported as an acute reversible rena
dysfunction, an acute vascul opathy (thronbotic nicroangi opat hy),
and/ or a chronic nephropathy with interstitial fibrosis (Mhatsch et
al ., 1985; Palestine et al., 1986). After cyclosporin A treatnent
there is an inverse linear relation between GFR and the severity of
the lesions. During the first 6 nonths of treatnent, renal fibrosis in
patients given high doses of cyclosporin A shows a dosedependent
progressi on of increased severity (Klintmalmet al., 1981). The rat
nodel of cyclosporin A nephrotoxicity may adequately represent the
acute condition in man (M hatsch et al., 1985, 1986) but does not
represent that seen in the clinical situation. Although rats dosed
with cycl osporin al so devel op renal surface changes that correspond to

focal areas of collapsed proximal tubular regions with subcapsul ar
fibrosis, degenerating tubular epitheliumand thickening of the
basenent nmenbrane, the chronic striped fibrosis and arteriolar |esions
have not been reproduced experinmentally.

Sone ani mal data have shown increased bl ood urea nitrogen and
creatinine, brush-border and | ysosomal enzyne | eakage, and
vacuol ati on, necrosis, and regeneration of P3 cells in rats (D eperink
et al., 1983, 1985; Ryffel et al., 1983, 1986; Miurray et al., 1985;

Di eperink, 1989). However, nost studies find no necrosis or enzynuria
despite profound reductions in GFR Functional changes in aninmals and
man given cyclosporin A are simlar. They represent haenodynanic
changes such as an increased renal vascular resistance (Mirray et al.
1985), proximal fractional reabsorption (Dieperink et al., 1983,
1985; Dieperink, 1989), and renal blood flow, plasna flow, and GFR
decrease. The reduction in renal perfusion and filtration has been
prevented experinentally by vasoactive al pha-adrenergic antagonists
and renal denervation (Murray et al., 1985), but this has not been
established in humans. Cycl osporin A appears to have a direct

pregl omrerul ar vasoconstriction effect, decreasing the ultrafiltration
pressure and increasing proximl fractional reabsorption. Presumably,
tubular flow rates and end proxi nal tubular delivery decrease, and,
due to varying tubul ar hypoperfusion, there is a focal tubular
col | apse, and degeneration and peritubular interstitial fibrosis
devel op. The precise relationship between renal vasoconstriction and
chronic tubulo-interstitial pathology is poorly understood.

5.1.9 Heroin

About 1% of heroin addicts develop haematuria, proteinuria, or
the nephrotic syndronme (Cunni nghamet al., 1980). Morphol ogically,
the renal |esion has been described as focal sclerosing
gl onerul onephritis. In the absence of proliferative |lesions or inmune
deposits, a direct toxic effect of heroin or even a contam nant or
sol vent enployed in the adm nistration of heroin has been suggested as
the maj or pat hogenetic mechani sm However, heroin-related increases in
IgMtitres have been regarded as evidence that an inmunol ogi ca
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nechani smmay play sone role in this disorder
5.1.10 Puronycin am nonucl eosi de

Direct toxicity of the puromycin am nonucl eoside to gl onerul ar
conmponents may al so occur and nay be a factor in renal failure.
Experinmental studies of the effects of puronycin have provided
consi derabl e basic information regardi ng the pathogenesis of direct
chemical injury to glonerular structures. The effects are limted to
rats and nonkeys. Epithelial cells becone swollen, and there is an
increase in | ysosone and pinocytotic activity, fusion and | oss of foot
processes, and a reduction in the nunber of filtration slits. As the
| esi on progresses, epithelial cells becone detached, |eaving "naked"
basenent nenbrane in direct contact with Bowran's capsul e, which may
account for the severe proteinuria (Caulfield et al., 1976). It is

suggested that as the | esion progresses there is an increase in
basenent nenbrane synthesis, nesangial cell proliferation and fusion
and crescent formation leading to the Iight mcroscope appearance of
focal glomerular sclerosis (Gartner, 1980). The gl onerul ar | esions
produced by puromycin do not appear to invoke an imrmunol ogi ca
response, so that the resulting alterations are entirely related to
the direct toxicity of the drug.

5.2 Chemcals

The diversity of organic nolecules is such that there are
chemicals that are now known to adversely affect each part of the
ki dney. This section will exam ne those chenicals that do not fit into
any conventional section on therapeutically used agents.

5.2.1 Ethylene glyco

Et hyl ene gl ycol, a constituent of antifreeze, is occasionally
i ngested and causes severe acute toxicity to the brain and ki dney.
Acut e tubul ar necrosis is followed by renal failure. Exposure often
| eads to pernanent renal damage. A norphol ogical feature of mild
ethyl ene glycol toxicity is cytoplasm c vacuol ati on, which nay suggest
hypokal aem ¢ nephropat hy or osnotic nephrosis due to mannitol. Mst
et hyl ene glycol is excreted unnetabolized, but a small percentage is
met abol i zed to oxalic acid. This is acconpani ed by deposition of
cal cium oxal ate crystals in the kidney, which nmay contribute to a
persistent inflammatory reaction and interstitial fibrosis. Excessive
urinary excretion of oxalate and crystal fornmation may al so be seen
foll owi ng adm ni stration of hal ogen-contai ni ng anaest hetic agents,
particul arly met hoxyfl urane and hal ot hane (Roxe, 1980). Acute ethylene
glycol toxicity is treated with ethanol, which conpetes as a substrate
for al cohol dehydrogenase (Peterson et al., 1981).

5.2.2 Oganic chemcals and sol vents
5.2.2.1 Volatile hydrocarbons

Vol ati |l e hydrocarbons, particularly chlorinated conpounds such as
carbon tetrachloride and trichloroethyl ene, may produce gl onerul ar
| esions | eading to nephrotic syndrone and renal failure. The
rel ati onship of volatile hydrocarbon exposure to the devel opnent of
gl omerul o-nephritis in populations is not clear. It has been found
that anong patients with gl omerul onephritis there are nore with a
hi story of exposure to hydrocarbon solvents than woul d be expected.
Attenpts to reproduce in rats the glonerular |esions observed in
patients have only been partially successful. Solvent-exposed rats had
i ncreased proteinuria and gl omerul ar sclerosis, but proliferative
| esi ons and significant i mMmune deposits were not observed (Zi mrerman
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& Nor bach, 1980). O 15 patients studied in Sweden wth

post - strept ococcal gl onerul onephritis, 6 had a history of brief
exposure to organic solvents before the devel opnment of their disease.
Thi s suggested to these investigators that solvent exposure may

i nfluence the outconme of an infection with streptococci. Prior
exposure to hydrocarbon-containing solvents has been identified in a
nunber of patients with Goodpasture's syndrone (Gartner, 1980). Apart
fromthe pul monary mani festati on of cough, shortness of breath, and
haenmoptysis, there may be haematuria and proteinuria. Renal norphol ogy
consists of a proliferative glonerulonephritis with 1gG and C3 in the
gl onerul ar basenent nenbrane.

St udi es conducted in Sweden (Askergren 1981; Askergren et al.
1981) and in Belgium (Viau et al., 1987) have reported a slight
increase in the urinary excretion of albumin in groups of workers
exposed to industrial solvents, particularly styrene. This effect
probably reflects an enhanced gl onerul ar perneability since the
urinary output of markers of proximal tubular function
(R2-m cro-globulin, retinol-binding protein) was not affected. In
Italy, Franchini et al. (1983) also reported slight renal disturbances
in workers occupationally exposed to solvents. These effects
consi sted of enhanced urinary excretion of total proteins, |ysozyne,
and B-gl ucuroni dase and pointed to a tubular |esion, since they were
not acconpanied by a rise in albuminuria. It is at present inpossible
to relate nephrotoxic effects reported in these studies to exposure to
one sol vent or one class of solvents, although styrene has been
incrimnated by Askergren et al. (1981). One nust al so recogni ze that
the renal effects reported in these studies are mld and do not appear
to correlate with indices of exposure to solvents.

An aut o-i mmune mechani smfollow ng chronic exposure is probably
responsi ble for the glonerular lesions. In patients who have
Goodpasture's syndrone, the primary site of damage may be the al veol ar
basenent nenbrane of the |lung, which is damaged by inhal ati on of the
solvents, and antibodies to altered al veol ar basenent nenbrane may
cross-react with glonerul ar basenent nenbrane. Alternatively,
auto-immunity may follow direct toxic injury to renal tubular or
gl omerul ar structures. Acute exposure to these solvents does produce
acute tubular necrosis, and it is likely that prolonged exposure to
low |l evels that do not result in cell necrosis produces cell injury
sufficient to damage renal cell nenbranes and provide the antigen for
the i mmune reaction (Gartner, 1980).

5.2.2.2 Chloroform

In vitro exposure to chl orof orm has been shown to produce
toxicity in kidney slices frommale but not fromfermale mce (Snith &
Hook, 1984). Furthernore, “Clabelled chloroformwas netabolized

to C0O,, and the radioactivity was coval ently bound by cortica

m crosonmes frommale but not female nmice. The in vitro netabolism of
chloroformby nmale, but not female, renal slices is consistent with
reduced susceptibility of female mice to in vivo chloroform
nephrotoxicity (Smth et al., 1983; Smith et al., 1984). Metabolismis
dependent on oxygen, a NADPH- regenerating system incubation tineg,

m crosomal protein concentration, and substrate concentration, and is
i nhi bited by carbon nonoxide (Snith & Hook, 1984). The negligible

degree of chloroformmetabolismand toxicity in female mice is
consistent with a | ower renal cytochrone P-450 concentration and
activity in female mice than in males (Snmith & Hook, 1984).
Pretreatnent of rabbits with phenobarbital, a renal cytochrone P-450
i nducer in this species, enhances the toxic response of renal cortica
slices to chloroform in vitro (Bailie et al., 1984). The rate at
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whi ch deuterated chloroformis netabolized by the liver to phosgene is

approxi mately half that of chloroform Deuterated chloroformis also

| ess hepatotoxic that chloroformsince the CGD bond is stronger than

the C-H bond. These data suggest that cleavage of the C-H bond is the
rate-limting step in the activation of chloroform Deuterated

chloroformis also less toxic to the kidney than chl oroform

(Ahnmadi zadeh et al., 1981; Branchflower et al., 1984). This deuterium
i sotope effect on chl oroform nduced nephrotoxicity suggests that the
ki dney netabolizes chloroformin the sane nmanner as the liver, e.g.

by oxidation to phosgene. |ndeed, rabbit renal cortical mcrosones

i ncubated in media supplenented with L-cysteine netabolize

¥C labelled chloroformto radioactive phosgene-cysteine

2- oxot hi azol i di ne-4-carboxylic acid (Bailie et al., 1984). These
invitro data collectively support the hypothesis that nouse and
rabbit kidneys biotransformchloroform to a netabolite (phosgene)

that nedi ates nephrotoxicity.

5.2.2.3 Hal ogenated al kenes

The nephrotoxin S-(1,2-dichlorovinyl)-L-cysteine (DCVC) is
formed by trichl oroethyl ene extraction of protei naceous substances and
was first identified in extracted animal food (MKinney et al., 1957,
1959). It has been widely used as a nodel conpound in nephrotoxicity
studies. DCVC is accurul ated in the proxi mal tubules by an active
carrier systemfor organic anions (Elfarra et al., 1986a,b). It is
then activated by cysteine conjugate R-1yase to a reactive thiol
(Bhattacharya & Schultze, 1967) and causes tubul ar damage (Terraci ni
& Parker, 1965). DCVC is a potent specific nephrotoxin, which produces
proxi mal tubular damage in vivo and in vitro (Elfarra et al.
1986a, b; Lash & Anders, 1986; Lash et al., 1986). In vivo DCVC causes
its primary lesion in the straight segnent (S-3) of the proxinal
tubul e, and the nolecule is also cytotoxic both for primary cultures
of proximal tubular cells and for cell lines derived fromthis region
of the nephron. There is a close correlation between the in vivo and

invitro effects of this conmpound with regards to its netabolism and
effects on cells (Hassall et al., 1983).

Cystei ne conjugates such as DCVC are netabolized by cysteine
conjugate R-lyase to their ultimate toxic species i.e. pyruvate,
ammoni a, and a reactive thiol (Anderson & Schultze, 1965). This
reaction plays a role in the nephrotoxicity of DCVC (Lash et al.

1986). R-1yase has been found to predoninate in cytosolic and

m tochondrial fractions (Lash et al., 1986) and has a requirenment for

pyri doxal phosphate. The enzynme activity can be inhibited by pyridoxa

phosphat e i nhibitors such as ami no-oxyacetic acid and propargyl gl yci ne
(Elfarra et al., 1986a). In addition to nonitoring enzyne activity,

renal cortical slices can be utilized to assess the regul ation of
enzynme activity and the resultant effects on toxicity.

There is a greater sensitivity to DCVCinduced ki dney danages in
the adult nmouse than there is in the newborn. Sinilar findings have
been reported using cephal oridine, where the newborn animal is nore
resistant to nephrotoxicity than the adult rabbit (Tune, 1975). These
finding for DCVC differ fromthose for hexachl orobutadi ene (Kuo &
Hook, 1983; Lock et al., 1984), where nephrotoxicity is greater in the
young rat and nouse than in the adults.

Chlorotrifluoroethylene is a potent nephrotoxin (Potter et al.
1981) and is netabolized by hepatic cytosolic and nicrosoma
glutathione S-transferases to
S-(2-chloro-1,1,2-trifluoroethyl)glutathione (Dohn et al., 1985a),
which is nephrotoxic in rats and cytotoxic in isolated rat kidney
proxi mal tubular cells (Dohn et al., 1985b). The correspondi ng
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cysteine S-conjugate, S-(2-chloro-1,1,2-trifluoroethyl)-L-cysteine
(CTFC) is also nephrotoxic in rats and cytotoxic in isolated kidney
cells, and its bioactivation is dependent on netabolism by rena
3-1yase (Dohn et al., 1985b). Pyruvate and hydrogen sul fi de have been
identified as netabolites of CTFC (Banki et al., 1986; Lash et al.
1986) .

5.2.2.4 Hydrocarbon-induced nephrotoxicity

I nhal ati on of unl eaded gasoline for 2 years produced rena
turmours (adenonmas and adenocarci nomas) in nmale Fischer-344 rats but
not in female rats or mice of either sex (Kitchen, 1984; WMacFarl and,
1984; Mehlmann et al., 1984). Subchronic inhalation exposure
increased protein (hyaline) droplets in proximl convol uted tubul es
(Hal der et al., 1984), accumrul ated casts at the cortico-nmedullary
junction and single cell necrosis and regeneration of the nephron
(Short et al., 1986) in nale rats. Wen different fractions of
unl eaded gasoline were screened for their specific effect on the nale
rat kidney, it was found that the branched-chain saturated hydrocarbon
components (used as anti-knocking agents) caused hyaline dropl et
formati on. A nunber of chemicals, such as 2,2,4-trinethyl-pentane
(Phillips & Egan, 1984a, b; Hal der et al., 1985; Viau et al., 1986a),
decalin (Al den et al., 1984), 1, 4-dichlorobenzene (NTP, 1987), and

p-di chl orobenzene (NTP, 1986; Bonhard et al., 1988), have now been
shown to cause such hyaline droplets in male rats. Although these
chemical s cause nminimal renal functional inpairnent, a protein droplet
nephrosi s devel ops, progressing to nmild tubular degeneration
necrosi s, and regeneration after several weeks of treatnent (Phillips
& Cockrell, 1984a,b).

Mal e m ce excrete a sex-related protein, which results in a
urinary protein level 2.5 to 3 tines that of female nice. However, the
nmal e nbuse sex-associ ated urinary protein hydrolyses readily and thus
does not accumulate in the proximl tubule (Al den et al., 1984; Alden
1989). In humans, it has recently been reported that protein 1 (an

al pha2-mcrogl obulin of about 20 000 Daltons) has a sex-linked
behavi our just |ike the androgen-dependent al pha2u-globulin. Protein
1 is excreted in greater anpbunts in the urine of males after puberty.
In the age group 15 to 20 years, its concentration in the urine of
males is on average fifty tines higher than that in the urine of
femal es (Bernard et al., 1989). The rel evance of this observation in
humans i s unknown.

The basis for the marked sex dependence and species difference in
the devel opnent of hyaline droplet deposition in nmale rats relates to
the fact that they excrete the sex-hornone-related and therefore
mal e- specific protein al pha2u-globulin (Stonard et al., 1986; Loury
et al., 1987; Oson et al., 1987). This is al so species specific to
the rat and has not been reported in any other comonly used aninals
or man. al pha2u-dobulin is synthesized by the male rat liver and is
an inportant constituent of the physiological proteinuria in adult
male rats. At maturity the total urinary protein is 20-30%
al pha2u-globulin and 10% al bunin. At 160 days of age the excretion of
al bunin and total urinary proteins is narkedly increased. By one
year, albumin represents nearly 60% of the total protein while
al pha2u-globulin is less than 10% This reversal in relative content
may be the consequence of a progressive gl omerul onephrosis, associ ated
with an apparent spontaneous accunul ati on of hyaline droplets. The
nephrotic condition nay be the consequence of the burden of excreting
al pha2u-globulin. Its early onset is sex dependent; fenale rats do not
exhibit the proteinuria until a later age. 1In both aging and the
response to hydrocarbons, the common pathol ogi cal factor nmay be the
accurul ati on of al pha2u-gl obulin, via a susceptible pathway not shared
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with other proteins (Neuhaus, 1986; Stonard et al., 1986).

The chronic regenerative response subsequent to noderate proxinal
tubul ar damage in the kidney of male rats exposed to petrol eum
hydr ocarbons nay be an inportant stinulus in renal tumour formation
caused by this group of chem cals (Short et al., 1986). Loury et al
(1987) have shown a 5- to 8-fold increase in S phase of renal cells
i nduced by unl eaded gasoline, and the renal proliferative effects of
2,2,4-trinmethyl pentane are localized to the S2 segment of the
proxi mal tubule of the male rat (Short et al., 1986).

Admi nistration of 2,2,4-trinethylpentane to nale rats produces a
dose-rel ated increase in the concentration of
2,2,4-trinmethyl pentane-derived radiol abel in the kidney, which appears
to parallel the dose-related accurul ati on of 2u-globulin (Stonard et
al ., 1986; Charbonneau et al., 1987). The reversible binding of a
netabolite of 2,2,4trinmethyl pentane to al pha2u-globulin in the nale
rat kidney (Lock et al., 1987) is thought to alter endocytosis or
| ysosomal handling of the al pha2u-gl obulin-2,2,4-trinmethyl pentane
nmet abolite conplex. This may increase cell turnover of the S, cells
via | ysosomal enlargenent and/or instability, leading to cell death.
It appears that |ysosomal catabolismof the
2,4,4-trinmet hyl - 2- pent anol - al pha2u- gl obul i n conpl ex conpound to

al pha2u- gl obulin causes |ysosonal protein overload, resulting in
cell necrosis (Swenberg et al., 1989).

There are other sex-related differences in the handling of
2,2,4-trimethyl pentane by rats. Fermale rats rapidly netabolize
2,2,4-trinmethyl pentane and excrete it in urine, while in male rats the
conmpound is elimnated nore slowy and is retained in the kidneys
(Kloss et al., 1985). Recent studies have al so shown that
2,2,4-trinmethyl pentane is nmetabolized in nale and female rats to
trinmethyl - pentanol s, pentanoic acids, and hydroxypentanoi c acids
(Ason et al., 1986; Charbonneau et al., 1987).

5.2.2.5 Bipyridyl herbicides

Paraquat is a potent bipyridyl herbicide that has nmultiple organ
effects. The kidney is frequently involved in serious cases of
paraquat poi soning (WHO, 1984). The conpound is actively secreted by
the organic cation transport in the proxinmal tubule. Rena
hi stol ogi cal exam nations in a variety of aninals exposed to paraquat
show vacuol ati on of the proximl convoluted tubul es and proxi mal
tubul ar cell necroses (Lock, 1979; Lock & Ishmael, 1979). Acute
oliguric renal failure is common in severely poisoned patients. Less
severe mani festations include inpaired glonmerular filtration, which
often recovers after several days and before the paraquat induces
severe pul nonary fibrosis. Qther renal functional abnornalities
i nclude proteinuria and haematuria. Tubul ar damage may be shown by the
presence of glucosuria or all of the features of the Fanconi syndrone.
The severity of the acute renal failure is a major deterninant of the
out cone of the poisoning (WHO 1984).

The bi ochem cal mechani sm of nephrotoxicity has not been fully
elucidated, but it is assuned to be identical to that seen in other
ti ssues. Paraquat undergoes redox cycling in the presence of NADPH and
oxygen with the generation of superoxide and subsequent devel oprment of
i pid peroxidation and nenbrane danage. The devel opnent of hydroxyl
radicals results in oxidative damage to nucl eic acids, proteins, and
pol ysacchari des (Autor, 1977).

Di quat is another bipyridyl herbicide that produces nultiple
organ toxicity. 1t undergoes active tubular secretion by the organic
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cation systemin the proxinmal tubule (Lock, 1979; Lock & Ishnael,
1979). The histological |esion produced by diquat is necrosis of the
proxi mal tubul ar cells and some distal tubular cells (Lock & Ishmael,
1979). Human cases of diquat poisoning result in acute renal failure.
The nmechani sm of toxicity of diquat appears to be identical to that of
paraquat (Autor, 1977; WHO, 1984).

