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STELLINGEN 

1. Confluente monolayers van renale proximale tubuluscellen van Wistar ratten 
hebben geen actieve basolaterale transportsystemen voor glutathion 
conjugaten. 
(Dit proefschrift) 

2. De in vitro toxiciteit van glutathion geconjugeerde hydrochinonen is 
voornamelijk het gevolg van extracellulaire redox cycling. 
(Dit proefschrift) 

3. Metabolisme van thioether conjugaten van hydrochinonen tot gecycliseerde 
producten, zoals gemeten in een in vitro systeem, vindt ook plaats in in vivo 
systemen. 
(Dit proefschrift) 
(Rivera et al, 1994; Drug Metab. Dispos. 22, 503-509) 

4. Het enzym Y-ghitamyltranspeptidase heeft een dualistische functie: enerzijds 
initieert het de detoxificatie van glutathion geconjugeerde hydrochinonen en 
anderzijds metaboliseert het glutathion geconjugeerde hydrochinonen tot 
meer toxische metabolieten. 
(Dit proefschrift) 
(Monks et al, 1995, Drug Metab. Rev. 27, 93-106) 

5. Cryopreservatie van nierslices heeft waarschijnlijk geen effect op de y-
glutamyltranspeptidase en dipeptidase gemedieerde omzetting van glutathion 
conjugaten. 
(Dit proefschrift) 

6. De hypothese dat corticale neuronen tijdens het normale verouderingsproces 
niet afsterven maar gepreserveerd worden is vooralsnog onvoldoende 
aangetoond. 
(Wickelgren, 1996, Science 273, 48-50) 

7. Bij de herintroductie van verdwenen diersoorten, zoals de zeearend, spelen 
bijna uitsluitend ecologische argumenten een rol. 
(Volkskrant, 7 augustus 1996) 



8. De norm voor concentraties van zware metalen in water, zoals gehanteerd 
door het ministerie van VROM, houdt geen rekening met het fysiologisch 
welbevinden van vissen. 

9. In tegenstelling tot de maatschappelijke verwachting is het niet mogelijk om 
de toxiciteit van nieuwe stoffen op een adequate wijze te evalueren met enkel 
proefdiervrij onderzoek. 

10. Uit wetenschappelijk en beleidsmatig oogpunt valt een scheiding tussen het 
risicoschattings -en beheersingsaspect van de toxicologische beoordeling ten 
behoeve van de vaststelling van intemationale residu nonnen voor 
diergeneesmiddelen toe te juichen. Of de Internationale harmonisatie en de 
volksgezondheid hierbij gebaat zijn, valt te betwijfelen. 

11. Het publiceren van een reeds ingevulde personeelsadvertentie is een 
immorele actie. 

12. De opvatting dat er altijd wel kleine foutjes in het te dmkken proefschrift 
zullen zitten heeft een geruststellende uitwerking op de promovendus. 

13. Volgens berekeningen hoeft men voor een effectieve bestrijding van het 
fileprobleem bij het carpoolen niet eens met zijn tweeen in een auto te zitten. 

14. Met de zogenaamde "sudden-death" maatregel is tevergeefs getracht het 

voetbal nieuw leven in te blazen. 

Stellingen behorende bij het proefschrift: 
" Biotransformation, transport and toxicity studies in rat renal proximal tubular cells " 

Bert Haenen, Wageningen, 2 oktober 1996. 
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CHAPTER 1 

GENERAL INTRODUCTION 

General outline of the present thesis 

The most important function of the kidney is to regulate fluid and electrolyte balance in the body 
within narrow limits. To that end, kidneys continuously filter blood in order to excrete metabolic 
waste products. In addition, filtered nutrients, salts and water are reabsorbed by the kidney in 
appropriate portions. 