5.3 Mcotoxins

A high frequency of endemi c chronic nephropathy has been
recogni zed in localized areas of Bulgaria, Runmania, and Yugoslavia
since the 1920s. The affected people live in villages in valleys near

the Danube (Hall & Damm n, 1978; WHO 1979; Hall, 1982). The

condi tion, known as Bal kan endeni ¢ nephropathy (Fig. 14), is an
interesting case study of an environnentally related chronic rena

di sease. The etiology is unknown at present. Mycotoxins, particularly
ochratoxin A, have been inplicated because of simlarities with
disease in aninmals and identification of the nycotoxin in food (Krogh
et al., 1977; Pepeljnjak & Cvetnic, 1985; Petkova-Bocharova &
Castegnaro, 1985) and in human tissues (Hult & Fuchs, 1986) where
nephrotoxicity is nost frequent. Silicates have been suggested because
of the proximty of villages with affected famlies to streans and
rivers containing silicon.

Al t hough not clearly inplicated in BEN, the fungal toxin citrinin
has been suggested as a causative agent in porcine citrinin
nephropat hy and clearly has nephrotoxic effects in a nunber of species
(Berndt & Hayes, 1977; Phillips et al., 1979; Phillips et al.
1980a, b; Lockard et al., 1980). Citrinin produces acute tubul ar
necrosis primarily of the S1 section of the proximl tubule. It is
elimnated rapidly by the kidney and only netabolized to the extent of
10- 15% which suggests that effects are due to the parent conpound.
Little information is avail abl e concerning the cascade | eading from
the initial insult to the production of acute tubular necrosis 2-4
days after its adnministration. Citrinin has been shown to exert a
synergistic effect on ochratoxin A toxicity in animl nodels. This is
i nportant because the sane fungal species that synthesize ochratoxin
A al so produce citrinin. This was clearly denonstrated by the presence
of citrininin 19 out of 21 food sanples contaninated with ochratoxin
A. Both genetic and environnental factors, such as exposure to
ochratoxin A, appear to be involved in BEN and the associ ated rena
tract tunours (Castegnharo & Chernozensky, 1987). |In one endem c area
in Bulgaria the relative risk of patients with BEN devel opi ng urinary
tract tunours is 90-fold greater than in people from non-endenic areas
(Castegnaro & Chernozensky, 1987). Inhabitants of the 15 villages in
the Vratza region of northern Bulgaria have a 30-40%nnortality rate
fromchroni c nephropathy, while urinary tract tunours conprise 25-30%
of all neoplasns in males and fenales in these geographic areas
(Markovic, 1972). In recent studies ochratoxin A has been found to
i nduce renal adenomas and carcinomas both in mce (Kani sawa &
Suzuki, 1978; Bendele et al., 1985) and in rats (NTP, 1988). Frequent
net astases, mainly to the lung, were found in the rat study. The
target of ochratoxin nephrotoxicity has been reported to be the S
and S; nephron segnents (Jung et al., 1989).

Thus the animal and human data indicate that ochratoxin Ais a
risk factor for toxic nephropathies and in the etiology of human
nephr opat hy and associ ated renal tunours.

5.4 Silicon

An associ ati on between occupational exposure to free silica
(Si &) and chroni c nephropat hy has been suspected for several years,
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but the nunber of reported cases is few Cdinically, lung fibrosis is

A inght 500t For Al Your Labarsney Supelen And Exppmant
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Fig. 14a. The cut surfaces of a normal Kidney {left) and a BEH-compromised Kid-
ney {right). A marked reduction in size, a disappearance of normal kidney
structures, and a pale greyish colour of the dizeased kidney are evident {both
specimens were fixed with formalin).
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Fig. 14b. Photomicrograph of kidney from a BEN patlent. Increased amount of in-
ter=titial, acellular tissue separating tubuli is visible. Some tubuli contain

pink proteinaceous material within the lumen. The glomeruli are unremarkable.
(H & E satin).

the primary problem but in an early study fromltaly chronic rena
failure was found in 40% and proteinuria in 20% of 20 patients with
chronic silicosis. The renal silicon content of patients with
proteinuria and chronic silicon exposure has been shown to be nuch

hi gher than the normal |evel, and there appears to be a direct

rel ati onship between | evel of exposure and probability of rena

di sease. Ani mal studies have denonstrated that silicon is excreted by
glonmerular filtration, and a norphol ogi cal study of experinmenta

ani mal s and human bi opsy material has denonstrated silicon deposits in
subepithelial and subendothelial areas of the basement nenbrane and in
epithelial cells. Human biopsy materials show a mld focal or

segnental proliferative glonerul onephritis and the absence of
significant i mune-conpl ex deposits. These findings suggest a direct
toxic effect on the glonmerulus. These cases al so have varyi ng degrees
of tubular cell degeneration. Animal studies denonstrate a

dose-rel ated nephropathy that is primarily tubular, with an
interstitial inflammatory reaction and fibrosis. The proliferative

gl onerul ar | esions observed in hunans are not seen in aninals, but
this difference in response may be related to dose or species

(Haugl ustaine et al., 1980).

5.5 Metals

Metal s constitute some of the earliest recognized and the best
i nvestigated nephrotoxins. X-ray fluorescence gives a clear
i ndi cation of the netal burden that an individual carries.

5.5.1 Lead

Lead has been a very common cause of acute or chronic rena
failure in the past. Acute tubular necrosis has been described
foll owi ng accidental or intentional absorption of high doses of |ead.
Cases of chronic renal failure have been reported in adults who
i ngested | arge anounts of | eaded paint during chil dhood (Queensl and,
Australia), in people who consuned al cohol illicitly distilled in
| ead-containing stills, and in workers with a |ong history of
occupati onal |ead exposure (Emerson, 1973; Bennett, 1985).
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Several epidem ol ogi cal studies have consistently reported that
workers with a heavy industrial exposure to | ead experience an
increased risk of death through chronic renal failure (Cooper &
Gaffey, 1975; Malcolm & Barnett, 1982; MM chael & Johnson, 1982;

Davi es 1984; Sel evan et al., 1985; Cooper et al., 1985). There is al so
sonme evi dence that occult |ead poisoning nay contribute to rena
insufficiency in patients with gout and essential hypertension
(Batuman et al., 1981, 1983; Colleoni & D Amico, 1986).

In adults, |ead nephropathy occurs as an insidious progressive
di sease characterized by the absence of proteinuria, albumnuria, and
urinary concentration deficit inits early phases (Wdeen et al.
1979). This renal disease can be diagnosed only by functional tests
(e.g., estimation of GFR on the basis of bl ood urea nitrogen or

creatinine clearance). Several cross-sectional studies have attenpted
to detect early renal effects in workers exposed to | ead (Hamond et
al ., 1980; Buchet et al., 1980; Verschoor et al., 1987). These studies
confirmthat |ead nephropathy in adults, even at an advanced stage
(i.e. with decreased GFR), cannot be detected by the determ nation of
urinary proteins of low or high relative nolecular nmass (e.qg.

R2-m crogl obulin, albunmin). The only narker that seens to respond at
an early stage of |ead nephropathy is the urinary excretion of the

| ysosomal enzyne, N-acetyl-R-D-glucosam nidase (NAG (Verschoor et
al ., 1987). However, the underlying nmechani smof this renal effect
remai ns to be elucidated. |Increased urinary | eakage of NAG mni ght
result fromcell damage and exfoliation, but also froma stinulation
by | ead of exocytosis or of the renal activity of the enzyne.

The renal effects of lead are primarily tubular or
tubul o-interstitial and they nay be both acute and chronic. However,
the acute effects of lead differ fromthose of nost of the other
netals in that cell injury is for the nost part reversible and
necrosis is uncommon. Cells of the proximal tubule are nbst severely
affected, and this effect is characterized by a reduction in
resorptive function |l eading to a generalized am no-aciduria,
gl ycosuria, and hyperphosphaturia. These conponents of the Fancon
syndrone have been observed in children with acute lead toxicity and
who al so have overt synptons of central nervous systemtoxicity, and
in rats exposed to |lead. Proximal tubular dysfunction has been nore
difficult to demonstrate in workers with chronic | ead nephropat hy
(CGoyer & Rhyne, 1973).

The effects of |ead on renal tubular cells and sodi um
reabsorption are less clear. Increase in plasnma renin and al dost erone
while a | owsodiumdiet is consuned has been observed in a group of
men with a history of "noonshine" ingestion and occult lead toxicity
(Sandstead et al., 1970). In contrast, studies on the effects of
mnimally toxic | evels of |ead exposure in rats showed a reduction in
plasma renin activity in spite of a significant increase in bl ood
pressure (Victery et al., 1982). These differences nmay reflect a
difference in time-dose relationship.

The renal effects of |lead may al so be influenced by interactions
with calcium Decreasing dietary calciumincreases |ead retention
possi bly because of a decrease in | ead excretion. Increased bl ood | ead
in children is associated with decreased 1, 2,5-di hydroxyvitam n D
(synthesized in the kidney) and may reflect inpaired synthesis
(Mahaffey, 1980).

The renal proxinmal tubular cells of people and experinental
animals with | ead poisoning are characterized norphol ogically by the
presence of intranucl ear inclusion bodies. In conventiona
par af fi n- enbedded haemat oxylin and eosi n-stai ned sections of rena
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ti ssue, the inclusions appear as dense, honpbgeneous, and eosinophilic
bodi es, and at the el ecton mcroscope |evel they have a characteristic
fibrillary margin around a dense central core. Nborphol ogically they

are always separate and distinct fromthe nucleoli and several may be
found in the sanme nucleus (Fig. 15). The inclusion bodies contain a
protein-1ead conplex, and they may be isolated by differential
centrifugation. The protein is a non-histone protein rich in glutanic
and aspartic acids and glycine, and may be a m xture of acidic
proteins with similar physicochemnical properties (More et al., 1973).
The origin and nature of the protein has not yet been deternined, but
recent studies of formation of inclusion bodies in renal cell cultures
suggest that they forminitially in the cytoplasmand then nigrate
into the nucleus (MLachlan et al., 1980). The major fraction of |ead
in the kidney during the acute phase of lead toxicity is bound in the
i nclusion bodies. For this reason, the inclusion bodies have been
interpreted as serving as an intracellular depot for |ead.
Nevert hel ess, proximal renal tubular cells during the acute phase of

|l ead toxicity are usually swollen, and the mtochondria show a
decrease in matrical granules and altered cristae. Functional studies
of mtochondria show reduced respiration and oxidative
phosphoryl ati on. Lysosones do not seemto have a role in sequestering
intracellul ar | ead.

Chelation therapy following | ead toxicity produces a marked
increase in |ead excretion. This is acconpanied by reversal of the
acut e norphol ogi cal effects of |ead on proxinmal renal tubular cells,
| oss of inclusion bodies fromnuclei, and restoration of nornmal rena
cell norphol ogy and function (Goyer & WIson, 1975).

Bot h experinmental aninmals and people with chronic exposure to
| ead may devel op a progressive interstitial nephropathy. In [aboratory
ani mal s, progression fromacute tubular to chronic tubulo-interstitial
di sease may be followed as a continuum An increase in chronic
interstitial renal disease has been reported in workers with |ong
hi stori es of occupational exposure, but the nonspecific nature of the
nor phol ogi cal changes nmekes it difficult to identify lead as the
eti ol ogi cal agent except by association. There is a progressive
increase in fibrosis, beginning in peritubular areas extending into
the interstitium (Craner et al., 1974). Inflammtory cells are
unconmon and are probably not a primary conponent of the process.
There is eventual tubule atrophy and hyperpl asia of surviving tubules.
There is little evidence that the glonerulus is directly affected by
excessi ve exposure to | ead, except for some nonspecific swelling of
nesangi al and epithelial cells. In the terninal stage, gl onerul
becone sclerotic. An inmmunol ogical basis for the progression of
| ead-i nduced nephropat hy, as suggested follow ng gold and nercury
exposures, mght be suspected. However, there is at present no
publ i shed docunentation of antirenal antibodies or inmune-conplex
formation in the pathogenesis of |ead nephropathy. One study suggested
that lowered glonerular filtration rate occurs in occupationa
exposure to |l ead that does not produce clinical toxicity (Wdeen et
al ., 1979). The pat hophysi ol ogi cal basis for this observation has not
yet been determ ned but nay be a consequence of direct toxicity to
epithelial cells of the glonerul ar apparatus.
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Fig. 15. Scheme for cytoplasmic-nuclear migration of inclugion bodies induced
by expo=sure to lead in renal tubular cells. nucleo = nucleos, Inc{a) = inci-

pient fibrillary lead-protein complex in cytoplasm, Inc(b) = invagination of
nuclear membrane around inclusion body, Inc{c) = aggregate of fibrillary lead-
protein complex to form nuclear inclusion body. (From: Goyer, 1982).

I ntranucl ear inclusion bodies are unconmon in the |ate stages of
| ead nephropat hy, although they may be seen in renal biopsy or autopsy
as a mani festation of a super-inposed severe acute exposure. It has
been shown that inclusion bodies may be found in the urine of workers
wi th occupational exposure to | ead, but their presence or absence in
urine has not been related to the severity of |ead nephropathy
(Schumann et al., 1980).

5.5.2 Cadm um

Cadmiumis an occupational and environnental contaninant that has
received a great deal of attention. An inportant toxicologica
feature of cadmiumis its exceptionally long biological half-life in
the human organi sm (10-30 years). Once absorbed, cadmiumis
efficiently retained in the organi smand accunul ates throughout |ife.
In the newborn baby, cadmumis present only at very |low |l evels, but
by the age of 50 the cadm um body burden nay have reached up to 20-30
mg and, in people occupationally exposed, it may reach val ues as high
as 200-300 ng. Furthernore, cadm um concentrates in vital organs,
particularly in the kidneys. At |low | evels of exposure, such as those
prevailing in the general environnent, 30-50% of the cadni um body
burden is found in the kidneys al one (Nom yanma, 1980; Bernard &
Lauwerys 1986; Friberg et al., 1986).

The accurul ation of cadmiumin the kidney, nay give rise to a
progressive formof tubulo-interstitial nephritis. In contrast to the
situation with many nephrotoxins, including other heavy netals such as
| ead and nmercury, there are virtually no acute effects of inorganic
cadm um salts on the kidney, except perhaps for sonme nonspecific
effects that have been seen in aninmals given near-lethal doses. One of
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the nost chal |l engi ng questions regarding the netabolism of cadni um has
been the role of nmetallothionein in cellular nmetabolismand its
potential toxicity. Metallothionein synthesized within the kidney
protects fromcadm umtoxicity, but intravenously injected

cadm umret al | ot hi onein is nore nephrotoxic than inorganic cadm um (see
section 4.5.3.).

Cadmi um nephropathy was first described by Friberg (1948, 1950)
who studied a group of alkaline battery workers in Sweden during the
| ate 1940s. Since these reports, a nunber of epideniological studies
have shown the occurrence of nephrotoxic effects in popul ations
exposed to cadmumat work and in the general environnent. These
studi es have denpnstrated that the nost prom nent feature and probably
the earliest sign of cadm um nephropathy is increased proteinuria.

Studies performed in the 1950s and 1960s (revi ewed by Friberg et
al ., 1986 and Bernard & Lauwerys, 1986) showed that cadni um
proteinuria is simlar to the tubular-type proteinuria described by
Butler & Flynn (1958) in patients with tubular disorders, and consists
of unidentified proteins of |ow relative nolecular nass derived from
pl asma. Characterization of these proteins led to the discovery of
R2-m crogl obulin, retinol-binding protein, and al phal-m crogl obulin.
Subsequent studies denpnstrated that the increased urinary excretion
of proteins of |lowrelative nolecular nass observed in cadm um
nephropat hy and ot her renal disease was due to the failure of the
proxi mal tubules to reabsorb proteins filtered through the gloneruli.

The effects of cadmiumon the excretion of R2-nicroglobulin have
been extensively docunmented (Bernard et al., 1976, 1979a,b, 1982,
1987). Measurement of retinol-binding protein is much nore reliable in
acidic urine and detects tubular proteinuria with equal sensitivity
(Bernard et al., 1982).

As cadnmi um nephropat hy progresses, it increasingly presents the
signs of a conplete Fanconi's syndrome, i.e. am noaciduri a,
gl ucosuria, increased urinary excretion of calcium phosphorus, and
uric acid, and decreased concentrating ability of the kidneys. In the
nost severe cases, the CRF decreases. The di sturbances in cal ci umand
phosphorus netabolismmay | ead to a demineralization of the bones and
the formation of kidney stones (Friberg et al., 1974).

I n cadnmi um pol | uted areas of Japan, signs of renal dysfunction
very simlar to those observed in cadm um workers have been frequently
found. A higher incidence of proteinuria, glucosuria, and
am noaci duria, and increased excretion of R2-m croglobulin have been
observed in the Zinzu river basin in Toyama where ltai-ltai disease
was first seen (Fukushima et al., 1974; Kjellstromet al., 1977;
Shiroishi et al., 1977; Kjellstrom & Nordberg, 1978). In the endenic
area of Toyamm, the increased urinary excretion of [32-m croglobulin
was strongly related to the residence tine in that area as well as to
the purposes for which contam nated river water was used (Kjellstrdm
et al., 1977). In urine, R2-mcroglobulin concentration correl ated
with the cadmiumlevel (Nogawa et al., 1979a,b).

Further investigations of the renal function of the inhabitants
in this area revealed a significant decrease in both creatinine
cl earance and renal phosphorus reabsorption. Renal dysfunction due to
chroni ¢ cadmi um poi soning was al so found in other areas of Japan where
the rice was contamnated by cadmium (Saito et al., 1977; Kojima et
al ., 1977). Studies carried out in Bel gium suggested that
environmental exposure to cadmumin an industrialized area polluted
by this metal may exacerbate the age-related decline of renal function
in elderly residents (Lauwerys et al., 1980; Roels et al., 1981a,b).
Si nce cadm um i nduced nephropathy may occur within the genera
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popul ation, it is of mmjor public health inportance to know what |eve
of cadm um exposure carries a risk of renal tubular dysfunction and
cadm um nephr opat hy.

The concept of a critical concentration of cadm um has very
inmportant inplications with regard to establishing maxi mum | evel s of
cadm um t hat human popul ati ons may be exposed to with sone nmargi n of
safety. From a conparison of the cadm um concentrations in the rena
cortex of cadm um exposed people with and w thout signs of kidney
damage, Friberg et al. (1974) suggested that the critical |evel of
cadmumin the renal cortex for the appearance of tubular proteinuria
is around 200 ng/kg. Wth the devel opnent of neutron activation
techniques allowing the in vivo determnation of cadmumin
tissues, the critical level of cadmumin the human ki dney has been
nore precisely assessed.

I nvestigations conducted by Roels et al. (1981a) in Bel gi um and
Ellis et al. (1981) in the USA have shown that when the concentration
of cadm umin the kidney cortex reaches about 200 ng/ kg, signs of
renal dysfunction (e.g., increased urinary excretion of al bum n and
32- mi crogl obul i n) devel op in about 10% of nale workers exposed to this
netal. On the basis of the relationship between the concentrations of
cadmumin the urine and renal cortex and the preval ence of rena
anomal i es, the critical concentration of cadmiumin urine has been
estimated to be 10 pg/g creatinine (Bernard et al., 1979a,b; Buchet et
al ., 1980; Roels et al., 198l1a,b). Epidem ol ogical studies of people
[iving in cadnmi um pol |l uted areas of Japan have shown t hat
R2-m crogl obulinuria occurs after a lifetine accunmul ati on of 2000 ny
cadmi um or nore (Nogawa et al., 1989).

Since several studies have shown that, in nost cases, once
cadmi um protei nuria has developed, it is irreversible, the progression
of renal dysfunction after cessation of exposure is very slow (Roels
et al., 1982; Elinder et al., 1985a,b). Persistent proteinuriais
found frequently anmong retired cadm um workers with no evi dence of
renal insufficiency. In a group of workers renoved from exposure after
the finding of nmicroproteinuria (low or high relative nolecular mass),
the reduction in GFR during a 5-year followup was about five tines
greater than that accounted for by aging (Roels et al., 1989).

5.5.3 Mercury

It has been known for a long tine that patients treated with
nercuri al compounds can devel op a gl onerul onephritis that is usually
of the i mune conplex type (Becker et al., 1962; Druet et al., 1982).
Cases of nercury gl onerul onephritis have al so been reported as a
result of chronic exposure to high levels of mercury in industry
(Tubbs et al., 1982). Patients with mercurial nephropathy usually
present with a proteinuria and occasionally a nephrotic syndrone, but
no renal insufficiency (Druet et al., 1982).

Mercury may produce different effects on the kidney dependi ng on
t he biochemical formof the netal and nature of exposure. |norganic
nercury conpounds are cl assic exanpl es of agents that cause acute
tubul ar necrosis. Mercuric chloride was used as a suicidal agent
during the nineteenth and early part of the twentieth centuries but
was unpopul ar for this purpose because of the painful acconpanying
corrosive injuries it produced.

Regardl ess of the route of administration, nmercuric chloride
produces acute tubular necrosis within hours of administration
resulting in anuria and death. If the patient can be maintained by
di al ysis, regeneration of tubular lining cells is possible. These may
be followed by ultrastructural changes consistent with irreversible
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cell injury, including actual disruption of mtochondria, release of
| ysosomal enzynes, and rupture of cell nenbranes.

The necrosis of the epitheliumof the pars recta foll ow ng
injection of mercuric chloride has been described in detail in the
rat. Cellular changes include fragnmentation and disruption of the
pl asma nenbrane and its appendages, vesicul ation and disruption of the
endopl asmi c reticulum and other cytopl asm ¢ nenbranes, dissociation of
pol ysomes and | oss of ribosones, mtochondrial swelling with
appear ance of amorphous intramatrical deposits, and condensation of
nucl ear chromatin. These changes are common to renal cell necrosis
resulting froma variety of causes (Gitzka & Trunp, 1968).

Mercury and its conpounds are used widely, not only in various
i ndustrial processes but also in a nunber of other applications such
as fungicides, contraceptive spernicides, and disinfectants. Several
studi es have been carried out to deternmine the extent to which current
exposure of human popul ations to nercury can cause adverse rena
effects. Foa' et al., (1976) reported an increased preval ence of
glomerul ar proteinuria in workers exposed to nercury vapour in a
chloral kali plant.

Studi es carried out between 1979 and 1984 (Buchet et al., 1980;
Roels et al., 1985) provided further evidence that occupationa
exposure to nercury vapour can |lead to subclinical rena
di sturbances. These consisted of increased urinary excretion of
proteins of high relative nolecular nass (al bumin, transferrin, and
i mmunogl obulin G, |ysosonmal enzynes, and retinol-binding protein,
whi ch occurred at a higher preval ence in subjects who excreted nore
than 50 pg nercury/ g creatinine. These observati ons were not confirned
by Stonard et al. (1983), who found only a slight increase in the
preval ence of NAG and gamma- gl ut anyl transpepti dase (an enzyne of the
brush-border) in workers with urinary nercury |evels higher than 100
Hug/ g creatinine.

I ncreased urinary excretion of NAG has al so been found in workers
i nvolved in the production of various nercuric salts (Rosenman et al.
1986). Studies on patients with Mnamata di sease have provi ded
i nconsistent results regarding the induction of proxinal tubular
injury by methylnercury (lesato et al., 1977; Chi et al., 1982). By
contrast, in a study of 509 infants exposed to phenyl nercury fungicide
on cloth diapers, Cotelli et al. (1985) clearly denonstrated that the
kidney is a target organ during prol onged exposure to this conpound.
They showed that the urinary excretion of
gamma- gl ut anyl -transpepti dase i ncreased in a dose-dependent nmanner
when urinary nercury exceeded approximately 220 pg/litre. This effect
was, however, conpletely reversible and had di sappeared when the
infants were re-examned two years |ater

Al t hough exposure to a high dose of nercuric chloride is directly
toxic to renal tubular lining cells, chronic | owdose exposure to
mercuric salts or even el enental mercury vapour may induce an
i mrunol ogi cal gl onerul ar di sease. This formof mercury injury to the
kidney is clinically the nost common form of nmercury-induced
nephropat hy. Exposed workers may develop a proteinuria that is
reversible after they are renoved from exposure. |t has been stated
that mercury-induced nephropathy sel dom occurs without sufficient
exposure to produce detectable mercury neuropathy as well.

Experi mental studi es have shown that the pathogenesis of nercury
nephropat hy has two phases: an early phase characterized by an
anti - basenent - nenbr ane gl omerul onephritis followed by a superinposed
i mmune- conpl ex gl omerul onephritis (Roman-Franco et al., 1978). The
pat hogenesi s of the nephropathy in humans appears sinilar, although
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anti gens have not been characterized. Al so, the early
gl omerul onephritis may progress in humans to an interstitial
i mmune- conpl ex nephritis (Tubbs et al., 1982).

5.5.4 Cold

The use of gold in the formof organic salts to treat rheumatoid
arthritis may be conplicated by devel opnent of proteinuria and the
nephrotic syndrome (Hall et al., 1987). Morphol ogically, the kidney
shows an i mmune- conpl ex gl onerul onephritis wth granul ar deposits
al ong the gl onerul ar basenent nenbrane and in the nmesangi um The
pat hogenesi s of the inmune-conpl ex disease is not known for certain,
but gold may behave as a hapten and generate the production of
anti bodi es with subsequent deposition of gold protein-antibody
conmpl exes in the glomerul ar subepithelium Another hypothesis is that
anti bodi es are forned agai nst damaged tubul ar structures, particularly
m tochondria, providing i mune conpl exes for the glonerul ar deposits
(Viol et al., 1977).

The pat hogenesis of the tubular cell |esions induced by gold
therapy is probably initiated by the direct toxicity of gold to
tubul ar cell conponents. From experinental studies it appears that
gold salts have an affinity for the mtochondria of proxinal tubular
lining cells. This is followed by autophagocytosis and accunul ati on of
gol d i n anorphous phagol ysosonmes (Stuve & Galle, 1970). CGold particles
can be identified in degenerating mtochondria, in tubular Iining
cells, and in glonerular epithelial cells by X-ray m croanal ysis
(Ainsworth et al., 1981).

5.5.5 Bismuth

The effects of bismuth on the kidney are sinilar to those of
lead, but it is a |ess frequent cause of renal disease. This is
because bhismuth is not present in such large anobunts in the anbient
environment, nor is it as inportant industrially. However, bisnmuth has
been used therapeutically to treat a variety of ail nments, nost
particularly syphilis. Bismuth adm nistration results in the formation
in proximal renal tubular lining cells of characteristic nuclear
i nclusion bodies that are simlar to the |ead-induced bodies and are
conposed of a bisnuth-protein conplex. The protein is acidic and has
an amno acid conposition simlar to that formng the I ead inclusion
bodi es. However, there is a slight difference in norphol ogy between
the | ead- and bi smut h-i nduced i nclusion bodies. The bisnmuth-protein
conpl exes are al so observed in the mtochondria of proximal tubular
lining cells (Fowl er & Goyer, 1975). The bisnuth content of the
i ncl usi on bodi es has been confirmed by X-ray microanal ysis of tissue
sections. Wether bismuth produces a chronic interstitial nephropathy
i ke | ead has not yet been docunented. However, bisnuth inclusions
have been found at autopsy nore than 30 years after a course of
bi smut h t her apy.

5.5.6 Uranium

Exposure of humans or experinental aninmals to conpounds of
uraniumresults in injury and necrosis of proximal renal tubules. The
nost sensitive site is the pars recta (as in the case of nercury),
but, depending on the dose, injury and necrosis may extend to other
parts of the proximal tubule. Acute injury is followed by regeneration
of tubular epithelial cells. Chronic effects have not been reported.
An increase in the urinary excretion of R2-nmicroglobulin and of
specific am no acids has been reported by Thun et al. (1985) in
uraniumm || workers.

5.5.7 Chrom um
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The acute and chronic effects of chromium (mainly on the
respiratory tract and skin) are due largely to hexaval ent conpounds.
The acute tubular toxicity of chromate and di chromates salts in

animals is well docunmented, and renal tubular necrosis has al so been
described in humans foll owi ng acute poisoning (Langard & Norseth,
1986). Epi dem ol ogi cal studi es have shown that chrom um(Vl) can
produce slight tubular dysfunction in chronically exposed workers.
Mutti et al. (1979) reported an increased preval ence of el evated

- gl ucuroni dase and total protein levels in the urine of welders
exposed to chromi um These observations have been confirned by recent
studies using nore sensitive, reliable nmarkers of tubular injury, such
as [2-m croglobulin (Lindberg & Vesterberg, 1983), retinol-binding
protein, and the BB-50 renal antigen (Mitti et al., 1985).

Franchini & Mutti (1988) have studi ed dose-effect/response
rel ati onshi ps between the urinary excretion of chrom um and that of
retinol-binding protein or the renal antigen BB-50. Mst of the
abnormal val ues were observed in subjects with urinary excretion of
chronmium greater than 15 pg/g creatini ne; however, above this
threshol d the degree of tubular inpairnment was not related to urinary
excretion of chromium Franchini & Miutti (1988) explained this
phenonmenon by postul ating that the tubul ar danage observed in
chrom um V1) - exposed workers is transient and due mainly to acute
exposure, and that workers becone progressively resistant to the
effects of nore severe or prol onged exposure.

5.5.8 Arsenic

Acut e arsenic poisoning nay cause tubul ar necrosis. Acute or
severe chronic poisoning is usually treated with the chel ati ng agent
BAL (2, 3-di mercaptopropanol). Inhalation of arsine nmay al so produce an
acute tubular necrosis as a result of intravascul ar haenol ysis.

In a cross-sectional study, Foa' et al. (1987) failed to show
significant differences between occupationally exposed workers and
mat ched controls, with the exception of a slight increase in the
urinary excretion of retinolbinding protein. However, owing to the
smal | sanpl e size and the | ow power of the study, no definite
concl usion could be drawmn fromthe slight increases in al bun nuria,
32-m croglobulin, and the brush-border antigen BB50. The authors
concl uded that extended popul ati on surveys would be desirable for a
conpl ete definition of such subtle effects

5.5.9 Germani um

Germaniumis naturally present in the diet, normal intake being
about 1 ng per day. It is being used increasingly in the seniconductor
industry. A recent report from Japan docunented renal failure in ten
i ndividuals (including two deaths) anobng previously healthy
i ndi vi dual s taking | arge doses of germani um (of the order of 50-250 ngy
per day) over periods of 4-18 nonths (Matsusaka et al., 1989). Rena
bi opsy or autopsy in seven cases showed degeneration of the rena
tubular epitheliumin all cases with or without interstitial fibroses
or oedema. The gloneruli were only mininally effected in two cases.

6. RENAL CANCER

Tunmours of the renal parenchyma, pelvis, and ureters are
uncommon, accounting for |ess than 2-3% of all hunan cancers
(DeKernion & Berry, 1980; Dayal & Kinman, 1983). The rol e of drugs,
chem cals, and other environmental factors in the etiol ogy of
parenchymal and urinary tract tunmours is unclear, but cancer of these
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sites is nbst comopn in certain industrialized nations (Sweden) and in
peopl e in the higher socio-econom c groups (Rinpela & Pukkala, 1987).
O her risk factors have been stratified (Selli et al., 1983). The
rati o between tunmours of the renal parenchyma and pelvis is fairly
constant (about 5:1), and the parallel trends in increasing incidence
argue for some conmonality in the etiology of tunpburs at both sites
al t hough sone factors may be site specific. Tunburs are nearly twice
as common in males as in females. A conpilation of trends in cancer
rates in the USA indicates that the incidence of both kidney and

bl adder cancer is increasing (Pollack & Horm 1980). A sinilar
observation has been made with regard to renal parenchymal tunours in
males in Scotland (Ritchie et al., 1984).

6.1 Renal tumpur classification

The International Cassification of D seases for Oncol ogy (code
189) divides tunours of the urinary systeminto five groups according
to their size, i.e. parenchyma of the kidney (189.0), renal pelvis
(189.1), ureter (189.2), urethra (189.3), and paraurethral gland
(189.4) (Mostofi et al., 1981; WHO, 1990). These distinctions have
only been nmade in recent years, so that many nortality studies of
renal tunmours have included this whole category. O the five types of
urinary tract tunours, about 90-95% of renal tunours in adults are
adenocar ci nomas arising fromthe renal parenchynma. Nephrobl ast oma
(WIlms tunour) is the second nost common hi stol ogi cal type of rena
tumour and accounts for 2-4% of kidney cancer in Sweden and the USA
It is easily distinguished norphologically fromrenal adenocarci nona
and usual |y appears in the first five years of life; 95% of cases
occur before the age of 15 years. Al though nephrobl astonas are the
fourth nost common tunour in childhood, they are relatively rare in
adul ts.

6.2 Renal adenocarci noma

Renal adenocarci nona has been known under several synonyns (clear
cell carcinoma, hypernephroma, Grawitz tumour) reflecting uncertainty
about its origin, but inmmunol ogical studies have established that
renal adenocarcinomas arise fromthe proximal convol uted tubule
(Wallace & Nairn, 1972). They tend to be circunscribed, ranging in
size frommcroscopic lesions to | arge neoplasns (Hanilton, 1975). The
spectrum from smal |l benign |l esions to clearly malignant |esions
suggests a continuous pat hol ogi cal process, so that it is often
difficult to label smaller tunmours as benign or nalignant. Hellsten et
al. (1983) have defined all tunours of 2 cmor nore in dianeter as
adenocar ci nomas. Postnortem studi es have shown that adenonas are

present in approximtely 25% of all nales over 50 years of age, and it
was found that 34% of 235 clinically unrecognized tunours present at
autopsy were less than 3 cmin dianeter. In the absence of invasion of
surrounding tissue, features such as frequent nmitotic figures,

cel lul ar pl eonor phi sm and haenorrhage and necrosis generally indicate
a malignant potential regardl ess of size. Calcification may be
detected by X-ray examination in about 15% of cases. Although 2-3%
may be cystic, the conmonest formis a solid tunour that is usually
conposed of clear cells rich in lipid, glycogen, or both, but nay
contain granular cells or even tightly packed eosinophilic cells
referred to as oncocytes. The cell pattern may be trabecular, solid,

or mixed, but it is doubtful that cell type or structural pattern has
any clinical significance. Gading is difficult and has not been shown
to be clinically useful. These tunours usually grow slowy, and
overal |l survival is 20-25% after nephrectony. The presence of

mul tiple tumours, renal vein invasion, or regional |ynmph node
nmet ast ases i ndi cates a poorer prognosis. Hellsten et al. (1983)
recorded metastasizing renal carcinoma as cause of death in 21% of a
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postnortem series, and in 33% a second nalignant tunour was observed
causi ng the death of 20%

I mmunol ogi cal nmechani snms are thought to deternine the natura
hi story of the disease. The devel opnent of nonoclonal antibodi es and
flow cytonmetry have provided new nethods for investigating
i mmunol ogi cal responses. Total T |ynphocyte counts were found in a
study of 32 patients to be lower than in controls (Ritchie et al.
1984), due largely to a deficit of T helper cells but not T
suppressor-cytotoxic cells. This effect of the tumour is reversed by
renoval of the primary tunour, and recurs with return of the tunour
These findings are believed to suggest that there is a systenic effect
of the tunour acting at the | evel of the bone marrow or thynus to
af fect the production or maturation of T hel per cells.

The rol e of specific environmental factors in the etiol ogy of
urinary tract tunours has been difficult to define (Newson & Vugrin,
1987). Apart fromincreases in renal tunours in asbestos workers and
the identification of sone occupationally related bl adder tunours,
there does not appear to be a clearly defined association wth
specific chenicals or environmental factors. However, there is an
association with a conbi nati on of exposure to substances in the
environment and life-style practices such as tobacco use. This
suggests that there may be interactions between substances or that the
urinary tract, like the lung, has to deal with a number of substances
with pronoter activity. C garette snokers have a 2-fold increase in
risk of urinary tract tunours (Goodman et al., 1986), and an increase
associ ated with al cohol and coffee usage has been suggested (Jacobsen
et al., 1986). In addition, chronic interstitial nephritis may
predi spose to urinary tract tunours. People wth endem c (Bal kan)
nephropat hy have an increase in renal tunours and a possible
rel ati onship between chronic interstitial nephritis and rena
neopl asia (see section 5.3). It is also noteworthy that hunan

popul ati ons wi th excessive exposure to sone known carci nogens (e.g.
cycasin in Guam and aflatoxins in Africa and Asia) have not yet been
shown to have an increase in kidney cancer (Sufrin & Beckley, 1980).
Renal adenocarci nona has been di agnosed with increasing frequency in
patients with chronic renal failure, particularly in those patients
treated with long-termdialysis (Dunhill et al., 1977).

An associ ati on between renal cancer and excess exposure to |ead
has not been clearly established, but a study of |ead snelter and
battery workers found a significant excess of nalignancies at al
sites, these being nostly lung tunours (Cooper & Gaffey, 1975). Case
reports of renal tunmours in workers with | ead nephropat hy have
appeared (Baker et al., 1980; Lilis, 1981).

6.3 Upper urothelial carcinoma (transitional cell carcinonm)

Tunmours of the renal pelvis forma spectrumfrom benign
papil l omas to frank papillary carcinomas and, |ike bl adder tunours,
are generally | ow grade cancers. However, they tend to recur
regardl ess of their norphol ogy. Upper urothelial carcinoma has been
associated with RPN and anal gesi ¢ abuse, but a cause-and-effect
rel ati onshi p between the two has not been proven (Bach & Bridges,
1985a). The incidence of upper urothelial carcinoma anpong anal gesic
abusers is very high, and femal es predoni nate i n anal gesi c-associ at ed
upper urothelial carcinoma. The female:nmale ratiois 2.5to0 1
(Bengtsson et al., 1978), which is in keeping with the ratio for
anal gesi ¢ abusers. Anal gesic abusers al so devel op upper urothelial
carci noma at a younger age than non-anal gesi c abusers (M hatsch et
al ., 1980a,b,c). The distribution of urothelial carcinomas in
anal gesi ¢ abusers has a distinct pattern; tumours of the renal pelvis,
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ureter, and bladder are found 80 tines, 90 tinmes, and 7 tines,
respectively, nore frequently than in non-anal gesic abusers. The
tumours are typically multiple, diffuse, and poorly differentiated,
and spread rapidly (Mhatsch et al., 1980c).

Pati ents who di sconti nue abuse of the drugs are at a greater risk
of devel opi ng upper urothelial carcinona, often after a |atent
period of 10-20 years after initiating anal gesic abuse. Geatly
i mproved dial ysis techniques may result in the survival of
anal gesi c- abusing patients who woul d ot herwi se have devel oped
end- stage renal disease and subsequently died (M hatsch et al.
1980a). It has therefore been suggested that the incidence of upper
urothelial carcinoma will increase.

The di agnosi s of upper urothelial carcinoma is difficult in the
clinical situation because of few specific clinical synptons to
i ndi cate the malignant changes (Johansson et al., 1976; Bengtsson et
al ., 1978; Mhatsch et al., 1980a,b,c; Mhatsch & Knusli, 1982; Bach
& Bridges, 1985a; Pomrer et al., 1986). The prognosis is poor, and
patients with upper urothelial carcinoma only have a nmean surviva
time of 22 nonths (M hatsch et al., 1980a) owing to the difficulty of

di agnosi s, conpronised renal function of patients with RPN, and
nultifocal sites of rapidly devel opi ng and w despread i nvasi on and
nmet ast ases (Johansson et al., 1976; M hatsch & Knusli, 1982).

6.4 Experinentally induced renal adenonmas and adenocarci nonas

Renal adenomas and adenocarci nomas nmay be induced in | aboratory
ani mal s by various natural products and biol ogi cal and chemi cal

agents. However, |inkage of exposure of these substances to rena
cancer in humans is lacking in nmost instances, or, at best, is only
suspect ed.

6.4.1 Background incidence of spontaneous tunours in experinental aninmals

The inci dence of spontaneous renal parenchynal tumours in nost
commonly used strains of nale rats and nmice is in the region of 0.2%
whereas it is < 0.1%for females (Crain, 1958; Goodnan et al., 1979,
1980; Ward et al., 1979; Maekawa et al., 1983). The incidence may be
up to 2.7% (Pour et al., 1979) in hansters, which is generally | ow
enough for investigative studies.

Renal tunours have been induced experinentally by a | arge nunber
of conpounds including lead salts (Kilhamet al., 1962; van Esch &
Kroes, 1969; Goyer & Mdore, 1974), nickel sulfides (Jasmn & Riopelle,
1976; Sunderman et al., 1984), nethylmercury chloride (Mtsunori et
al., 1981), N-(4 -fluoro-4-biphenylyl) acetanide (H nton et al.
1980), trisodiumnitrilotriacetic acid (Goyer et al., 1981), potassium
bromat e (Kurokawa et al., 1983), hal ogenated al kenes (Kociba et al.
1977; Reichert et al., 1984), and tris(2,3-di bronopropyl)phosphate
(Reznik et al., 1979). Natural products include cycasin (Laqueur &
Spatz, 1968), aflatoxins Bl (Butler et al., 1969; Epstein et al.,
1969), ochratoxin A (Kani sawa & Suzuki, 1978), citrinin (Arai &

Hi bi no, 1983), the fernentation-derived anti-neopl astic agent
daunomycin (Sternberg et al., 1972), and streptozotocin (Rakieten et
al ., 1968; Hard, 1985). Diethylstilbestrol (Horning & Wittick, 1954)
and rel ated estrogens (Li et al., 1983) produce a high incidence of
parenchymal tunmours in hansters

The cl assical two-stage nodel of carcinogenesis also applies to
several of the nitrosam nes, where pronoters include sodium arsenite
(Shirachi et al., 1983), DL-serine (H asa et al., 1984a), folic acid
(Shirai et al., 1984), lead acetate (H asa et al., 1983), nicotinanide

Page 103 of 185



Nephrotoxicity associated with exposure to chemicals, principles and methods for the assessment o...