The unusual vulnerability of the mammalian kidney to the adverse effects of xenobiotics can 
be ascribed in large measure to its small mass in relation to its high blood flow (25% of the 
resting cardiac output) which results in large quantities of xenobiotics and their metabolites 
delivered to the kidneys. In addition, its high metabolic activity and its energy dependent 
reabsorptive functions are targets for chemical induced injury. Another important aspect in the 
kidneys' susceptibility to xenobiotics is the fact that, as a result of water reabsorption, kidney 
cells are exposed to increased concentrations of xenobiotics, an effect which may enhance 
toxicity. 

According to the Proceedings of the Third International Symposium on Nephrotoxicity, more 
than 70% of the identified nephrotoxic compounds affect the proximal tubule. In vivo, proximal 
tubular cells can be exposed luminally (apically) to glomerulary filtrated and serosally 
(basolaterally) to non-filtrated xenobiotics. In addition, renal proximal tubular (RPT) cells contain 
basolateral transport systems to excrete waste products into the urine. However, the majority of 
the models developed so far to study proximal tubular toxicity used RPT cells either in 
suspension or cultured on solid supports. Since in these models basolateral transport systems are 
no longer or only partially active, less attention has been paid to the role of these transport 
systems in renal toxicity. Therefore, when studying mechanistic effects of xenobiotics in vitro 

one should use a model that mimics the in vivo situation as closely as possible in the sense that 
cells can be exposed both through the apical and basolateral route. 

An important step ahead was made by Mertens et al. (1988) and Boogaard et al. (1990a) who 
studied apical and basolateral toxicity of nephrotoxicants on, respectively, LLCPKi and RPT cell 
monolayers cultured on porous supports of tissue culture inserts. Due to the absence of an 
important transport mechanism in LLCPK; cells, the present study has been extended towards the 
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use of primary cultures of RPT cells. The aim of the present study was to further refine the 
approach and to investigate the role of transport and biotransformation in the differential 
proximal tubular toxicity of nephrotoxic compounds, using a series of model compounds. 

Physiology of the mammalian kidney 

Biochemical heterogeneity and site-specific tubular injury 

The majority of nephrotoxicants have their primary effects on discrete segments or regions of the 
kidney. The reasons underlying this site-specific injury in the kidney are complex but appear to 
be due in part to segmental differences in morphology, physiology and biochemistry. 

In mammals, kidneys are paired, bean-shaped organs that have a complex architecture 
composed of at least 15 different cell types (Hewitt et al., 1991). The smallest functional subunit 
is the nephron (Fig. 1). Depending on the species, the kidney contains 104 to 106 nephrons. 
There are several types of nephrons, but all of them consist of five main parts: the glomerulus, 
the proximal tubule, Heme's loop, the distal tubule and the collecting tubule. 

At the glomerulus, arterial blood is filtered into the proximal tubule. The endothelial surface 
of the glomerular capillary forms a selective macromolecular filter with a cut off of 
approximately 75-100 A. As a result, the ultrafiltrate is almost identical to deproteinized plasma. 
The presence of negatively charged glycoproteins on the surface of the glomerular capillary wall 
favors the filtration of neutral and positively charged solutes (Maddox and Brenner, 1991). As a 
result of a high blood flow, large amounts of xenobiotics are delivered to the glomerulus which 
is the first part of the nephron to come into contact with the xenobiotic. Apart from selective 
disposition of antibody complexes to glomerular basement membranes, which results from the 
interaction between negatively charged glycoproteins and cationic antigen-antibody complexes, 
glomerular damage due to exposure to xenobiotics is often non-specific (Madaio et al., 1984). 