(Rosenberg et al., 1985), trisodiumnitrilotriacetate (H asa et al.
1984b), and citrinin (Shinohara et al., 1976). There are severa
factors that may affect the devel opment of carcinonmas, including diet
(Hard & Butler, 1970; MlLean & Magee, 1970; Hard, 1980, 1984; Swann et
al ., 1980), partial hepatectony (Evarts et al., 1982), unilatera
nephrectony (lIto et al., 1969), and unilateral hydronephrosis (Chnori
& Tabei, 1983).

6.4.2 Inorgani c conmpounds

Various inorgani c conpounds of |ead have been investigated over
the last 30 years (Van Esch & Kroes, 1969). The tunours arise from
ki dney tubul ar epithelial cells in kidneys and are sinilar to rena
cortical tumours found in humans. Production of tunours requires
conti nuous exposure to relatively high concentrations of lead in the
diet or drinking-water for 1 to 2 years. The tunmours occur in a
background of severe interstitial nephritis characterized by tubul ar
atrophy as well as focal areas of hyperplasia. They are usually
mul tifocal and vary from m croscopi c adenonas to |arge rena
adenocar ci nomas that may invade contiguous structures or netastasize
to the lungs. Intra-nuclear inclusions, which are usually present in
proxi mal tubular epithelial cells in lead toxicity, are absent in
neopl astic cells, and the tunors contain nmuch | ess | ead than adjacent
renal parenchyma (Mao & Mol nar, 1967). Tunor cells are pl eonorphic,
and ultrastructural studies have shown mar ked norphol ogi cal
alterations in mtochondria.

Renal cancer occurs after injection of crystalline nicke
subsul fide (Ni3S;) into the kidney of rats, but not after
treatment with anorphous nickel sulfide (NNS). No evidence indicates
that nickel conpounds are carcinogenic in experinental aninmals when
adm ni stered by oral or subcutaneous routes (Sundernan, 1981).

6.4.3 O ganic nol ecul es

Nitrilotriacetic acid, a polyam no polycarboxylic acid with
chel ating properties simlar to EDTA (used to treat |ead poisoning),
produces chronic interstitial nephropathy in rodents. A spectrum of
tubul ar cell histol ogical changes occurs from hyperplasia to small

adenonmas to adenocarci homas (CGoyer et al., 1981). Renal adenocarci nonma
has been induced in male rats by the chronic inhalation of unleaded
gasol i ne vapour (MacFarland et al., 1984), but this relationship has

not been supported by epidem ol ogical studies on workers in the
petrol eum industry (Enterline & Viren, 1985).

6.4.3.1 Nitrosanmines and rel ated conpounds

The nitrosam nes represent one of the nbst widely investigated
groups of nodel conpounds. They include dinethylnitrosanm ne (Mirphy
et al., 1966; Mhr et al., 1974; Hard, 1984), which produces
mesenchynmal (connective tissue) tunours in young ani nal s but adenonas
and adenocarcinormas in mature aninals (Hard, 1979). The
co-admni stration of putrescine (Ohnori & Tabei, 1983) or

N- 3, 5-di chl orophenyl -succinimde (Ito et al., 1974) with
di met hyl ni trosam ne caused a dose-rel ated incidence of up to 100%
renal tunours after 100 weeks. N-ethyl- N hydroxyethylnitrosamn ne
(H asa et al., 1979) on its own, or, especially, when adninistered
with basic | ead acetate (H asa et al., 1983) or serine (Hi asa et al.
1984a) causes tunours in up to 95% of animals by 32-38 weeks.

N- Ni t rosonor phol i ne causes oncocytomas (Bannasch et al., 1978a, b,
1980). There are interesting differences between several of the node
conmpounds, interspecies responses, effects of dose reginens, etc.
However, the investigation of these nodels has generally permtted the
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progression of cellular injury to be described in terms of the acute
effects, early hyperplasia, dysplasia, and different types of rena
t unour s

6.4.3.2 Morphol ogi cal changes

Many of these nodel conpounds have been used to study the early,
internmedi ate, and | ate changes at the light m croscope and
ultrastructural levels (Horning & Whittick, 1954; Butler, 1964; Butler
& Lijinsky, 1970; Ertirk et al., 1970; Hard & Butler, 1971; Sternberg
et al., 1972; Bennington, 1973; Hard, 1975, 1984, 1985; Bannasch et
al ., 1978a,b, 1980; Dees et al., 1980a,b; Chnori et al., 1982; Tsuda
et al., 1983; Eble & Hull, 1984; Hard et al., 1984; H asa et al.
1984a, b, c). The phenotypi c changes associated with | oss of normal
growt h control have concentrated on the focal preneoplastic changes in
het er ogeneous cells. These undergo sl ow changes (where it is highly
desirable to define the origins of the neoplasn) in a linited nunber
of enzyme markers and in |ipids, and carbohydrates. In addition, an
increase in cytoplasm c RNA (shown by enhanced cytopl asm ¢ basophilia
or numerous ribosonmes at the ultrastructural |evel) has been observed
as a marker for hyperbasophilic and basophilic preneoplastic foci in
the epitheliumof the renal tubular system (Hard, 1986; Bannasch &

Zer ban, 1986).

The nonencl ature of renal parenchymal tunours is based on severa
criteria, including the size of the tunour and the
nor phol ogi cal - hi stocheni cal characteristics of cells and their
organi zation. The progression in tissue mass from hyperpl asia, through
dyspl asi a, to adenoma, adenocarci noma, and carcinonma is a continuum
al though the earliest changes, particularly hyperplasia, my be
reversible. Cells may have no cytoplasnmic staining (clear cells) or
granul ar aci dophilic or basophilic cytoplasm staining, and tunours nay
have a mixture of cells with different staining characteristics. Were
adenonmas contain a uni form popul ation of finely granul ated
eosinophilic cells, they are ternmed renal oncocytonmas. Tunours can
al so be classified as tubular, solid, |obular, disorganized, invasive,
papill ary or cystadenoma, or by a conposite of such ternms based on
their appearance (Hard, 1987).

Clear and acidophilic (granular) cell kidney tunours induced by
l[imted exposure of rats to N-nitrosonorpholine are associated with
a transient storage of glycogen (Bannasch et al., 1978a) and cl osely
paral |l el the nmpbst common nalignant renal neoplasmin nman. The tunours
originate fromsegnents of the collecting duct systemstoring |arge
anmounts of glycogen (Nogueira et al., 1989). However, when
m cr oadenonmas devel op, the clear (glycogenotic) cells |oose glycogen
and acquire an acidophilic (granular) cytoplasm although both cel
types can coexist in large tunours. Lipid-storing cells are often

found in the clear cell tunours, but the significance is not known. By
contrast, there are no such rel ationshi ps between cells storing

gl ycogen and the so-called renal oncocytomas al so found in NNMinduced
rats (Bannasch et al., 1978b; Nogueira et al., 1989), although rat
renal oncocytonas also originate fromthe collecting duct system
(Nogueira & Bannasch, 1988). They are, however, benign end-stage

| esi ons where the cytoplasmis crowded with pathologically altered

m tochondria (Krech et al., 1981). A tenporary focal storage of

gl ycosami no- gl ycans has been reported in chronophobic rat renal cel
tubul es and tumours (Bannasch et al., 1980, 1981) and in the
correspondi ng type of human tunour (Thoenes et al., 1985).

6.4.3.3 Biochenical changes in cells

An i mmunohi st ochemi cal increase in glucose-6-phosphate
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dehydrogenase is associated with basophilic renal cell tunours (Tsuda
et al., 1986) and nephrobl astonas (More et al., 1986). The pentose
phosphat e shunt provi des sugars for RNA and DNA synthesis, and the
activation of this pathway is probably closely related to certain
phenot ypi ¢ changes, such as an increase in ribosonmes and an enhanced
cell proliferation in preneoplastic and neoplastic lesions. In line
with this interpretation, rat renal oncocytic tubul es and tunours,

whi ch are poor in ribosones and grow very slowy, usually show a
normal or even decreased activity of glucose-6-phosphate dehydrogenase
(Tsuda et al., 1986). However, in sone experinmental nodels a reduced
anount or activity of glucose-6-phosphate dehydrogenase was found in
the nore malignant popul ati ons, suggesting invol venent of the enzyne
in other netabolic aberrations relevant to tunorigenesis (More et
al ., 1986).

Alterations in drug-netabolizing enzynes (see bel ow) during

car ci nogenesi s have been detected by inmuno-hi stochenical nethods in
various tissues, especially in the renal tubular system but they have
not been correlated to the sane extent with the respective enzyne
activities and with other changes in the cellul ar phenotype as have
those of carbohydrate netabolism By contrast,

N- et hyl - N-hydr oxyet hyl ni trosam ne-i nduced renal carci nomas show
opposite alterations in drug-netabolizing enzynes in preneoplastic and

neopl astic | esions of these tissues (Tsuda et al., 1987). Reduced
activities of gamma-gl utanyl-transpeptidase (Chnori et al., 1982;
Tsuda et al., 1986), succinate dehydrogenase (Tsuda et al., 1986), and
al kal i ne phosphatase (Tsuda et al., 1986) are seen as early changes

during the devel opnent of basophilic cell tumours from hyperbasophilic
segnents of the proximal nephron. In contrast, however, there are no
sim | ar changes in gamma- gl utanyltranspepti dase or al kaline
phosphat ase activity (but there is an increase in succinate

dehydr ogenase activity) in oncocytic tubular |esions seen in these

animals (Tsuda et al., 1986). The increased binding of anti-cytochrone
c oxidase to the oncocytic lesions in both man (Ortnann et al., 1988)
and rat (Mayer et al., 1989) may be a useful marker for preneoplastic

renal changes.
6.4.3.4 The nechanistic basis of renal carcinoma

The nechanistic basis for the devel opnment of renal carci noma may
be genotoxic or non-genotoxic. The common feature to all genotoxic
agents is the generation of a reactive electrophilic
(el ectron-deficient) species which is capable of binding to
nucl eophilic (electron-rich) sites on cellular nacronol ecul es
including proteins, lipids, RNA and especially DNA (Mller & MIler
1981). For exanple nitroso-conpounds al kylate DNA in the N7 and,
especially (due to its prolonged stability), O 6 positions (N coll et
al., 1975).

Genot oxi ¢ conpounds are either direct alkylating agents

(requiring no activation) or they require one or nore
bi otransformati on steps by the P-450-dependent nono- oxygenases (e.d.
chloroforn) (Bailie et al., 1984; Smith & Hook, 1984). However
hexachl oro-1, 3-butadi ene is transformed by B-Iyase (Elfarra & Anders,
1984) or prostagl andin hydroper oxi dase- medi at ed co- oxi dation (Davis et
al., 1981), which may al so be involved in

N-[4-(5-nitro-2-furyl)-2-thiazolyl]formam de transformati on (Zenser
& Davis, 1984). In addition, there nmay be several other renal and
extra-renal netabolic steps. There are al so sone nol ecul es that cannot
be reliably classified into either group. Diethystilbestol is a very
weak al kyl ating agent (Lutz et al., 1982), and its nmechani sm of action
is thought to be nediated by renal estrogen receptors (Li & Li, 1984).
However, some metabolic conponent may be involved, e.g., hepatic

m xed-functi on oxi dase (Metzler, 1981) and peroxidative activation
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(Metzler & McLachl an, 1978).

6.5 Experinmentally induced upper urothelial carcinonas
(transitional cell carcinomas)

There is experinental evidence to connect anal gesic exposure to
the devel opnent of urothelial tunoburs (Johansson & Angervall, 1976;
Bengtsson et al., 1978; Bach & Bridges, 1985a). Wil e bl adder tunours
have been studi ed extensively in animal nodels, the practica
difficulties of |looking for malignancies in the ureter or pelvis has
l[imted studies in this area. Based on | ong-term carcinogenicity
studies, there are few data to establish a clear experinental
rel ati onshi p between anal gesi c exposure and upper urotheli al
carcinoma. There is, however, experinmental evidence to suggest that
upper urothelial carcinomas can be induced using a classical two-stage
initiation/pronotion reginen (Bach & Gregg, 1988; Gegg et al., 1989).
These data suggest that localized injury associated with papillary
necrosi s adjacent to urotheliumthat has already been initiated wll
result in a proliferation of changes that |ead to malignancy. At
present the full significance of these findings in terns of the human
anal gesi ¢ problemis not clear

7. ASSESSMENT OF NEPHROTOXI CI TY

No single in vivo or in vitro method of studying the
nephrotoxicity of chemicals can address all of the questions that nust
be asked. It is therefore inadvisable to separate nmechani stic research
into target cell toxicity fromthe screening of novel conpounds for
their potential nephrotoxicity. The holistic approach to
nephrot oxi city assessnent al so demands that in vivo investigations
are not separated fromin vitro studies, and that data continue to be
derived fromseveral different aninmal species and related to
accurately conducted epi dem ol ogi cal and clinical studies (where these
data are avail abl e).

Present data suggest that nbst in vitro nethods can provide
informati on on the nechanismof primary insult and the effect on cel
viability. However, there appears at present to be little place for

invitro techniques in the assessnent of secondary renal changes, as
the factors that contribute to the cascade of degenerative changes
that follows renal insult are largely obscure. Thus there is inherent
uncertainty as to what should be studied in in vitro systens. There
are, however, several approaches that can be used to provide a better
under st andi ng of the contribution to degenerative changes in vivo.
These include harvesting tissue at different tine points follow ng an
insult and using this tissue to study function in different cel
types, or studying the effects of chenmicals on target and non-target
cells using pure and mixed cell cultures in the presence and absence
of cells that are related anatomically. It is also possible to
exchange culture nedia between cells that have been insulted, and
those that have not, in order to assess the release of factors that
may be toxic to other cells. Different cells can be studied in the
sane nmedia to define cell-cell interactions and how chenical insult
affects this process.

7.1 In vitro studies

Despite the conplexity of the kidney and nephrotoxicity, and the
difficulty in defining what any one in vitro system achieves, there
are several ways to progress in the use of screening nethods.

One such rational approach coul d incl ude:

* the careful identification of conpounds with well-docunented in
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vi vo nephrotoxicity, including the sequence of pathol ogi cal and
functional changes, the netabolites fornmed, quantities excreted,
and the cellul ar pharmacodynam c effects

* the choice of chem cals that target specifically for one
anatom cally discrete cell type in vivo

* the use of both nore and | ess nephrotoxi c anal ogues of the
chemi cal for determning structure-activity relationships and
conput er - based si nul ati ons;

* the systematic study of these conpounds by several different in
vitro nmethods, and the use of several criteria for assessing in
vitro nephrotoxicity for each

7.1.1 Choice of chem cal concentrations for in vitro studi es

The validity of using the cytotoxicity (in vitro) for a given
concentration of a chemical as a likely indicator of a toxicol ogica
effect in vivo can be very difficult to establish. It may be
i npossi bl e to assess this in the kidney, because this organ is highly
conpartmentalized. In the intact and functioning organ, it is
currently not possible to establish the concentrations of a xenobiotic
(or its netabolites) associated with any one cell type. This
uncertainty relates, for instance, to the different transport systens
that are distributed in discrete parts of the nephron, transcellul ar
pH gradi ents, and the selective accunulation of certain chenmcals in
cell organelles (which have heterogeneous distribution in different
types of cells). Thus sone chem cals can be sel ectively concentrated
in a discrete area of the kidney to several tines the plasm
concentration. Alternatively, certain chemicals may be actively or
sel ectively excluded fromsone cell types (Midge, 1985).

Drug netabolismsystens that alter the physicochemni ca
characteristics of xenobiotics and their nmetabolites (that will
facilitate the redistribution of chemicals within and between cells)
are al so heterogeneously distributed. Thus, certain xenobiotic
products may be selectively concentrated in (while others are excl uded
fronm) specific cell types. Therefore, even though arterial and venous
bl ood and urinary concentrations of chem cals can be neasured, there
is no certainty that such data relate to the concentrations of any
specific netabolite that reaches a target cell. Autoradiography may
be very valuable in providing sone idea on how chemicals are
distributed, but it only shows the distribution of radiol abel -derived
material, not its chemical nature. Once the anatomical integrity of
the kidney has been altered, it nmay be difficult to relate the
concentration of any chemical to the sane cells in vivo. Wile
structure is maintained in the perfused kidney, the functional changes
impose a simlar constraint. The uncertainty as to what concentrations
of chemicals to use ininvitro systens is exacerbated by the
undefined influence of extrarenal and renal netabolismon the delivery
of the proximate and ultimate toxins to the target sites of injury in

Vi vo.

7.1.1.1 Proximate and ultimte nephrotoxicants in vitro

In addition to the need to consider carefully the consequences of
the changes in the route of chenical delivery when the anatomnica
integrity of the kidney has been disrupted (i.e. in all systens other
than the isol ated perfused kidney), it is inportant to consider how a
chemical is delivered to the cells. This consideration should be
expressed in terms of the chemical being free or bound (should the

nmedi a contain protein or not?), the physicochemical characteristics of
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the solution in which the chem cal is delivered (such as its pH, ionic
concentration, and endogenous and exogenous m cro- or

macr o- mol ecul es), and the kinetics of delivery (this is generally
zero-order in nost in vitro systens but follows first or second

order Kkinetics in vivo).

Chemically induced nephrotoxicity may be the result of a direct
action of the parent chemical in the kidney or nay be due to an
extrarenally formed metabolite. However, in sonme instances the
chemi cal /netabolite has to be further netabolized in situ to formthe
ultimate nephro-toxic species. Assessing the role of in situ
net abolismin nephrotoxicity from in vivo data nmay be difficult,
since nost nephrotoxic chemcals are also extensively netabolized in
extrarenal tissue such as the liver. Experinental approaches using
different species and strains of animals, inducers and inhibitors of
drug netabol i zi ng enzynes, and candi date proxi mate and ultinmate
nephrotoxi ¢ nmetabolites nmay give sone evidence for the involvenent of
intrarenal netabolic activation (Rush et al., 1984). More direct
evi dence for a direct renal activation of a chemcal has to conme from
invitro studies or studies with perfused ki dneys where extrarena

nmet abol i sm activation can be excluded. |In vitro studies may include
experinents with isolated tissue preparation (kidney slices and
tubules), cells (primary cells or cell lines) or subcellular fractions

to assess chemically induced toxicity. In order to deternine the role
of extrarenal netabolismin the formation of nephrotoxic metabolites,
co-culture systems using liver cells (as an activation systen) and

ki dney cells (as target cells) nay be very useful (Ml deus et al.
1978). The stability of a reactive netabolite, generated by |iver
cells, may be neasured by transferring, after various tine intervals,
the incubation mediumto the target cell popul ation

7.1.2 In vitro investigations of nephrotoxicity

In vitro techniques can be divided into those where the
anatom cal relationship between cells is maintained (perfusion
m cropuncture, and slices), those where gloneruli and tubul ar
fragments are isolated, and those where cells are isolated. The
different techni ques for assessing nephrotoxicity in vitro have been
reviewed and the strengths and weaknesses of each presented in broad
terns (Bach et al., 1985, 1986; Bach & Kwi zera, 1988). Sone net hods
are technically difficult, depend on sophisticated equi pnent, are
subject to artefacts in inexperienced hands (perfusion and
m croperfusion), and are difficult to interpret.

7.1.2.1 Perfusion and m cropuncture

M cropunct ure met hodol ogy has not been wi dely used to assess the
t oxi col ogi cal effects of chemicals (Bank et al., 1967; Biber et al.
1968) because the nethodology is extrenely conpl ex. However, a few of
the probl em areas should be nentioned. M cro-puncture procedures
succeed only when the experinentalists can collect neasured snal

sanmpl es of tubular fluid and subject these to appropriate chem ca

anal yses. These procedures are extrenely conpl ex, and, because of the
smal | vol unes invol ved, subject to considerable error. To assure that
the mcropuncture collections reflect the "physiol ogical state", nost
workers attenpt to collect only very small volunes at the
"physiological" flow rate past the point of micropuncture. Stationary
m croper f usi on has been used to assess tubular function in a
restricted area of the nephron

M cro-injection into a tubul ar segnent has been used by many

physi ol ogi sts and may be of particul ar toxicol ogical interest
(CGottschal k & Lassiter, 1973; Roch-Ranel & Peters, 1979; Diezi &
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Roch- Ranel, 1987). Wth this technique, various renal function
markers, as well as potential nephrotoxicants, nay be injected into a
segnment of the proximal tubule during a free-flow situation. The urine
fromthe injected kidney may then be collected to assess
nephr ot oxi cant effects on the injected renal function markers. For

m cropuncture specialists, this is arelatively straight-forward
techni que and does not involve the problens associated with renoval of
tubular fluid by mcropuncture. This procedure mght pernit the
assessnent of nephrotoxicant effects on nenbrane perneability by

exam ning, for exanple, inulin excretion fromthe injected kidney.

The isol ated perfused tubul e techni que represents the devel opnent
of an in vitro procedure that permts the assessnent of intact
tubul ar function under carefully controlled in vitro conditions.
Hence all of the advantages of in vitro nethodol ogy are avail able
whil e intact tubular function is being studied (D ezi & Roch-Ranel
1987).

Tubul e segnments can al so be isol ated by manual dissection for
m croper fusi on, where they are attached to mcropipettes suspended in
a bathing solution and perfused with an artificial tubular fluid
(Ulrich & Greger, 1985). Relatively few attenpts have been nade to
apply this sophisticated nethodol ogy to the study of nephrotoxicants,
where it would be possible to add chenicals to either the perfusate or
the bat hing solution and exami ne effects on either the tubular or

basol ateral side of the cell. This techni que has been used to
denonstrate that organic anion transport across the tubular cell is
active on the basolateral side but not on the |um nal side (Tune et
al., 1969).

The maj or advantage of this procedure is that it pernmits an in
vitro assessnment of renal function with a tissue segnment that is
essentially intact. The situation in an isol ated nephron segnent is
obviously not identical to that in the intact kidney, but by carefully
regul ating the perfusion solution and the bathing solution one can
approximate in vivo physiology. This is a potentially inportant
procedure that needs to be assessed for its utility.

7.1.2.2 Renal cortical slice

These techni ques have been revi ewed extensively (Berndt,

1976, 1987; Bach & Lock, 1982; Kacew, 1987) and used to show
del eterious effects of chemicals and drugs on the kidney. Mich of the
publ i shed informati on has focused on renal tubular transport as the
criterion for establishing the nephrotoxic potential of chenicals. The
tests are based on neasuring the accunul ation of the organic ions

p- am nohi ppurate (PAH) and tetraethyl-amoni um (TEA) (H rsch, 1976)
by renal slices. The organic anion transport is a sensitive indicator
of ami nogl ycosi de (Kl uwe & Hook, 1978; Kal oyani des & Pastoriza-Minoz,
1980) and cephaloridine toxicity (Kuo & Hook, 1982; Kuo et al., 1982).
Simlarly, the effects of mercuric ions, chronate ions,
hexachl or obut adi ene conj ugat es, and ot her nephrot oxi ns appear readily
detectable by this approach. Organic ion accumul ation and
gl uconeogenesis in renal cortical slices nay be poor indicators of
early toxic effects to the kidney resulting fromcisplatin
adm ni stration because these paraneters are not affected except at
hi gh doses. The poor sensitivity and del ayed response of renal slice
parameters indicate that nmenbrane function and cell metabolism nmay not
be early targets of cisplatin at the cellular level. Slices maintain
B-1yase activity for up 12 h and have been used to study hal o-al kene
toxicity. Am nooxyacetic acid inhibits R-1yase activity al nost

compl etely. DCVC decreases PAH accunul ati on, but does not appear to
use the same transport process.
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7.1.2.3 |Isol ated nephron segnents

| sol ated tubul es overconme many of the di sadvantages of cortica
slices, in that they remain in contact with substrates and toxins in
the medi um whereas cortical slices may show | umen collapse within a
short period (Chahwal a & Harpur, 1986).

Freshly isol ated tubule or cell suspensions offer an inportant
way of studying the mechani snms of nephrotoxicity and screeni ng nove
compounds for their potential acute effects on the kidney. A
[imtation, however, is the short in vitro |ifespan of isolated
tubul es prepared, by any techni que, for studying early toxic effects.
In general, nost investigators limt incubations to no nore than 2-4
h because of loss of viability and functional capabilities. O nstad
(1982) reported rapid loss of viability of isolated renal tubules and
cells, more than 25% of the cellular |actate dehydrogenase (LDH)
| eaking to the nediumduring 1.5 to 2 h of incubation. Cbhatom &

Pl umrer (1986) observed a 40% 1l oss in tubule cell viability during 3-h
i ncubations of rat proximal tubules. Loss of renal function, such as
2 consunption, has al so been reported for isolated tubules (Harris et
al., 1981).

A nunber of fresh tubular systens exhibiting high initial
viability (> 90% by trypan bl ue exclusion) have been prepared from
col | agenase digests of rat cortical tissue (Cunnaro & Wi ner, 1978;
Bel | eman, 1980; Cojocel et al., 1983; Gstraunthaler et al., 1985;

hatom & Plummer, 1986) using tubular fragnments of proxinal origin.
The tubul es can be used to study the netabolism of xenobiotics liable
to be converted into conmpounds responsible for the alteration of

normal renal netabolism (Jones et al., 1979). Tubul ar fragments
obt ai ned by col | agenase treatnment of dog (Baverel et al., 1978,
1980a), hunan (Baverel et al., 1979), baboon (M choudet & Baverel
1987), and gui nea-pig (Baverel et al., 1980b) renal cortex have al so

been used for nmetabolic studies. These fragnents retain the

gl uconeogeni c capacity that is specific to the proxi mal convol uted
tubul e (Guder & Ross, 1984). Human, dog, and rat renal cortex tubules
al so rel ease ammoni a from gl utani ne, and any drug-i nduced di sturbance
of renal ammoni agenesis can be studied with these nodels (Martin et
al ., 1987, 1989, 1990).

Proxi mal tubul es have been purified fromthe above preparations
by centrifugation on a Percoll density gradient. The sanples obtained
exhibit enrichnent in proximal tubule cells relative to cells from
ot her areas of the nephron, as indicated by the distribution of
al kal i ne phosphat ase and hexoki nase (Vinay et al., 1981).

Suspensi ons of thick ascending Iinb fragments have al so been

prepared from dog (Baverel et al., 1980a,b; Anand-Srivastava et al.
1986), rat (Trinh-Trang-Tan et al., 1986), and rabbit (Chanberlin et
al ., 1984) outer nedulla. Suspensions of collecting tubul es obtained
fromthe inner medulla (Anand-Srivastava et al., 1986; Wrthensohn
et al., 1987, 1989) may prove very useful in studies of the effect of
nephrot oxi ¢ substances that interfere with the function of this rena
zone.

Direct addition of different concentrations of nephrotoxic agents
such as ochratoxin A, citrinin, furosenide, and potassium chromate to
the suspension rel eases enzynes specific to the proximal tubule (Table
4), such as al ani ne am nopeptidase, |eucine am nopepti dase and
al kal i ne phosphatase, to the incubation nediumin a dosedependent
manner (Endou et al., 1985). To characterize further the intrarena
site(s) and node of nephrotoxicity, definite portions of a single
nephron can be m crodi ssected fromthe col | agenase-treated ki dney.
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There are two different nmethods available for the mcrodi ssection of

i ndi vi dual nephron segnents; one is fromlyophilized kidney sections
and the other is fromcoll agenase-treated fresh ki dneys (Mrel et al.
1976) . In nephrotoxicity studies, fresh individual nephron segnments
are used. The followi ng segnents can be isolated: the glonerulus, the
proximal tubule (S;, S;, S3), the thin descending linb of

Henl e's | oop, the nedullary and cortical thick ascending |inmb of

Henl e's | oop, the distal convoluted tubule, the connecting tubule, and
the cortical and medullary coll ecting tubules.

Several functional paraneters can be studied in nephron segnents.
G uconeogenesis is a unique function of the proximal tubule, within
which the S; segnent s npost active (Ml eque et al., 1980; Endou et
al ., 1985). d uconeogenesis is strongly induced by netabolic acidosis
or by al pha;-adrenergic stinulation (Nakada et al., 1986a).

First-generation cephal osporins, cephal oridi ne and cephal ot hin cause
a tinme- and concentration-dependent decrease in gluconeogenesis, and
it is clearly indicated that the site of nephrotoxicity of these
antibiotics is the proximal tubule (S;, S, S3). Anmoni agenic
activity is distributed in all the nephron segnents, but the highest
production rate of ammonia fromglutam ne is observed in the proximal
tubul e (Nonoguchi et al., 1985). Ammoni agenesi s via the purine

nucl eoti de cycle fromasparatate as a substrate is also high in the
proxi mal tubule (Tarmura & Endou, 1988). Ammonia production is
increased in a simlar way by netabolic acidosis or potassium

depl eti on (Nonoguchi et al., 1986). Cisplatin nephrotoxicity is

nmor phol ogi cal |y known to be focussed on the S3 segnent. However, this
drug decreases ammoni agenesi s from glutam ne not only in Sz, but

also in S,, suggesting a discrepancy between norphol ogi cal and

bi ochemi cal eval uations, although cisplatin does not affect

gl uconeogenesis in isolated nephron segnents (Nakada et al., 1986hb).

The ki dney possesses various active transport processes that
consurme ATP at a high rate. Individual nephron segnments require their
own particular substrates for synthesizing the necessary ATP: this has
been shown in both mice (Uchida & Endou, 1988) and rats (Jung et al.
1989). The proximal tubul e cannot use glucose to produce ATP, whereas
the ot her nephron segnents can use it. In general, pyruvate or |actate
is the preferred substrate in all segments. Nephrotoxicity assessment
by measuring cellular ATP content shows clearly that nmercuric chloride
decreases ATP content only in S2 (Jung et al., 1989) and that
ochratoxin A nephrotoxicity localizes in S, and S; (Jung & Endou
1989). Thus, measurenent of cellular ATP in specific nephron segnents
enabl es possi bl e nephrotoxicants to be evaluated. A sinilar principle
can be applied by neasuring intracellular free cal cium (Jung & Endou
1990). Fromthe biological point of view, it is essential to keep
cellular ATP at a high level and to maintain a | ow concentration of
intracellular free calciumfor all living cells. 1t should,
therefore, be reasonable and useful to introduce these sensitive
paraneters to nephrotoxicity assessnent, although the nethods require
speci al techniques for microdi ssecting nephron segnents or special
i nstrunents.

An advant age of the use of isolated tubules, as conpared to in
vivo experinments, is that it permits a cellular environment that is
defined both quantitatively and qualitatively. This allows the
rel ati onshi p between the concentration of a nephrotoxin, exposure
time, and effect to be studied. Extrarenal effects can be avoided, and
so isolated tubules are very suitable for studying the effects of
nephrotoxins that act directly at the tubular site. Owing to a |lack
of polarity (Koseki et al., 1988), isolated renal cell suspension nmay
have |imted useful ness.
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There are several limtations associated with the use of freshly
isolated or cultured renal cells. Cells released by enzynmi c digestion
or fresh fragments can be cultured in the presence of serumfree,
hormonal |y defined culture media. This prevents fibrobl ast

proliferation and encourages epithelial cell growh (Chunman et al.
1982), but both cell preparations |ack a brush border, which may be
critical for the active uptake of drugs and chenmicals.

Al'ternati ve approaches to obtain a preparation with an intact
brush border include the use of different sized sieves to separate
glonmeruli and tubules (Bach et al., 1986), which nmay not result in a
pure preparation of proximal tubular cells. The choice of nethod for
monitoring cell viability may circumvent this, e.g., the use of

prostagl andin synthesis (Sraer et al., 1980) to assess effects of
chemicals selectively on glomeruli. The density gradi ent technique
(Vinay et al., 1981) uses Percoll centrifugation to separate the

different cell types to obtain a > 90% pure preparation of proxinal
tubul ar cells. These cells retain their viability and their GSH | evel s
at > 50%for 2 h at 37 °C, and denonstrate cytochrone- P450- dependent
nono- oxygenase activity profiles that are inducible only by

3-net hyl chol anthrene (3MC). This nmay be an appropriate preparation to
study the effects of various drugs and chenicals, in both rats and
man, that denonstrate nephrotoxicity to either the S1, S2, or S3
regions after admnistration (Smith et al., 1986; Rosenberg &

M chal opoul os, 1987).

7.1.2.4 Primary cell cultures

Cell to be cultured should be of well defined origin. For this,
purification of a honbgeneous gl onerul ar or tubular cell population
can be achi eved by several nethods (Jakoby & Pastan, 1979), including
sieving techniques (Striker et al., 1980), nagnetic and nechani ca
techni ques (Meezan & Brendel, 1973), density gradient centrifugation
(Schol er & Edel man, 1979; Vinay et al., 1981), and col |l agenase
di gestion (Curthoys & Bellemann, 1979; Belleman, 1980; Ornstad et al.
1981). Mdre recently, techniques such as inmunodi ssection, cel
sorting, free-fl ow el ectrophoresis, and m crodi ssecti on have been used
(Pretlow & Pretlow, 1982, 1983, 1984). The advantage of using prinary
cell cultures is that it allows |ong exposure to xenobiotics and the
choi ce of appropriate netabolites. In addition, it is possible to
nonitor a variety of cell functional, bionedical, or norphol ogica
responses in a dose- and tinme-related manner (Fry et al., 1978;
Bel | eman, 1980; Fry & Perry, 1981; Bach et al., 1986).

Mechani cal or enzym c di spersal may damage cells, and once cells
are dispersed it is generally difficult to establish their anatom cal
identity wunless suitable markers are used. These markers include both
the presence and absence of a range of functional and bi ochemnica
characteristics, such as transport systens, and an array of structura
and functional nolecules. These can best be assessed by a variety of
hi st ocheni cal and i mmunocyt ochem cal nethods (Bach et al., 1985,
1987). At present, isolated cells are generally m xtures (although
they may be enriched) and nust be used within a few hours. Prinmary
cell cultures nmay rapidly dedifferentiate (Curthoys & Bell enann, 1979)
or adapt to a new environnent and change their characteristics as a
result of the presence or absence of factors in the culture nedia,

whi ch may obfuscate their anatomic origins. Mre inportantly, |oss of
a biochemical characteristic that is part of the nolecul ar basis for
target cell toxicity may invalidate in vitro studies. Changes in

ot her aspects of cellular integrity can increase or decrease both the
sensitivity and selectivity of screening nethods used for cytotoxicity
st udi es.
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Two approaches have been used to nodul ate the expression of cel
characteristics. The polarity of epithelial cells is better expressed
when cell are grown on perneabl e supports such as collagen/filters
(Jakoby & Pastan, 1979). Similarly, the appropriate nodul ation of
culture nmedia has been used to alter rabbit proxinmal tubule cel
net abolismto the gl uconeogeni c pat hway and these cells then devel op
brush-border characteristics. Thus, nedia can be an inportant
vari abl e, especially because of the diverse conbination of buffers and
growt h suppl ements used. There are nmgjor advantages in using fully
defined culture nedia (Sato & Reid, 1978), but these have not been
wi del y adopt ed.

Human proxi mal tubul es have been shown to been sensitive to
cyclosporin A (Trifillis et al., 1986), but there are no data on the
mechani sti ¢ bases of these changes. Rat, rabbit, dog, and hunan
gl onerul ar nesangial and epithelial cells may be co-cultured or each
type derived separately (Kreisberg et al., 1977, 1978; Foidart et al.
1979, 1980, 1981; Mrita et al., 1980; Striker et al., 1980; Kreisberg
& Karnovsky, 1983). Rat epithelial cells are nore sensitive to
puronyci n am nonucl eosi de and Adri anmycin than are nmesangial cells, as
is the case in vivo, but there is little nechanistic information.

Rat medullary interstitial cells can be cultured at high osnolality
and have been shown to be sensitive to a nunber of conpounds that
cause renal papillary necrosis.

7.1.2.5 Established renal cell lines

Several established renal cell lines have been studied that have
properties rem ni scent of specific parts of the nephron, such as
LLC-PK1 (of proximal tubule type) and MDCK (of distal tubule type).
The maj or di sadvantage is that the exact site of origin, within the
nephron, of each, is not known, and it nay not totally represent the
nor mal physi ol ogi cal state. However, these lines are often
het er ogeneous and there is a need to characterize them nore
systematically so as to establish where they may be useful in
screening chemicals for toxicity or in understanding the nmechani sns of
target cell toxicity.

Di fferences exi st between the apical and basol ateral nenbrane
transport of substances into cells, which may be central to the
mechani sm of nephrotoxicity. Wen cells are cultured on solid
surfaces, only apical exposure to chemicals occurs, whereas in vivo,
proxi mal tubule cells are exposed fromthe apical or basolateral sides
or both. This disadvantage can be overcone by culturing renal cells on
m cr opor ous menbranes suspended in culture wells. These cells, which

forma confluent single-cell nonolayer covering the nenbrane within
sonme days, nore closely mimc the in vivo state than those grown on
pl astic plates. They show anatonical and functional polarization. This
culture technique all ows access to the cell nonolayer from both the
api cal and the basol ateral sides, and apical and basolateral fluid may
be studied simultaneously. This new experinmental tool allows the study
of transport and epithelial resistance across the cell nonol ayer and
pol ari zed uptake of various nol ecul es, including potentially
nephrotoxic drugs, as well as to performa variety of analytica

techni ques.

The various cell lines used in nephrotoxicity studi es have been
reviewed by Wlson (1986). The LLC-PK1 cell lines have a typica
epithelial polarity and have features simlar to proxinal tubular
epi thelium such as transport systens (Handl er, 1983) and the enzyne
mar ker gamma- gl ut anyl t ranspepti dase (Perantoni & Berman, 1979).
Confluent LLC-PK1 cells cultured on a solid support form dones (due to
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transcel lul ar transport), but nonol ayers grown on a porous nenbrane do
not. More inportantly these cells have polarity and have a

wel | - devel oped brush border. Confluent LLC PK1 nonol ayers exposed to
PCBD- GSH from the apical side are nore sensitive than when exposed
fromthe basolateral side. This is due to the brush border

| ocal i zati on of gamma-gl utanyltranspepti dase, which catal yses the
first step of the breakdown of the conjugate to the ultinate reactive
intermedi ate. Neither apical nor basolateral treatnment w th PCBD NAC
elicits any toxicity. It is assunmed that the absence of an organic
anion transporter fromthese cells could explain this finding, since
it has been established that hal oal kene conjugates enter cells via the

basol aterally |l ocated anion transporters (Lock et al., 1986). The
absence of an organic anion transport systemlinmts the useful ness of
LLC-PK1 cell lines for studying nephrotoxic conpounds, such as

PCBD- NAC, that need active transport to enter the cells. However, an
active basol ateral organic cation transport system

(gamma- gl ut anyl t ranspepti dase and di pepti dase) nakes these cells
especially useful for testing conpounds that have a toxic action on
these transport systens.

7.1.2.6 Subcellular fractions

It is also possible (and sonetines desirable) to use honbgeneous
or fractionated organelles, nmenbranes, or cytoplasm from defined
cells for specific cell-free investigations. The constraints on the
preparati on of these systens should be apparent fromthe foregoing
di scussi on. Subcel lular fractions, such as vesicles, nuclei
| ysosones, and m crosones, can be used to study subcel | ul ar
distribution, the interaction between a cellular conpartnment and a
chem cal, and the kinetics of binding or rel ease of substances. It is
al so possible to study specific effects, such as enzynme inhibition
nmet abol i ¢ activation, coval ent binding, or the nodulation of lipid
peroxi dation, using purified or commercially avail abl e bi ochenical s
with appropriate cofactors and suitable techniques for nonitoring
these interactions (Bach & Bridges, 1985b, 1987).

Many nephrotoxic agents interact with cell menbranes, where they
bind with receptors, effect transport systens, or disrupt structure
and function per se. Thus, nenbrane vesicles may be useful for
studying these interactions and the nmechanisns of cell injury. It is
possible to isolate vesicles fromthe brush border and basenent
menbranes to study transport systens at each site in vitro. WIllians
et al. (1986) showed a very good correlation between the in vitro
bi ndi ng of am nogl ycosi des to brush-border nmenbrane vesicles and their

in vivo nephrotoxicity. Inhibition of am noglycoside nmenbrane

bi ndi ng by pol yaspartate reduces nephrotoxicity and suggests that
bi ndi ng of these antibiotics to brush-border phospholipid my be a
crucial event in nephrotoxicity.

7.2 in vivo experinmental studies

Current methods for diagnosing renal injury and predicting the
heal th significance are not sufficient to deal with the diversity of
possi ble chem cal injuries (for full discussion, see Bach et al.
1989). This is because the kidney can undergo substantial chemically
i nduced injury without any clinical indication, since subtle injury
may be buffered within the considerable functional reserve. This nasks
a substantial amunt of renal degeneration (Friedl ander et al., 1989).
Thus, for exanple, the single cross-sectional neasurenent of GFR may
only show incipient acute or chronic renal failure. Quantitative
urinary enzyne excretion patterns cannot identify either the type or
severity of renal injury, and often they do not correlate with
mor phol ogi cal and functional changes (Schentag et al., 1978).
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There are a nunber of inherent difficulties in diagnostic
procedures for nephropat hy, which include the absence of standard
diagnostic criteria and the inability to relate exposure to a given
agent and the observed effect. In addition, renal functional reserve
is a mpjor factor that nasks renal degeneration, as assessed by GFR
bl ood urea nitrogen, and creatinine, up to the point where over 75% of
the functioni ng nephrons have been lost. Thus, it should be stressed
that these factors neasure incipient renal failure and that the fact
that values are normal (sonething that is subject to age-rel ated
change and varies between the two sexes) does not signify the absence
of renal dysfunction or even, in sone cases, ¢gross rena
insufficiency. Therefore, cause and effect cannot be clearly
establ i shed on the basis of avail abl e knowl edge when the renal |esion
results froma nultifactorial process with a long |atency. Part of
this uncertainty can be addressed by studi es on experinental aninmals.