After glomerular filtration of urine, the resulting ultrafiltrate is processed along the nephron 
and as a result, its composition changes. To that end, nephrons are supplied with an intricate 
network of capillaries enabling a tight contact between the bloodstream and the epithelial cells 
lining the tubules. Proximal tubules excrete metabolic waste products from the blood circulation 
into the ultrafiltrate. Proximal tubules reabsorb 50 to 60% of the glomerular filtrate. Essential 
nutrients (i.e. sugars, amino acids, proteins), cations (Na+, K+, Mg2+ and Ca2+), anions (CI, 
HC03 , and P04

3") and water are delivered back to the systemic circulation. Due to water 
reabsorption, the concentration of compounds, including xenobiotics, in the primary urine 
exceeds its concentration in the plasma. As a result, proximal tubular cells may be exposed to 
high concentrations of xenobiotics. Xenobiotics may also be sequestered in the proximal tubular 
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Figure 1. Structural organisation of the kidney (A) and a nephron (B). Abbreviations: OSOM, outer stripe 

of the outer medulla; ISOM, inner stripe of the outer medulla; IM, inner medulla. (Adapted from 

Junqueira et al., 1977). 
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cell at elevated concentrations compared to plasma by selective uptake mechanisms involved in 
tubular reabsorption. 

Henle's loop extracts approximately 25% of filtered Na+ and K+ and reabsorbs 15-20% of 
water. Whereas the thin limb of Henle's loop acts primarily as a simple diffusion barrier, the 
thick ascending limb, which is impermeable to water, is involved in Na+-K+-Cl" cotransport. The 
function of Henle's loop might be vulnerable to ischaemic injury. This results from the fact that 
Henle's loop is located in the medulla which is relatively hypoxic due to the fact that it receives 
only 10% of total renal blood flow. 

The distal tubule and the collecting tubule also play a role both in water and Na+ 

reabsorption. In addition, the distal tubule is responsible for the "fine tuning" of renal water and 
solute excretion. It regulates the pH of the urine and, depending on the need, K+ is either 
secreted or reabsorbed. In general, the distal tubule appears not to be selectively damaged by 
most toxicants. However, amphotericin B impairs urine acidification and, as such, it primarily 
affects the distal tubule (Kinter and Short, 1993). According to some unknown mechanism, 
chronic abuse of analgesics, such as phenacetin, primarily affects medullary segments (Duggin, 
1993). In addition, the general anesthetic methoxyflurane predominantly affects medullary 
segments in part by interfering with the action of vasopressin in Henle's loop and collecting 
tubule (Goldstein, 1993). 

Thus, the highly differentiated functions in combination to its orientation in the nephron, 
predispose the proximal tubule to be the most vulnerable for toxicants of all nephron segments. 
The mammalian proximal tubule is not homogenous in structure. Therefore, in several animals, 
including the rat, rabbit, mouse and rhesus monkey, three morphologically distinct segments (Su 

S2 and S3) can be distinguished to comprise the convoluted part (pars convoluta) and straight part 
(pars recta) of the proximal tubule. The Sj segment comprises the initial and middle portion of 
the proximal convoluted tubule. The S2 segment extends from the rest of the convoluted segment 
to the initial portion of the straight segment. The S3 segment comprises the distal (remaining) 
portion of the straight part of the proximal tubule. The specific transport characteristics of each 
segment determines in large part the site of xenobiotic-induced proximal tubular injury. Since the 
S2 segment is predominantly involved in basolateral organic anion transport, this segment is 
particularly vulnerable to toxic xenobiotics present as organic anions. For similar reasons, 
aminoglycosides produce lesions in Sj and S2 segments and hexachlorobutadiene (HCBD) induces 
well-defined lesions in the S3 segment (Walker and Duggin, 1988). 

Biotransformation of glutathione conjugates: role in nephrotoxicity 
Another important factor that determines the vulnerability of different nephron segments to 
xenobiotics is their distribution of biotransformation enzymes. Most phase I enzymes exhibit their 
highest activity in the renal cortex. The greatest activity of cytochrome P-450 is localised within 
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the proximal tubule. Compared to the liver, renal phase I metabolism is generally of minor 
importance (Inoue, 1985). However, the role of renal phase II enzymes is often more substantial. 
For example, glucuronidation of /?-nitrophenol by renal uridinediphosphate (UDP) 
glucuronyltransferases probably accounts for approximately 20% of total excreted glucuronide in 
the rat (Diamond and Quebbeman, 1979). Renal sulfation seems to be quantitatively less 
important than glucuronidation (Diamond and Quebbeman, 1981). 

Within the kidney, proximal tubules are especially equipped with enzymes that metabolise 
glutathione and glutathione-5-conjugates. ^Glutamyltranspeptidase (7GT), dipeptidases and 
cysteine conjugate N-acetyltransferase metabolise glutathione conjugates into their corresponding 
mercapturic acids (Fig. 2) (Inoue, 1985). As a result, conjugation of potentially electrophilic 
compounds with glutathione (GSH) can lead to detoxification of the xenobiotic (Boyland and 
Chasseaud, 1969; Boyland, 1979) but, depending on the compounds, may also lead to activation 
into cytotoxic, mutagenic and carcinogenic compounds (Elfarra and Anders, 1984; Anders et al.', 

1987; Monks and Lau, 1992, 1994). 

GSH conjugation occurs spontaneously or can be catalyzed by a family of cytosolic, 
microsomal or mitochondrial glutathione S-transferases. Although these enzymes are identified in 
a wide variety of tissues and species, the liver is one of the most prominent organs for enzymatic 
GSH conjugation (Rushmore et al, 1994). 

Depending on the size of the molecule and the rate of glutathione conjugation, the resulting 
GSH 5-conjugate can be excreted in the blood circulation or in the bile (Wahllander and Sies, 
1979). At a low rate of synthesis, excretion in the bile is the predominant route. GSH S-

conjugates can be degraded by -yGT and dipeptidases present in the biliary tree and in the luminal 
membrane of the intestine (Fig. 3) (Grafstrom et al, 1979; Kozak and Tate, 1982). After 
cleavage of the ^glutamyl group of the GSH 5-conjugate by yGT and subsequent removal of the 
glycine moiety by dipeptidases, a cysteine 5- conjugate is formed (Jones et al., 1979; Okajima et 

al., 1981). This conjugate can be transported back to the liver via the portal blood (Gietl et al, 

1991) and is ultimately delivered to the kidney as cysteine 5-conjugate or as its corresponding 
mercapturic acid after intestinal or hepatic 7V-acetylation (Inoue et al., 1984; 1987). As a result 
of this enterohepatic cooperation, different thioethers: glutathione, cysteine and Af-acetylcysteine 
conjugates may reach the kidney. 

Fate of thioether conjugates in the kidney 

The kidney is the primary organ for clearance of circulating GSH and GSH 5-conjugates 
(Mclntyre and Curthoys, 1980). Although approximately 80% of plasma GSH is cleared by the 
kidneys (Haberle et al., 1979), only 25% is removed via glomerular filtration. As a result, a 
significant amount of circulating GSH, and probably also GSH 5-conjugates, has to be cleared 
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Figure 2. The mercapturic acid pathway. 

via non-filtrating mechanisms involving proximal tubular uptake of GSH across the basolateral 

membrane (Lash and Jones, 1984) (Fig. 4). This indicates that basolateral exposure of renal 

proximal tubular cells to GSH 5-conjugates contributes to a larger extent to the overall proximal 

tubular toxicity than apical exposure. 

14 



general introduction 

In support of this assumption, it was concluded by Lash and Jones (1984, 1985) that both 
GSH and GSH S-conjugates of trichloroethylene (DCVG: 1,2-dichlorovinylglutathione) are 
basolaterally taken up via a Na+-coupled GSH transporter which was inhibited by probenecid. 
Probenecid is a selective and competitive inhibitor of organic anion transport (Mudge, 1980) 
without an effect on either synthesis of transport carriers or energy metabolism. The Na+-coupled 
GSH transporter appeared to be specific for the -/glutamyl moiety, since uptake of DCVG by 
basolateral membrane vesicles was only inhibited by GSH, GSSG and yglutamylglutamate and 
not by the corresponding cysteine conjugate: 1,2-DCVC. 