7.2.1 Methods for assessing chemcally reactive nephrotoxic
nmetabolites in animals

It is known that many nephrotoxicities that follow the
admi nistration of inert, relatively nontoxic chenmicals are related to
the formation of reactive electrophiles during the netabolismof these
chemi cals (Ford & Hook, 1984). These el ectrophilic products can react
covalently with nucl eophilic sites on renal nacronol ecul es such as

protein, lipid, and DNA. The coval ent binding nay be nmeasured by the
use of radiolabelled forns of the chenical, by imunol ogical detection
of DNA/protein adducts (Harris et al., 1987), or by the 32P-DNA

postl abel ling method (Reddy et al., 1984). Furthernore, chemcals that
are netabolized to DNA-damagi ng i nternedi ates nay be detected in vivo
by neasuring the al kaline elution of isolated kidney nucl ei

(Omchinski et al., 1987; Brunborg et al., 1988) or unschedul ed DNA
synthesis in isolated kidney cells (Tyson & Mrsalis, 1985) after in
vi vo exposure of animals.

7.2.2 Evaluation of glonerular function

Eval uati on of blood urea nitrogen is probably the nobst comon
procedure for indirectly evaluating GFR in experinmental aninals.
Al t hough insensitive, this test nay be sufficient to establish the
time course of chronically developing renal failure in the
experinmental setting. Serumcreatinine is also used for the sane
pur pose. However, owing to interferences from nonspecific chronopgens,
this test is unreliable in nost experinmental animals and especially in
the rat. Although this problem may be overcone, it has not been dealt
wi th adequately in nost avail able studies, thus generating w de
scatter in "normal" ranges.

In animals, nmore subtle changes in GFR occurring during
subchroni ¢ and chroni c studi es shoul d be assessed by evaluating the
cl earance of exogenous substances such as inulin, EDTA, or
iothalamate. The latter nmay be deternmined either by neasuring the
radi oactivity of labelled material or by neans of reliable HPLC
met hods (Prueksaritanont et al., 1984). Furthernore, the sanme HPLC
nmet hod may be used to nmeasure PAH and to assess ot her haenodynanic
paraneters. Two (or nore) clearance periods should be cal cul ated and
averaged in order to ensure greater accuracy.

There is a growi ng body of evidence to suggest that reduced rena
reserve due to hypertension/hyperfunction/ hyperfiltration of renmmant
nephrons is inportant in the course towards end-stage renal disease.
This can in part be | owered by reducing protein intake and bl ood
pressure. The concept of renal functional reserve includes the
eval uati on of renal blood flow and GFR by neasuring their increase
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after protein |oad or the administration of am noacids, glucagon, or
vasodi | atory drugs. At present such tests do not have defined
standardi zed stimuli, and there are no data on their use for detecting
nephrot oxicity.

7.2.3 Evaluation of tubular functions

In experinmental animals, tubular dysfunctions are usually
detected through sinple and i nexpensive tests, such as those of
gl ycosuria, enzynuria, and osnolality, which may provi de other useful
informati on. Sone of these tests are sensitive enough to detect acute
tubul ar damage, al though caution nust be exercised in predicting
specific effects on transport processes or cell viability on the basis

of data obtained from in vivo experinents (Berndt, 1981). More
subtl e renal changes occurring during chronic studies nmay be eval uated

by neasuring the renal clearance of lithium (D eperink et al., 1983;
Daugaard et al., 1988b). This non-invasive nethod is applicable both
to human (Thonpson et al., 1984) and ani mal studies. The |oss of rena

tubul ar functions can be assessed by test procedures that inpose one
or nore stressing conditions to force conpensatory changes, e.g.

maxi mal urinary dilution/concentration or

aci dification/al kalinization, and nmaxi nal tubul ar reabsorption of

gl ucose and phosphate. The value of these tests is limted for group
studi es by practical considerations but may be useful for individuals.

7.2.4 Proteinuria

Proteinuria is the | oss of proteins follow ng i ncreased
permeability of the glonerular barrier, reduced tubul ar reabsorption
of filtered proteins, or shedding of specific constituents into the
urine as a consequence of cellular turnover or selective tissue
damage. Since pathol ogi cal changes either at the glonerular or
tubul o-interstitial |level may occur even in the absence of a
substantial reduction in GFR the evaluation of proteinuria may al so
be useful in sone circunstances to detect renal dysfunction occurring
either at the glonmerular or at the tubular level. Proteins may be
neasured by nonspecific assays, by i mmunocheni cal nethods or by their
enzym c activity. Sensitive nethods have been devel oped to detect
smal | ampbunts of proteins in mcrolitre quantities of unconcentrated
urine.

7.2.4.1 Total proteinuria and el ectrophoretic pattern

Measurenment of total proteinuria and el ectrophoretic separation
of single proteins provide a conprehensive approach to chemically
i nduced renal dysfunction

The rationale for such an approach relies on the
pat hophysi ol ogi cal mechani snms controlling the renal handling of
pl asmaproteins. Proteins of high relative nolecular mass (> 45 000
Dal tons) are usually confined to the vascul ar conpartnment by basa
menbranes. Furthernore, the glonerul ar pol yanion acts as a sel ective
filter that retains negatively charged proteins, such as al bunin,
because of electrostatic interactions. The glonerular pore size is
thought to have an inportant role in retaining proteins of higher
relative nol ecul ar mass (e.g., imunoglobulins). Proteins with | ower
rel ative nol ecul ar mass (< 45 000 Daltons) pass the gl omerul ar
barrier with sieving coefficients inversely related to their mnass.
Filtered proteins of low relative nolecular mass are efficiently taken
up by the proxinmal tubules (nore than 99% . Even slight decreases in
tubul ar fractional reabsorption due to tissue danage or dysfunction
will result in increased |low relative nolecular mass proteinuria (Fig.
16) .
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Fig. 16. Schemata of the mechanisms of glomerular and tubular proteinuria as
expressed in the glomerular fitration and tubular reabsorption of albumin

and -ﬂe -miicroglobulin in normal subjects and in patients with glomerular and
with tubular defects. In normal subjects 99.9% of the filtered Ip!2-mint:rrl:ngIr|:|nIJ|uIin
i= reabsorbed by the proximal tubules. (Courtesy of P.W. Hall).

On the basis of the el ectrophoretic pattern, proteinuria nmay
reveal glonerul ar danage, tubul ar dysfunction or nixed patterns. The
gl onerul ar darmage nmay be selective (nmostly due to a | oss of glonerul ar
pol yani on) or unsel ective (involving nore extensive damage, and
gl onerul ar hyperfiltrati on and hypertension). However, it should be
recogni zed that sone features unique to experinental aninals nay
account for |arge variations, which could |l ead to wong concl usi ons.
For instance, marked sex-, age-, and diet-related changes may occur
especially in the male rat (Neuhaus et al., 1981). Even if nost of
these changes have a counterpart in man, they are anplified by the
| ack of variations in housing conditions. As a result, the young nale
rat may physiologically show "tubular" proteinuria, whereas the aging
rat displays "glonerular” patterns, owng to a spontaneous
nephr opat hy, which can be prevented in part by reducing dietary
protein content. Depending on other factors, especially diet and
concomtant treatnents, such el ectrophoretic patterns nay be accounted
for by underlying nmechanisns and rel at ed nor phol ogi cal changes.

OnMng to their linmted affinity for nost dyes, proteins of |ow
rel ative nol ecul ar mass are better identified by the quantitative
neasur enent of single conmponents such as R2-microglobulin (Viau et
al ., 1986b). Because of its peculiar netabolism the urinary excretion
of al pha2u-globulin, a sex-related protein of |Iow relative nol ecul ar
mass, cannot be recomended as a marker of tubular damage.
Furthermore, its renal handling and disposition may interfere with
those of other proteins, accounting for sone of the spontaneous
changes occurring in the pattern of proteinuria fromthe nale rat.
Thus, when evaluating proteinuria, preference should be given to
femal e rats, since in this case extrapolation to man seens to be | ess
af fected by speci es-rel ated probl ens.

7.2.4.2 Uinary excretion of single plasna proteins
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Very sensitive i mmunocheni cal nmethods are avail able for neasuring
the urinary excretion of single plasma proteins, such as 1gG al bunin,
R2-m crogl obulin and al pha2u-globulin in the rat (Bernard et al.
1988). In addition to better analytical features, in terms of
sensitivity, specificity, accuracy, and reproducibility, the
quantification of single urinary proteins has two other inherent
advantages. Firstly, single proteins may be significantly increased
without giving rise to pathological values in total proteinuria
(Barratt, 1983). Secondly, the power of experinmental studies is
greatly increased by quantitative data nmaking it possible to use
paranetric tests

7.2.4.3 Enzynuria

Several different enzynmes have been studied (Table 8), but none
satisfies all the criteria for nephrotoxicity (Dubach et al., 1989).
Enzynmes are not uniformy distributed al ong or between nephrons.

Al though it should be possible to localize the area of kidney damage
on the basis of the pattern of enzynuria, the site-selectivity of
single enzynes is questionable. The failure to recogni ze sel ective
damage by measuring enzyne activity may be accounted for by two
factors. Firstly, it is possible that chenmically induced early rena
changes are | ess sel ective than advanced | esi ons precedi ng end-stage
renal disease. Secondly, the poor analytical features of nobst enzyne
measurenments in urine may give rise to aspecific patterns. This

i nportant question rmay be addressed by neasuring imunoreactive
antigens, including enzynes, since the use of reliable i munochem ca
techniques would lint the effects of analytical problens.

Most enzymes are stable over a narrow range of pH, and their
activity nmay be affected by the presence of inhibitors such as urea
(Price, 1982). It should be stressed that all rat enzyme studi es nust
be carried out under carefully controlled conditions, after an
adequat e period of acclimtization, and after changing to day instead
of night feeding. Urine nmust be mnimally contam nated with
m croorgani sms. This is achi eved by surrounding the urine collecting
vessel with ice, so that bacteria cannot nultiply as readily as in
normal netabolic cages (Berlyne, 1984).

7.2.4.4 | munoreactive tissue constituents

Ti ssue constituents may be rel eased into urine due to increased
cellular turnover or cell death and may be detected by i mmunochen ca
net hods. Monocl onal anti bodi es have been produced agai nst both rat
(Tokof f-Rubin, 1986) and human brush-border antigens (Mitti et al.
1985; Mutti, 1989). In both cases, cross-reactivity between species
has been shown (Mutti, 1987, 1989). The specificity of such an
approach relies on the site-selectivity of target proteins and on the
advant ages of nonocl onal anti bodi es, including nonospecificity and
reproducibility of reagents. Its sensitivity has been proved by

Table 8. Sonme enzynes used as an index of nephrotoxicity

Enzynes Cel lular | ocation

Al ani ne am nopepti dase brush border
Al kal i ne phosphat ase

gamma- A ut anyl t r ansf er ase

Mal t ase

Trehal ase

G utam ¢ oxal oacetic transam nase cyt oso

G utam c pyruvi c transani nase
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Lact at e dehydr ogenase
Mal at e dehydr ogenase

N Acet yl - B- D- gl ucosami ni dase | ysosone
Aci d phosphat ase

- gal act osi dase

- gl ucosi dase

- gl ucur oni dase

G ut amat e dehydr ogenase m t ochondri a

conparison with other markers in various situations, but it needs
further validation in carefully designed chronic studies, since the
prognostic value of slight changes in such a sensitive test is
currently unknown.

In general terns, it has been through the use of
hi st opat hol ogi cal studies on kidney tissue that advanced renal |esions
have been identified. This approach has many inherent advantages, and
represents the nethod of choice, particularly if it can be used for
the early diagnosis of renal lesions or dysfunction in experinental
ani mal s bei ng used for nephrotoxicity screening studies. For clinica
investigations in hunman and popul ation studies, it is obviously the
| east desirable of the techniques that are avail abl e.

7.2.4.5 Uinary excretion of prostaglandins

The urinary excretion of PGs (nmainly PGE2) nay reflect the rate
of renal synthesis. This is nodified in several nephropathies and may
be affected by a nunber of nephrotoxic chem cals.

7.2.5 dinical context

At present, the clinical diagnosis of toxic nephropathy stil
relies heavily on the case history of patients show ng synptons and/ or
| aboratory abnormalities suggesting chronic renal failure w thout any
obvi ous recent cause.

In such circunstances, history is the cornerstone of diagnosis.
It can only be made by excl udi ng other known conditions or risk
factors that lead to renal insufficiency and assessing exposure to
nephr ot oxi ns, which has to be consistent with known
dose-effect/response rel ationships and with the tenporal sequence of
events |l eading to the observed effect. For imune reactions, the role
of individual susceptibility should al so be considered. In sone
circunstances, kidney toxicity may be considered as a factor
contributing to the clinical outcome in a nmultifactorial process. In
this case, it is difficult to distinguish deterninants from
pr edi sposi ng and/ or aggravating factors.

There are two wel |l -recogni zed clinical syndromes that result from
i mmunol ogi cal |y medi ated gl onerul ar di sease. These are the nephrotic
syndrone and the nephritic syndronme. The nephrotic syndrome is
characterized by nassive proteinuria, hypoal bun naenia (from
proteinuria) and generalized oedena. The syndronme is the result of
pat hol ogy that affects the integrity of the GBM Al though the cause of
85% of nephrotic syndrone is not known, it is the syndrone nost
frequently occurring with toxic nephropathies, it is generally dose
related, and it is reversible. donerular pathology is nost often
menbr anous gl onerul onephritis or circulating i mune-conpl ex di sease.
The nephritic syndrome is characterized by haematuria and a decreasing
GFR and is likely to be acconpani ed by sone degree of hypertension
The pat hol ogi cal changes in the gloneruli are usually caused by those
di seases or toxic agents that produce an inflammatory proliferative
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response within the glonmeruli. The proliferation nmay involve
endot hel i al mesangial or epithelial cells and may be associated with
an inflammatory cell infiltration.

7.2.6 Radiol ogical techniques

Radi ocontrast nedi a can be used to study the kidney either by
conventional or by retrograde pyel ography. There are a nunber of
[imtations to this technique, such as the need for adequate rena
function by which to image the organ. There is adequate evidence that
radi ocontrast agents have a nephrotoxic potential. Media of high
osmolality are especially likely to precipitate renal failure. In
addition, those patients who are dehydrated or with reduced bl ood
vol ume are at special risk. There is also evidence to show that
patients who have nultiple nyel oma represent a special risk group

7.2.7 Oher non-invasive renal assessnment

Wher eas gamma canera renography and ultrasound are
wel | - establ i shed techni ques for the assessnent of renal function
i ncreasing use is being made of ultrasound |inked with Doppler flow,
nucl ear nagneti c resonance i magi ng, and spectoscopy; uretera
fi broscopy may be used to view the pelvis directly. U trasound
eval uati on of the kidneys provides a neans of excluding obstruction as
a cause of anuria or oliguria in ARF. It may also reveal papillary
necrosi s or perirenal haematomas and obviate the intrinsic dangers of

pyel ography. Radi onuclide scans can be used to identify nmajor

at herot hronbotic events and cortical necrosis. They can al so be used
to show reduced renal blood flow, which is usually preserved (sonme 50%
of normal) in acute tubular necrosis, but is severely conpronised in
acute gl onerul onephritis and vasculitis. Renal biopsy should not be
used for ARF unless the duration exceeds three weeks and there is no
obvi ous cause. It can then hel p di agnose gl onerul onephritis,
vasculitis, and Al N.

8. DETECTI ON OF NEPHROTOXI CI TY | N HUMANS

Traditional methods of diagnosing renal damage and predicting
their health significance are not sufficient to deal with the
diversity of chemically induced | esions (Bach et al., 1989). This is
because the ki dney can undergo substantial chemically induced injury
wi thout any clinical indication, owing to its considerable functional
reserve. This masks a substantial anmount of renal degeneration

(Friedl ander et al., 1989). Thus, for exanple, the single conmon
measurenment of GFR may only show incipient acute or chronic rena
failure.

Most nephropat hies in humans are of unknown origin. There is
however, some indirect evidence that toxicant exposure could be
i nvol ved. For exanple, 80% of the cases of nenbranous nephropathy are
of unknown origin. Anmong the remaining 20% half of them have been
found to be associated with drug exposure. It is likely, therefore,
that a percentage of those cases of unknown origin are also related to
t oxi ¢ exposure.

8.1 Markers of nephrotoxicity

Over the last ten years, new biochemi cal and i mmunochem ca
net hods have been devel oped for detecting early renal changes in
humans. Their application has given rise to a nunber of narkers, sone
of which also are available for studies on experinmental animals and
have been reviewed in section 7.2. A though sonme tests may open new
perspectives in terms of selectivity, sensitivity, and specificity,
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nost of the recently devel oped markers need further validation. Hence,
sonme conceptual and net hodol ogi cal probl ens nust be addressed and new
met hods critically evaluated. This is especially inportant when

i npl ementing screening programmes for the early detection of kidney
damage and/or dysfunction in humans.

8.1.1 General requirenents

Markers to be used for screening purposes in popul ation groups
should fulfill certain general criteria, including specificity,
non-invasi veness, sensitivity in detecting early renal functiona
changes, and predictive value for devel opnent of renal insufficiency.
Anal ytical nethods nust be reproducible, easy to perform and
applicable to a | arge nunber of sanples, and the sanpl es nust be
stored appropriately to ensure stability.

The preval ence of true positive results anmong subjects who are
actually ill indicates the sensitivity of the narker, whereas the
preval ence of true negative findings anong healthy individuals is a
nmeasure of its specificity.

Sone markers neet the requirenment of specificity, although it may
be difficult to establish clear-cut distinctions in individual cases.
For instance, whereas gross changes in proteinuria involving proteins

of low and high relative nol ecul ar mass indicate tubul ar and
gl onerul ar damage, respectively, marginal increases over reference
l[imts my be due to either condition (Miutti, 1989).

The predictive value of markers of nephrotoxicity has not been
systematically tested, but it is usually assumed that such narkers as
the urinary excretion of single plasma proteins are highly
sensitive but sonmewhat aspecific. This is due to the fact that they
may be increased by a nunber of physiological conditions (e.g.
physi cal workl oad, posture, pharmacol ogi cal effects of exogenous
subst ances, or even neat neals). On the contrary, other markers such
as serumcreatinine are considered to be relatively specific, but
relatively insensitive, since they reflect |ate changes, occurring
when nore than 50% of the renal reserve has been lost. Wthin these
extrenes, there are various possibilities which should be carefully
wei ghed according to the met hodol ogi cal context dealt with

The predictive value of markers, in terns of sensitivity and
specificity, should be taken into account when eval uating indivi dua
results. For sone paraneters (e.g., proteinuria involving proteins of
low rel ative nol ecul ar mass) minor dysfunctions at the tubular |eve
will result in deviations of several orders of magnitude from
ref erence val ues, whereas the same relative change in other paraneters
(e.g., brush-border antigens, enzyne activities) nay indicate severe
tubul ar injury.

In the clinical context, it is often difficult to establish
correct etiological diagnoses because of the long | atency between
exposure and the devel opnent of overt disease. For the same reason, it
is sometinmes difficult in epideniological work to assess the
prognostic value of early changes. Nonetheless, it is clear that
markers used in the clinical context nust be specific enough to avoid
further undue and sonetines invasive procedures, which tend to
accunul ate once a subject enters a diagnostic decision tree (Mld &
Stein, 1986).

The quantification of any constituents in urine may only be

obt ai ned by assessing urine flow rate. The accuracy of timed urine
sanmpl es (especially when obtai ned during epideniol ogi cal surveys) is
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unreliabl e and nost anal ytes nmay be unstable. There are still a nunber
of factors that can confound or nodify the renal response, such as
time of sanpling (owing to spontaneous rhythms), posture, physica
work | oad, and diet. Thus, there is a need to use standardized
procedures to limt possible interferences that can increase the
variability between and within subjects. To overcone these

net hodol ogi cal problens, there is an increasing tendency to use spot
sanpl es, generally the second sanple of the day, and to express
results as a function of creatinine.

8.1.2 Diagnostic value

The predictive value of a marker only in part contributes to its
di agnostic validity, which is defined in ternms of the probability that
the classification based on test values actually corresponds to the
subj ect's condition. The diagnostic value nmay be both positive and
negative, the positive diagnostic value being the probability that a
subj ect classified as positive by the test is actually ill, and the
negati ve di agnostic value being the probability that subjects negative
at the test are actually healthy individuals. It nmust be stressed that
the diagnostic validity is only narginally affected by the predictive
val ue of the markers, since in nobst screening programes a | ow
preval ence of disease is the major determ nant of pitfalls.

Thus, markers nust be sel ected according to the condition under
eval uati on. Wen studying groups at risk, enphasis should be given to
sensitivity, whereas specificity should receive adequate attention in
the clinical setting.

8.1.3 Prognostic val ue

Anot her inportant property of markers, which has so far only been
addressed in a few studies, is their prognostic value, i.e. their
ability to predict the "natural" course of the disease. In nbst cases
early functional changes may be conpensated and structural danage may
be repaired. However, both conditions may al so trigger a cascade of
events |l eading to end-stage renal disease. The ability to target
groups actually at risk and to predict the "natural" evolution of the
di sease is part of effective prevention. This can be achi eved by
reduci ng exposure (primary prevention) or by establishing an
i ndi vi dual di agnosis at reversi ble stages (secondary prevention).