Liver 

Small 
Intestine 

Kidney 

Figure 3. The role of enterohepatic cycling in the delivery to the kidney of different thioether conjugates. 
Enzymes involved are indicated by numbers: (1) glutathione S-transferase, (2) yglutamyltranspeptidase, (3) 
dipeptidase, (4) N-acetyltransferase. (Modified from Inoue, 1985). 

GSH conjugates are not degraded intracellularly but are excreted into the tubular lumen by 
means of a specific carrier (Inoue and Morino, 1985). Until now, GSH excretion by means of an 
ATP-dependent glutathione 5-conjugate export pump as described for hepatic canalicular plasma 
membranes (Inoue et al., 1984) and erythrocytes (Kondo et al., 1982) has not been detected in 
proximal tubular cells. In the tubular lumen GSH 5-conjugates are enzymatically degraded by 
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\ " A /- - • urine 
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Figure 4. Proximal tubular transport and metabolism ofthioether conjugates, (a) yglutamyltranspeptidase, 

(b) dipeptidase. (RSG) glutathione conjugate, (RCG) cysteinylglycine conjugate, (RCYS) cysteine 

conjugate, (RNAC) N-acetylcysteine conjugate. (Adapted from Commandeur et al., 1995). 
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YGT (Curthoys and Hughey, 1979) and dipeptidases like cysteinylglycine dipeptidase (Hughey et 

al., 1978) and/or aminopeptidase M (Kozak and Tate, 1982) into the corresponding cysteine 5-
conjugates. The latter conjugates can be transported across the basolateral and apical membrane 
of the proximal tubular cell via both Na+-dependent and independent transporters (Lash and 
Anders, 1989). 

Na+-dependent uptake of 1,2-DCVC in isolated rat renal proximal tubular cells was inhibited 
by probenecid and para-aminohippuric (PAH) acid indicating the involvement of a basolateral 
organic anion transporter (Lash and Anders, 1989). Further support for the involvement of such 
a transport mechanism came from experiments wherein 1,2-DCVC and other cysteine 5-
conjugates inhibited PAH transport in renal proximal tubules (Ullrich et al., 1989). 

Proximal tubular transport of cysteine 5-conjugates also occurs via Na+-dependent and -
independent amino acid transport systems (Commandeur et al., 1995; review). Since a-

(methylamino)isobutyric acid (MeAIB), which is a specific substrate for system A, inhibits Na+-
dependent transport of 1,2-DCVC, it seems that this transport system, which is present in 
proximal tubular cells in both basolateral and brush border membrane (Murer and Gmaj, 1986), 
is responsible for the transport of this cysteine S-conjugate (Schaeffer and Stevens, 1987a, 1987b; 
Lash and Anders, 1989). The Na+-dependent system L seems to play a role in the apical uptake 
of 1,2-DCVC in LLCPK, cells (Schaeffer and Stevens, 1987a) and in the basolateral transport of 
this conjugate in rabbit renal cortical slices (Wolfgang et al., 1989). System T seems to be 
involved in the Na+-independent basolateral uptake of the cysteine S-conjugate of HCBD (PCBD-
CYS) in LLCPK, monolayers (Mertens et al, 1990). 

Since 7GT and dipeptidases are also located in basolateral membranes of proximal tubular 
cells (Anderson et al, 1980; Spater et al., 1982; Abbott et al, 1984), basolateral cysteine 
transporters do not only transport non-filtrated cysteine 5-conjugates formed as a result of 
enterohepatic cycling of thioefhers but also cysteine 5-conjugates as a result of basolateral 
processing of glutathione 5-conjugates. Cysteine 5-conjugates are excreted in the lumen after 
intracellular N-acetylation into their corresponding iV-acetylcysteine S-conjugates. Basolateral 
uptake of circulating JV-acetylcysteine 5-conjugates by renal proximal tubular cells occurs via a 
probenecid inhibitable and Na+-dependent organic anion transporter (Lock et ah, 1986; Zhang 
and Stevens, 1989; Wolfgang et al, 1989). It appears that the organic anion transporter is 
indirectly Na+-dependent because this transporter is coupled to a Na+-dependent transporter of 
dicarboxylates which exchanges dicarboxylates with organic anions (Ullrich and Rumrich, 1988). 
Microinfusion studies with isolated rabbit renal tubules showed that within the tubule, the activity 
of organic anion transport is highest in the S2 segment (Woodhall et al, 1978). 
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Mechanisms of glutathione conjugate-induced nephrotoxicity 