M croscopi ¢ exam nation of urine sedinent, although inpractica
in popul ation studies, may help in establishing individua
differential diagnosis. Even if it is insensitive for detecting
nephrotoxicity, this test is suitable at the individual level to
excl ude confounding factors accounting for increased excretion of
pl asma proteins (e.g., |eukocyturia, haematuria, or bacteriuria).

8.2 Screening for nephrotoxicity in humans

In the epidem ol ogical context, it can be assunmed that negative
results are recorded in actually healthy subjects, whereas the
probability of false positive values is rather high because of the | ow
preval ence of the disease. Thus, health surveillance programes shoul d
be mainly ainmed at excluding harnful situations rather than at
identifying ill people. This goal may be achi eved using very sensitive
markers of subclinical renal inpairment. A clinical diagnosis in
i ndi vi dual s showi ng abnormal test val ues should then be established
only after repeated neasurenents and conpl enentary confirmatory tests.
Practical considerations are also inportant when planni ng popul ati on

studi es, where sanpling procedures that are invasive or too el aborate
cannot be included in the protocol
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8.2.1 donerular filtration

Cl earance procedures can sel dom be adopted when screeni ng
popul ati on groups, since only single blood and spot urine sanples are
usual |y avail abl e. However, it nust be stressed that sone tests
fulfilling the above objective have proved their diagnostic and
prognostic validity and for this reason they are now al so being
enpl oyed in clinical practice.

An indirect nethod of assessing GFR by using a single blood
sanple is the neasurenent of serumcreatinine and the expression of
its reciprocal value adjusted to constant body surface area. This has
been correlated with GFR (Si ersbaek-Ni el son et al., 1971). The sane
concept applied to R2-m croglobulin would increase the sensitivity of
such an approach, owing to the higher relative nol ecul ar mass and the
use of nore accurate and reproduci ble anal ytical nethods (Wbell et
al ., 1973).

8.2.2 Tests designed to assess sel ective dysfunction

Serious renal diseases (e.g., nephrotic or Fanconi's syndrones)
may occur in the absence of haenodynani c changes. In such
circunstances, renal insufficiency is a late event that is preceded by
earlier, though serious, selective dysfunctions occurring at the
gl omerul ar and proxinmal tubular |evel. These may be reveal ed by
neasuring single plasna proteins in urine (see also section 8.3.3.).
The excretion in urine of proteins of high relative nol ecul ar nass
generally reflects gl onerul ar dysfunction, whereas urinary excretion
of proteins of lowrelative nmolecular nmass nay be indicative of
tubul ar dysfunction. The assessnent of protein electrophoretic
patterns has been discussed in section 7.2.4.

8.2.3 Tests designed to assess tissue damage

Tubul ar dysfunction is not necessarily associated with
hi st opat hol ogi cal changes. It has been shown that pharnacol ogi ca
i nhi bition of tubular uptake may account for proteinuria (involving
proteins of |low relative nolecular mass) observed after protein | oad
(Buzio et al., 1989). Furthernore, highly selective danage to a
tubul ar segnent may be functionally conpensated by other segnents of
the nephron. Methods ainmed at detecting cellular danmage nay thus help
both to show subclinical |esions and to interpret associated
dysfunctions. The urinary excretion of tissue constituents nay be
neasured through the enzymi c or i munochem cal characteristics of
materi al shed into the urine.

Renal functional changes may be reversible, depending on the
efficiency of repair nmechanisnms and the cessation of exposure to the

of fendi ng agent. Repeated nonitoring may help to distinguish
progressive renal disease fromtransient |esions (Thornley et al.
1985).

8.2.3.1 Enzynuria

The general principles describe in section 7.2.4.3. also apply to
humans. Even when using freshly voided spot sanples, urine is a
hostil e environment for nost enzymes. Only a few enzynes (e.g.

N-acet | y- B- D- gl ycosami ni dase) show acceptable stability and
anal ytical precision (Price, 1982). Table 8 lists sone hunman urinary
enzynmes that have been used in nephrotoxic studies.

8.2.3.2 Inmmnoreactive tissue constituents
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Ti ssue constituents (including enzynes) are physiologically shed
into the urine as a consequence of cell turnover and netabolism Wen
they are detected by i mmunochem cal nethods (e.g., imunofl uorescence,
enzyne-|inked i mmunosorbent assay), they are referred to as antigens.
Tamm Horsfall gl ycoprotein is a specific renal protein, localized on
the nmenbrane of cells of the thick ascending |inb of the | oop of
Henl e, which is excreted in the urine at a relatively constant rate.
This can increase followng injury to the distal part of the tubule
and is depressed when the renal nmass is reduced (Thornley et al.
1985). Although increased excretion of proximl tubular antigens was
reported twenty years ago in various clinical situations such as
tubul ar necrosis, allograft rejection, and
cephal oti n/ gent am ci n-i nduced nephrotoxicity (Antoine et al., 1969;
Rosenmann et al., 1971; Scherberich et al., 1976, 1984), only recently
has it been possible to inprove significantly the specificity and
reproduci bility of such an approach, relying on the properties of
nmonocl onal anti bodi es.

Monocl onal anti bodi es to human brush-border anti gens have been
produced by Mutti et al. (1985). Mnocl onal antibodies may be
conveniently enployed in ELISA procedures set up to detect trace
anounts of antigens in biological sanples. Al though the BB-50
brush-border antigen was also localized in peritubular capillaries
(Mutti et al., 1985), subsequent work lead to the identification of a
nonocl onal antibody reacting with an antigen |ocated specifically in
the brush border and thus called BBA or brush-border antigen (Mitti et
al., 1988). Promising results have been obtained in several
cross-sectional investigations on groups at risk of chemically induced
renal damage (for a review, see Mutti, 1989). Sinmilar results were
obt ai ned with nonocl onal antibodies to rat brush-border cross-reacting
with the human ki dney (Tokoff-Rubin et al., 1986).

Monocl onal anti bodi es have al so been produced that react
specifically with other segnents along the nephron (nanely S3;) where
the intestinal isoformof alkaline phosphatase is |ocated (Verpooten
et al., 1989). They could be used to nonitor the effects of chemicals
(e.g., nercury) acting selectively on the straight part of proxinal

tubules. Al of these recently devel oped tests need further validation
in well-designed | ongitudinal studies, since their prognostic value is
currently unknown.

8.3 dinical investigations

The clinical diagnosis of toxic nephropathy frequently relies
heavily on the history of patients who occasionally showed synptons
and/ or | aboratory abnornmmlities suggesting chronic failure w thout any
obvi ous recent cause.

Di agnosi s can only be nmade by excl udi ng ot her known conditions or
risk factors. This has to be assessed by estinating exposure to
nephrotoxins in relation to the known dose-effect/response
rel ati onship and the tenporal sequence of events that follow such
exposure. The role of individual susceptibility should also be
considered. In sone circunstances, nephrotoxicity may be one factor in
a nultifactorial process leading to clinical renal disease.
Retrospective data about exposure and early changes in renal function
are usual ly not avail abl e.

Most progressive kidney di seases have a subtle onset. This is the

reason why the markers designed for use in epidemn ol ogical studies are
becom ng part of clinical investigations.

Page 125 of 185



Nephrotoxicity associated with exposure to chemicals, principles and methods for the assessment o...

Oni ng to the short |atency between exposure and the devel opnent
of severe synptons, acute renal failure should be accurately diagnosed
in all cases. The sinple evaluation of serumcreatinine (increases of
3-5 ng/litre or 50% above baseline val ues) nakes it possible to detect
nephr ot oxi ¢ reactions.

8.3.1 Invasive techniques
The use of invasive techniques is limted by ethical constraints.
8.3.1.1 Biopsies from hunmans

Renal biopsy is the only way to identify glonerular, tubular, or
interstitial renal diseases. However, the risk-to-benefit ratio nmust
be considered carefully in each individual patient being eval uated,
and there is no universal agreenment on the conditions in which
per cut aneous renal biopsy may be usef ul

8.3.1.2 Autopsy in humans

Aut opsi es perforned on patients with end-stage renal failure only
reveal the etiology of the renal disease in a small percentage of
cases.

8.3.2 Tests designed to assess glonmerular filtration and renal blood fl ow

Tradi tional methods based on inulin and PAH cl earances are
progressively being substituted by nore conveni ent nethods such as the
cl earance of °'Cr-EDTA and °°Tc-DTPA to assess GFR or the
cl earance of !?°-hippuran to neasure renal plasma flow. These
techni ques are thought to be nore sensitive than creatinine clearance
and nore accurate than colorinetric methods.

8.3.3 Proteinuria

Section 7.2.4. contains a detail ed discussion of experinental
studies involving proteinuria. Table 9 gives information on sone
proteins excreted in human urine. Values that are in excess of the
normal range may be indicative of renal dysfunction

Table 9. Excretion rates of conmon urine proteins

Protein Rel ati ve nol ecul ar nass Nor mal range
(Dal t ons)

Al bumi n 68 000 < 30 ngy/ day

32-m crogl obul i n 12 800 < 0.3 ny/day

Reti nol - bi nding Protein 21 400 < 0.3 ny/day

I gG 160 000 2-3 ny/ day

al pha2-m crogl obulin + 30 000 ?

8.3.4 Tests designed to assess sel ecti ve danage

Ti ssue constituents may be shed into the urine follow ng toxic
damage to specific structures. Al of these specific antigens may be
det ected by using i mmunochem cal or biochenical nethods designed to
neasure their concentration or enzymc activity, respectively.

Al t hough they have been desi gned expressly for eval uating popul ation
groups, these tests may also be useful in the clinical setting to
nonitor patients at risk. Even if they are very sensitive and
relatively specific, they need further validation under carefully
controlled clinical conditions, particularly in |ongitudinal studies.
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9. SUMVARY AND CONCLUSI ONS

The ki dneys are the main organs of excretion and honeostasis for
wat er - sol ubl e nol ecul es. The functional unit of the kidney is the
nephron, essentially a continuous tube of highly specialized
het er ogeneous cells, which exhibits marked structural, functional, and
bi ochem cal organi zation. There are pronounced differences between the
nephrons thensel ves, depending on the cortical localization of the
i ndi vidual glomeruli. This conplex structural organization, conbined
with differences in regional vascularity arising fromthe specialized
vascul ar arrangenent, produces a highly conpl ex heterogeneous organ

Much of the anatomi cal and functional understandi ng devel oped
fromanimals is directly applicable to the human ki dney. However, the
bi omedi cal and netabolic processes in the hunman kidney, as well as the
di fferences anong ani mal speci es, have not been as thoroughly
elucidated. Thus, the ability to extrapolate the effects of chemicals
anong species is |imted.

Several chemicals (both therapeutic and non-therapeutic) have
toxic effects on one or nore anatonical elenments of the kidney. Toxic
effects may be acute or chronic, and they may be direct or nediated
indirectly through i nmunol ogi cal nechani sns. The heal th i npact of
nephrotoxic chemcals is related to risk factors, which include the
intergrade of the renal functional reserve and factors such as
pre-exi sting renal damage, disease, age, sex, and diet.

The epi denmi ol ogy of chemically induced nephrotoxicity by
i ndi vidual chemicals or in mxed exposures has been inadequately
studi ed. The contribution of chemicals to the overall incidence of
nephropat hy and of chronic renal failure is, with few exceptions,
undefined. In the case of sone occupationally exposed groups and
anal gesi ¢ associ ated renal disease, there has been extensive research
that has shown variations in incidence between groups and countries.
However, it is estimated that up to 18% of end-stage renal di sease may
be due to anal gesic nephropathy and up to 5%to other toxic
nephr opat hi es. About 50% of end-stage renal disease is of unknown
etiology. A mgjor problemin assigning a cause for end-stage rena
disease is the long | atency and/or sl ow devel opnent of chronic rena
failure, which makes retrospective identification of the causative
agent difficult. In only a few cases is neasurenent of tissue (body,
ki dney) levels of chenmicals relevant to the diagnosis. A further
probl em has been the | ack of consistency in diagnostic and
pat hol ogi cal criteria and term nol ogy.

Renal anatom cal and physiol ogi cal differences nake direct
extrapol ati on from experinental systems (in vivo and in vitro) to
humans difficult. There are very few exanpl es of nephrotoxic chemicals
where there are adequate conparable data from aninmals and humans to
forma firmbasis for the assessnent of potential human health risk

Chemni cal s may damage sel ectively vul nerabl e ki dney structures or
activate inmunol ogi cal mechani sms. Mechani snms of renal injury fal
generally into two categories: (a) inmmunologically induced di sease of
acute interstitial nephritis; (b) those that primarily affect the
gl onerul us by either anti-GBM nedi ated anti bodies or inmune conpl exes.
Anot her maj or group is composed of diseases initiated by chemi cals or
their metabolites that interfere with cellular biochenical and
haenodynami c effects, etc. Factors that can nodify cellular injury by
toxicants include cellular transport systens, pinocytosis, netabolic
degradation, and interaction with cellular proteins, lipids,
menbr anes, DNA, and perhaps other cellular constituents.

The increasing use of therapeutic agents and chemicals increases
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the possibility of nephrotoxicity. Nephrotoxicity induced by

t herapeuti c agents depends on the dose and duration of exposure (e.g.
combi nation anal gesics leading to renal papillary necrosis).
Nephrot oxi c effects of anal gesics, antibiotics (such as the

am nogl ycosi des), anticancer agents (such as cis-platinum, and a
variety of other agents have been investigated extensively. Chemnicals
frequently used in industry or the hone, e.g., chlorinated

hydr ocarbons and et hyl ene glycol, also have the potential to produce
renal damage. Environmental chenicals such as | ead and cadmi um are
capabl e of inducing nephrotoxicity. These agents act as toxicants
after intracellular accunulation of the parent conpound or after renal
or extrarenal hiptransformation. Miltichem cal exposure nmay result in
ant agoni stic or synergistic responses.

Turnours of the kidney and urinary tract account for |ess than
2-3% of all human cancers, but the frequency of these tunours is
i ncreasing, suggesting a role for environnental factors. Although nmany
drugs and chem cal s have been shown to be carcinogenic in experinental
nodel s, only a few specific substances have been related to turnouts
in man. These include asbestos (renal adenocarci noma), anal gesic abuse
(transitional carcinomas), and lifestyle factors (tobacco use,
al cohol, coffee). There are popul ation groups with urinary tract
cancer of as yet undeterm ned etiol ogy. COccupational chem cals have
been related to the etiology of cancer of the urinary bl adder. Many
drugs and chemicals cause interstitial nephritis, which my in itself
be a factor in developing urinary tract cancers.

No single in vivoor in vitro method is sufficient to assess
chemi cally induced renal dysfunction. Therefore, it is advisable not
only to screen conpounds for nephrotoxic potential, but to incorporate
mechani stic studies of target cell toxicity into the experinmental
protocols. To acconplish this, both in vivo and in vitro
i nvestigations should be utilized in concert. 1In vitro studies
i nvol ve those where anatom cal cellular relationships are naintained
(e.g., isolated perfused kidney and tubules, renal cortical slices,
and i sol at ed nephron segnents) and those where renal cells are used
(e.g., cell suspension, primary cell cultures, established cell Iines,
and subcellular fractions). |In vivo studies utilize both invasive
and non-invasive techniques. |nvasive procedures include

hi st opat hol ogi cal and routine renal function nmeasurenents.

Non-i nvasi ve procedures permnit repeated assessnment of renal function
in animals through the neasurenent of an array of renal function tests
(glonerular filtration, tubular function, proteinuria, enzymuria,
etc.). Specialized biochem cal tests should be used where rel evant.
The appropriate mxture of in vivo and in vitro experinents wll
reveal whether or not chem cals are nephrotoxic and give insights into
potenci es, sites, and nechani sns of toxicity.

Tradi tional nmethods for the assessnent of renal function in
humans are inadequate for the tinmely diagnosis of chemically induced
renal dysfunctionand prediction of its health significance. The |ack
of specific, early markers for nephrotoxicity is particularly
troubl esonme. Non-invasive assessnent of nephrotoxity should enpl oy
mar kers of high specificity, sensitivity for detection of early rena
changes, and predictive value for the devel opnent of rena
insufficiency. Present techniques for nonitoring glonerular or tubular
function are useful only when severe renal danage has devel oped.

Al t hough i mmuno-reactive tissue constituents are bei ng suggested as
appropriate markers, their suitability needs to be validated in
wel | - desi gned | ongi t udi nal studi es.

10. RECOMVENDATI ONS
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1. A continued effort should be nade to devel op and validate nore
sel ective and specific markers, including nonoclonal antibodies, for
assessnent of renal dysfunction in aninmls. These markers may be
appl i cabl e to humans.

2. The data base for predicting the potential of chemicals for hunan
nephrotoxicity shoul d be extended. This includes devel opnent and
val i dation of experinental aninmal approaches ( in vivo and in

vitro), alternative methods for studying nephrotoxicity, information
on interspecies differences, and experience fromthe preclinica

eval uati on of new therapeutic agents in humans.

3. Epi dem ol ogi cal studies (i.e. prospective studies in occupationa
and general popul ation groups exposed to nephrotoxic chem cals or
i nvol ved wi th anal gesi c abuse) should be reinforced.

4. More effort should be nmade to establish the role of chemicals in
the etiology of renal disease at the earliest diagnostic stage (e.g.
wor k history, tissue nonitoring for nephrotoxins).

5. Under st andi ng of the mechani sms of action of nephro-toxicants
will be helpful in the prevention and clinical nmanagenent of unwanted
renal effects, and may help in predicting the nephrotoxic potential
for new drugs and chem cals. Areas of particular inportance for
further research are:

* i mmunol ogi cal nechani sns;
* direct effects of chem cals on nmenbranes, including nmechani sns of

i pid peroxidation, nenbrane/chemnical interaction, ion shifts,
and receptor-nedi ated events;

* activation of proto-oncogenes and cell differentiation
* regul ati on of cellular metabolism
6 There is a need to identify and correlate specific functions with

di screte anatom cal |ocations within the kidney.

7. The rol e of genetic variation and susceptibility to the toxic
effects of drugs and chem cals should be studied further

8. The rel ati onshi p between nephrotoxicity and renal carcinogenesis
(e.g., nycotoxins and Bal kan nephropat hy) needs further study.
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RESUME ET CONCLUSI ONS

L' excrétion et |'homéostase des nol écul es hydrosol ubl es sont
princi pal ement assurées par les reins. Ceuxci sont constitués
d' unités fonctionnell es appel ées néphrons, qui consistent
essentiell enent en un tube continu forné de cellul es hét érogénes
haut enent spéci al i sées qui présentent une organi sation structurale,
fonctionnell e et biochimque poussée. |l existe des différences
mar quées entre | es néphrons eux-nénes, qui dépendent de |la
| ocal i sation plus ou noins profonde du gl omérul e dans | e cortex.
C est |'agencenent conpl exe de cette structure qui, joint a des
di fférences régional es de vascularisation tenant a | a di sposition
particulieére des vai sseaux, constitue cet organe hétérogene et
haut ement organi sé qu'est le rein.

Une grande partie des connai ssances sur |'anatonme et le
fonctionnement du rein, obtenues grace a |'expérinentation aninale,
est directement transposable a |'homme. Toutefois, |es processus
bi ol ogi ques et netaboliques qui se déroulent dans le rein humain ne
sont pas encore conpl étenent éluci dés, non plus que les différences
const at ées d' une espéce aninale a une autre. Dans ces conditions, on
conprend qu' on ne pui sse pas toujours extrapol er d une espece a une
autre | es effets toxicol ogi ques observés.

Pl usi eurs substances (qu'elles aient ou non un effet
t hérapeuti que) exercent des effets toxiques sur les divers él énents
anatom ques du rein. Les effets toxiques peuvent étre aigus ou
chroniques; ils peuvent étre directs ou se produire par
| "internmédi ai re de nmécani smes i mmunol ogi ques. L'inmpact qu' une
subst ance néphrot oxi que peut avoir sur |la santé dépend de plusieurs
facteurs de risque: état fonctionnel du rein, |ésion préexistante,
nmal adi e, age, sexe, régine alinmentaire, etc.

On n'a pas suffisamrent étudi é |' épi dém ol ogi e des cas de
néphrotoxi cité inputables a des diverses substances chi m ques agi ssant
seul es ou en association. A quel ques exceptions prées, la contribution
des produits chimques a |'incidence gl obal e des néphropat hies et de
| "insuffisance rénale chronique reste nal définie. D inportantes
recherches ont été consacrées a certains groupes exposés de par |eur
prof ession ainsi qu' aux néphropathies résultant de |l a consomati on
d' anal gésiques : elles ont nmontré |'existence de variations entre |es
différents groupes et les différents pays. Toutefois on estine que
jusqu' a 18% des néphropathies term nales pourraient étre dues a |la
prise d'anal gésiques et jusqu'a 5% avoir une origine toxique
qguel conque. Environ 50% des néphropat hies term nal es sont d' origine
inconnue. L'un des principaux probl énes qui se posent dans |la
recherche de |'étiologie des néphropathies termnales tient a la
| ongue période de latence ou a |'évolution lente de |'insuffisance
rénal e chronique, qui rendent difficile |I'identification rétrospective
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de | 'agent causal. Ce n'est que dans quel ques cas que | e dosage de
certai nes substances dans les tissus (organisme, rein) peut conduire

a

au diagnostic. Par ailleurs on se heurte également a un certain

manque de cohérence dans les critéeres et la termnologie utilisés sur
| e pl an di agnosti que et anat onppat hol ogi que.

Les différences anatonm ques et physiol ogi ques rendent difficile
une extrapolation directe a |' homme des résultats obtenus sur des
systemes expérinmentaux ( in vivo ou invitro). On ne connait que
tres peu de cas ol | es données de néphrotoxicité sont conparables chez
" horme et chez |'aninal et pernettent d'évaluer de facon fiable le

ri sque pour |a santé hunaine.

Certai nes substances chin ques peuvent provoquer des |ésions
sél ectives au niveau des structures rénal es vul nérabl es ou décl encher
des necani snes i munol ogi ques. On considére qu'il existe en généra
deux types de nécanismes a | a base des | ésions rénales : a) les
mécani smes i mmunol ogi ques qui condui sent a |a néphrite aigué
interstitielle et b) |les nmécanismes qui affectent principalenent le
glomérule par |'internédiaire d' anticorps anti-GBM ou
d' i mmunoconpl exes. |l existe un autre grand groupe de nul adi es dues
a des substances chimques ou a |leurs nétabolites qui perturbent
| "activité biochimque cellulaire ou nodifient |es propriétés
hénodynam ques, etc. Parm |es facteurs susceptibles d'influer sur
| es | ésions cellulaires provoquées par |les produits toxiques figurent
| es systénes de transport cellulaire, |la pinocytose, |a dégradation
met abol i que, |'interaction avec les protéines, les lipides, les
menbranes et |' ADN cel lulaires et éventuel |l enent avec d' autres
constituants de la cellule.

Plus on utilise de produits pharnmaceuti ques et de substances
chi mi ques, plus on accroit |es risques de néphrotoxicité. La
néphrot oxicité des médi canments dépend de | a dose et de | a durée du
traitement (par exenple dans | e cas des associations d' anal gési ques
qui condui sent a une nécrose papillaire). On a beaucoup étudi é |es
ef f et s néphrot oxi ques des anal gési ques, des anti bioti ques (come |es
am nogl ycosi des), des agents anticancéreux (conme le cis-platine) et
de divers autres agents. Nonbre de substances fréquement utilisées
dans |'industrie ou a | a mai son comme | es hydrocarbures chlorés ou
| ' ét hyl énegl ycol peuvent égal enent avoir une action toxique sur |le
rein. D autres substances, présentes dans |'environnenent conme |e
pl onb ou | e cadmi um sont effectivenment néphrotoxiques. L'action
toxi que de ces substances intervient aprés accumrul ation
intracellulaire du produit initial ou nétabolisation intra- ou
extrarénale. L'exposition a plusieurs substances chi m ques peut
entrainer des réactions antagoni stes ou synergistiques.

Les tumeurs du rein et des voies urinaires représentent noins de
2 a 3 %de |'ensenble des cancers hunains, mais |eur fréquence est en
augnentation, ce qui incite a penser que des facteurs environnenentaux
pourraient étre a |'oeuvre. Nonbre de produits pharnaceutiques et de
subst ances chi m ques se sont révél és cancérogenes sur des nodel es
expérinmentaux mai s seuls quel ques-uns d' entre eux sont responsables de
| "apparition de cancers chez |'home. |l s'agit de |'aniante

(adénocarci none rénal ), de |'abus d'anal gési ques (carci nones de type
transitionnel) et de facteurs tenant au node de vie (tabagisne,
consommation d' al cool et de café). |l existe des groupes de
popul ati on chez | esquels certains cancers des voies urinaires ont une
éti ol ogi e encore inconnue. Certaines substances chiniques utilisées
dans |l e cadre professionnel sont a |'origine de cancers de |a vessie.
De nonbreuses substances chi m ques ou pharnaceuti ques peuvent

entrainer une néphrite interstitielle, affection qui serait
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susceptible de favoriser |'apparition de cancers des voi es urinaires.

Il n"existe pas de nméthode qui pernmette d' évaluer in vivo ou in
vitro dans des conditions satisfaisantes une insuffisance rénale
provoquée par des substances chimniques. Aussi faut-il non seul enent
contr6ler |'activité néphrotoxique des produits chimques, nais
égal enent inclure dans | es protocol es expérinentaux |'étude du
mécani snme toxique au niveau des cellules cibles. Pour y parvenir i
faut faire appel tant a |'expérimentation in vivo qu' a des études in
vitro. Les études in vitro doivent porter sur des él énents ou |les
rel ati ons anatoni ques et cellulaires sont maintenues (par
m croperfusion de reins et de tubul es isol és, coupes de cortex,
fragnments isol és de néphrons, etc.) et sur des cellules rénales (par
exenpl e suspensions cellulaires, cultures cellulaires primaires,
lignées cellulaires et fractions infracellulaires). Pour |es études
in vivo, on peut faire appel a des techniques effractives ou non
effractives. Parnm |es techniques effractives figurent |es exanens
hi st opat hol ogi ques ai nsi que | es techni ques classiques de bilan de la
fonction rénale. Les techniques non effractives pernettent un bilan
répété de la fonction rénale chez |'aninmal par |a nesure d' une série
de parametres fonctionnels (filtration glonérulaire, fonction
tubulaire, protéinurie, enzynurie, etc.). Des épreuves biochim ques
spéci al i sées devront étre effectuées |le cas échéant. En associant de
facon convenabl e | es épreuves in vivo et |les épreuves in vitro on
pourra détermner si telle ou telle substance chim que est
néphr ot oxi que et avoir une idée de son activité, de son site d'action
et du neécani sme de son action toxique.

Les méthodes habituel l enent utilisées pour |'exploration
fonctionnelle du rein chez |'homme ne permettent pas un di agnostic
suf fi samment rapi de d'une insuffisance rénale due a des substances
chimques ni d en apprécier le retentissement sur la santé. L'absence
de marqueurs spécifiques précoces de |la néphrotoxicité est
particuli érenment génante. Les méthodes non effractives devront faire
appel a des marqueurs treés spécifiques et sensibles, qui pernettent de
décel er rapidenent |es nodifications qui se produi sent au niveau réna
afin de prévoir |'apparition éventuelle d' une insuffisance
fonctionnelle. Les techniques actuelles de contrdle de Ia fonction
glonmérul aire ou tubulaire ne sont utilisables que |orsque |les |ésions
sont déja trés inportantes. On a proposé conme narqueurs
["utilisation de constituants tissulaires i munoréactifs mais encore
faut-il en confirmer la val eur au nobyen d' études | ongitudi nal es bien
congues.

RECOMIVANDATI ONS

1. Il faut faire un effort soutenu pour dével opper et valider des
mar queurs plus sélectifs et plus spécifiques et notamment des

anti corps nonocl onaux en vue d' étudier |'insuffisance rénale chez
|"animal . Ces marqueurs pourraient étre utilisables chez |I'home.

2. Il faudrait conpl éter |a base de données utilisabl es pour
détermner | e potentiel néphrotoxique des substances chinm ques pour

" horme. A cet effet, on dével oppera et on validera diverses néthodes
d' expérinmentation animale ( in vivo et in vitro), on nettra au

poi nt des mét hodes nouvel |l es d' étude de | a néphrotoxicité, on étudiera
les différences interspécifiques et on prendra en conpte |'expérience
tirée des essais précliniques de nouveaux nedi caments chez |' honme.

3. Il faudrait renforcer |es études épidémni ol ogi ques (c'est-a-dire
| es études prospectives sur des groupes professionnels ou des groupes
de | a popul ation général e exposés a des substances néphrotoxi ques ou
qui font une consommation excessive d'anal gési ques).
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4, Des efforts plus inportants devront étre consentis afin d' établir
e réle de certaines substances chim ques dans |'étiol ogie des

mal adi es rénal es au stade | e plus précoce possible (antécédents

pr of essi onnel s, recherches de néphrotoxines dans les tissus).

5. L' él uci dation du node d' acti on des substances néphrotoxi ques peut
étre utile a la prévention et au traitenent des effets rénaux
indésirables et pourrait contribuer a la prévision du pouvoir
néphr ot oxi que des nouveaux meédi canents et des nouveaux produits.

Parm |es secteurs de recherche particuliérenent inportants on peut

citer
* | es mécani snes i nmunol ogi ques
* les effets directs des substances chim ques sur |es nenbranes et

not amment | es nécani smes de peroxydation des |ipides, |les
i nteracti ons nmenbranes/ substances chini ques, |es déplacenents
d'ions, |les événenents au niveau des récepteurs

* | "activation des proto-oncogenes et la différenciation cellulaire
* la régul ation du nétabolisnme cellulaire.
6. Il faut égal enent préciser la |localisation anatonique de

certai nes fonctions rénal es.

7. Il faudrait étudier de facon plus approfondie le réle des
variations et de | a prédisposition génétiques aux effets toxiques des
médi canents et des produits chim ques.

8. La relation entre néphrotoxicité et cancer (nycotoxines et
néphropat hi e des Bal kans par exenple) doit étre étudi ée plus a fond.

RESUMEN Y CONCLUSI ONES

Los rifiones son |l os principal es 6rganos de excrecion y
honeost asis de | as nol écul as hidrosol ubl es. La unidad funcional de
ri idn es el nefrdn, que consiste esencial nente en un tubo continuo de
cél ul as het erogéneas sumanent e especi al i zadas, y que exhi be una
not abl e organi zaci 6n estructural, funcional y bioquimca. Existen
di ferenci as pronunci adas entre unos nefrones y otros, atendiendo a |la
| ocal i zaci 6n de | os gl omérul os individual es correspondi entes en | a
corteza. Esta conpleja organizaci 6n estructural, conbinada con |as
diferencias en | a vascul ari dad regi onal debida a | o especializado de
| a di sposici6én vascul ar, da lugar a un 6rgano sunmanente conplejo y
het er ogéneo.

Gran parte de | os conocim entos anatém cos y funcional es
obt eni dos en | os ani mal es pueden aplicarse directamente al rifdn
humano. No obstante, |os procesos hionédi cos y netabdlicos del rifdn
humano, asi conp las diferencias entre | as especies ani nal es, no se
han el ucidado de forma tan detallada. Asi, los efectos de |as
sustanci as quim cas sélo se pueden extrapolar hasta cierto punto de
unas especies a otras.

Varias sustancias quimcas (tanto terapéuticas conp no
terapéuticas) tienen efectos toxicos en uno o nas el enent os anat 6mi cos
del rifon. Los efectos toéxicos pueden ser agudos o croéni cos, y pueden
ser directos o estar indirectanente nmedi ados por mecani snos
i nnunol 6gi cos. El inpacto que tienen en |a salud |as sustancias
qui mi cas nefrot6xicas esta rel aci onado con |os factores de riesgo,
entre los que figuran el estado de | a reserva funcional del rifion y
factores conp | as | esiones renal es ya existentes, |as enfernedades, la
edad, el sexo y la dieta.
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No se ha estudi ado bastante | a epi dem ol ogia de | a nefrotoxicidad
i nduci da con sustancias quim cas ai sl adas o en exposici ones ni xt as.
La contribucion de las sustancias quinmcas a |la incidencia global de
la nefropatia y del fallo renal croénico estd, salvo raras excepciones,
sin definir. En el caso de al gunos grupos expuestos por su profesidn
y de enfernedad renal asociada a | os anal gési cos, se han hecho anpli os
estudi os que han denostrado | a existencia de la incidencia entre
grupos y paises. Sin enbargo, se estima que hasta el 18%de |as
enf ernedades renal es en fase term nal pueden deberse a nefropatia por
anal gésicos y hasta el 5% a otras nefropatias toxicas. Al rededor de
50% de | as enfernedades renal es en fase terninal son de etiologia
desconocida. Uno de |los principales problemas para atribuir una causa
a la enfermedad renal en fase termnal es la larga latencia y/o la
lenta evolucidn del fallo renal cronico, o que dificulta la
identificacion retrospectiva del agente causal. Sélo en al gunos
casos, |la nedida de | os niveles tisulares (organisno, rifidén) de
sustancias quimcas es (til para el diagnostico. Oro problem ha
sido la falta de coherencia en la termnologia y los criterios
pat ol 6gi cos y de di agnésti co.

Las diferencias anaténicas y fisiol6gicas del rifién dificultan |a
extrapol aci 6n directa al ser humano a partir de | os sistenms
experinmentales ( in vivo e invitro). Existen nuy pocos ejenplos
de sustancias quim cas nefrotéxicas para | as que se di sponga de datos
adecuados y conparables entre los animales y el honbre conp para
formar una base sélida sobre | a que evaluar el riesgo potencial para
| a sal ud humana.

Las sustanci as quim cas pueden daflar de nodo sel ectivo |as
estructuras vul nerabl es del rifon o activar mecani snos i nnmunol égi cos.
Los necani snpos de | esi 6n renal pueden dividirse general nente en dos
categorias: a) nefritis intersticial es agudas innunol égi canente
i nduci das; b) aquellos que afectan prinordialnente al gl omérul o por
conducto de anti cuerpos nedi ados por la anti-GBM o por conducto de
conpl ejos inmunes. Oro grupo principal esta conpuesto por |as
enf er medades desencadenadas por sustancias quimcas o sus netabolitos
que interfieren con | os efectos bioquinicos y henodi ndnm cos en |a
célula, entre otros. Entre |os factores que pueden nodificar |a
| esi 6n cel ul ar producida por sustancias toéxicas figuran | os sistenas
de transporte celular, la pinocitosis, |a degradacion netabdlicay la
i nteracci 6n con |las proteinas, los |ipidos, |as nenbranas y el ADN
celulares, y tal vez otros constituyentes de |la célula.

El uso cada vez mas extendi do de agentes y sustancias quim cas
terapéuticas aunenta | as posi bilidades de aparici 6n de nefrotoxicidad.
La nefrotoxicidad i nduci da por agentes terapéuticos depende de |a
dosis y del tienpo de exposicion (por ejenplo, anal gésicos de
conbi naci 6n que producen necrosis papilar del rifibn). Los efectos
nef r ot 6xi cos de | os anal gési cos, |os antibi6ticos (conp |os
am nogl ucési dos), | os agentes anticancerosos (conp el cis-platino), y
vari os agentes mas han sido objeto de anplios estudios. Las
sustanci as quim cas de uso frecuente en la industria o el hogar, conop
| os hidrocarburos clorurados y el etilenglicol, tanbién tienen
potenci al para producir |esiones renales. Las sustancias quimcas de
nedi o anbiente cono el plonb y el cadnio son capaces de inducir
nefrotoxicidad. Estos agentes tienen efectos toxicos tras |la
acumul aci 6n intracelul ar del conmpuesto original o tras la
bi ot ransformaci 6n renal o extrarrenal. La exposicion multiquimca
puede dar lugar a respuestas antagonistas o sinérgicas.

Aunque | os tunores del rifion y del tracto urinario representan

nenos del 2-3% de todos | os canceres humanos, |a frecuencia de esos
tunores esta aunentando, | o que indica que |los factores anbi ental es

Page 183 of 185



Nephrotoxicity associated with exposure to chemicals, principles and methods for the assessment o...

ejercen cierta influencia. Si bien se ha denpstrado que muchos
farmacos y sustanci as quim cas son carci nogéni cos en nodel os
experinmental es, sélo al gunas sustanci as concretas se han rel aci onado
con tunores en el honmbre. Entre ellos figuran el anianto
(adenocarci noma renal ), el uso indebido de anal gési cos (carcinomas de
transicién), y los factores rel aci onados con el nodo de vida (uso de
tabaco, al cohol, café). Existen grupos de poblaci 6n con cancer de
tracto urinario de etiologia aun por determi nar. Las sustancias
quim cas presentes en el nmedi o profesional se han rel acionado con |a

etiologia del cancer de la vejiga urinaria. Mchos féarmacos y
sustanci as quim cas provocan nefritis intersticial, que en si nisna
puede ser un factor desencadenante de canceres en el tracto urinario.

No hay ningin método in vivo o in vitro que por si solo baste
para eval uar la disfuncion renal quincanente inducida. Asi pues, es
aconsej abl e no sél o estudiar conpuestos en busca de su potenci al
nefr ot 6xi co, sino incorporar a | os protocol os experinental es estudi os
mecani ci stas sobre | a toxicidad para células diana. Para conseguirl o,
deben realizarse investigaci ones concertadas in vivo e in vitro.

Los estudios in vitro son aquellos en |os que se mantienen | as

rel aci ones anatémicas entre células (por ejenplo, rifién y tubul os

ai sl ados y perfundi dos, secciones de |la corteza renal y segnentos

ai sl ados de nefrones) y aquellos en | os que se utilizan células
renal es (por ejenplo, suspensién de células, cultivos de células
primarias, |ineas celul ares establecidas y fracciones subcel ul ares).
En los estudios in vivo se utilizan técnicas tanto invasivas conb no
i nvasi vas. Los procedi nientos invasivos conprenden | as nediciones

hi st opatol 6gicas y ordinarias de la funcién renal. Los procedi m entos
no invasivos permten evaluar de nodo repetido la funcién renal en |os
ani mal es m di endo una serie de pruebas de la funcioén renal (filtracioén
gl omerul ar, funci én tubular, proteinuria, enzinuria, etc). Cuando
convenga, deben realizarse ensayos bi oquim cos especializados. La
conbi naci 6n adecuada de experinentos in vivo e invitro revelara

si las sustancias quimcas son nefrotéxicas o no y darda idea de |la
potencia, la localizacién y | os necani snos de |a toxicidad.

Los netodos tradicional es de eval uaci on de |la funcién renal en e
honbre no bastan para di agnosticar de nodo oportuno | a disfuncién
renal inducida por sustancias quimcas y |a prediccioén de su
inportancia para la salud. La falta de marcadores especificos y
precoces en | a nefrotoxicidad resulta particul arnente probl enati ca.

La eval uaci 6n no invasiva de | a nefrotoxicidad debe hacer uso de

mar cadores de gran especificidad, sensibilidad para | a detecci én de

| as alteraciones renal es precoces y valor predictivo para |a evol uci 6n
de la insuficiencia renal. Las técnicas actual es de seguimento de |la
funci 6n glonmerular o tubular so6lo son Gtiles en | 0os casos en que se ha
produci do una lesi é6n renal grave. Aunque actual nente se sefial an | os
constituyentes tisulares innmunorreactivos cono nar cadores apropi ados,
es preciso validar su idoneidad en estudios |ongitudinales bien

di sefiados.

RECOVENDACI ONES

1. Debe hacerse un esfuerzo continuado por desarrollar y validar
mar cadores mas sel ectivos y especificos, inclusive anticuerpos
nmonocl onal es, para evaluar |a disfunci 6n renal en animales. Es
posi bl e que esos nmarcadores sean aplicables al honbre.

2. Debe anpliarse | a base de datos para predecir el potencial
nefrot 6xi co de | as sustancias quim cas para el honbre. Ello conprende
el desarrollo y la validacion de criterios experinental es en ani nal es
(invivoe invitro), métodos alternativos para estudiar |la
nefrot oxi ci dad, informaci 6n sobre diferencias interespecificas, y
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experiencia de | a eval uaci 6n preclinica de nuevos agentes terapéuticos
en el honbre.

3. Deben reforzarse | os estudi os epi dem ol 6gi cos (es decir, estudios
prospectivos en grupos profesionales y de |a poblaci 6n genera
expuest os a sustanci as quim cas nefrotdxi cas o que hagan uso indebi do
de anal gési cos).

4. Deben intensificarse | os esfuerzos por establ ecer el papel de |as
sustancias quimcas en la etiologia de | as enfernedades renales en |l a
etapa mas tenprana de di agnéstico (por ejenplo, pasado |aboral
vigilancia de los tejidos en busca de nefrotoxinas).

5. La conprensi 6n de | os necani snos de acci 6n de | os nefrotéxi cos
ayudara a prevenir y gestionar desde el punto de vista clinico |os

ef ectos renal es no deseados, y puede ayudar a predecir el potencial

nef r ot 6xi co de nuevos féarmacos y sustancias quim cas. Los aspectos de
particular inportancia para |as investigaciones futuras son:

* | os mecani snps i nnunol égi cos;

* | os efectos directos de | as sustancias quinicas en | as nenbranas,
i nclusive | os nmecani snbos de peroxidaci én lipidica, la interaccion
menbr ana/ sust anci as quinicas, |os canbios de iones, y |os
procesos nedi ados por receptores;

* | a activaci 6n de | os proto-oncogenes y de |la diferen ciacion
celul ar;

* | a regul aci 6n del metabolisno cel ul ar

6 Es necesario determinar y correlacionar |as funciones especificas

con | ocal i zaci ones anat 6m cas di scretas dentro del rifén

7. Debe estudiarse mas a fondo el papel de la variacion genética y
| a susceptibilidad a | os efectos toxicos de farmacos y sustanci as
qui m cas.

8. Debe estudiarse con nas detalle la relacién entre |la

nefrotoxicidad y |a carcinogénesis renal (por ejenplo mcotoxinas y
nefropatia de | os Bal canes).

See Al so:
Toxi col ogi cal Abbreviations
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