Glutathione conjugates can be divided into three groups (Van Bladeren, 1988): direct-acting GSH 
conjugates, GSH conjugates in which the GSH moiety functions as a transporter of reversibly-
bound electrophilic compounds and GSH conjugates which need further bioactivation via 
catabolism of the GSH and/or the xenobiotic derived moiety. Of this latter class of GSH 
conjugates only GSH conjugated hydroquinones will be discussed. 

Direct acting GSH conjugates 

Biotransformation of haloalkanes often involves both direct GSH conjugation and cytochrome P-
450-mediated oxidative metabolism. Two observations support the consensus that direct GSH 
conjugation determines for most part the genotoxic potential of dihaloalkanes in vivo. Binding of 
1,2-dibromoethane to DNA in hepatocytes was decreased by prior GSH depletion, but was not 
affected after inhibition of cytochrome P-450 (Sundheimer et ah, 1982). In addition, an increase 
in the occurrence of 1,2-dibromoethane-induced tumor formation in rats was observed after 
inhibition of oxidative metabolism (Wong et al., 1982). 

In addition to spontaneous conjugation of GSH to xenobiotics, this reaction is also catalysed 
by hepatic and, to a somewhat lesser extent, by renal glutathione S-transferases. After 
conjugation of GSH to 1,2-dichloroethane an 5-(2-chloroethyl)glutathione conjugate is formed 
which, by intramolecular displacement of halogen and sulfur atoms, results in an alkylating 
episulfonium ion (Van Bladeren et al., 1980). In view of the selective nephrotoxicity of 1,2-
dichloroethane, it has been proposed that this selective toxicity is merely the result of a reactive 
metabolite formed in the liver of which the half life is apparently long enough to allow it to reach 
the kidney via the circulation (Elfarra et al, 1985). 

GSH conjugates as transporters of reactive electrophiles 

Glutathione conjugation can also play a role in the delivery of electrophiles to distant nucleophilic 
sites of essential macromolecules (Baillie and Slatter, 1991). In this class of toxic GSH 
conjugates, the parent compound is in equilibrium with its GSH conjugate. As a result, the 
reactive compound is initially detoxified, but the release of the reactive moiety may occur distal 
to its site of formation. Thus, such GSH conjugates especially pose a risk to tissues where the 
(physico-chemical) conditions facilitate the release of the reactive compound. In this respect, 
-yGT rich organs like the kidney may be at risk, since in a number of cases, the cysteine 
conjugate is much more labile than the parent glutathione conjugate (Monks and Lau, 1994). 

GSH can also play a role in the delivery of heavy metals to the kidney. Both inorganic and 
methylmercury are transported to the kidney as complexes with GSH (Naganuma et al., 1988; 
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Tanaka et al, 1990). Indicative for a role of 7GT in the renal accumulation of methyl mercury 
is the fact that mice treated with acivicin, a compound which irreversibly inhibits 7GT (Lau et 

al., 1988b), showed less renal accumulation of methyl mercury and an increased urinary 
excretion of methyl mercury than control-treated mice (Naganuma et al., 1988). In addition, 
Tanaka and co-workers (1992) observed renal uptake of methyl mercury via the basolateral 
inorganic anion transport system. 

Another class of toxic compounds known to be transported as glutathione adducts are the a,P-

unsaturated carbonyls. These compounds reversibly conjugate with thiols via a Michael type 
reaction (Esterbauer et al., 1975). Thiol adducts of several a,|8-unsaturated aldehydes are 
cytotoxic. Cysteine conjugates of crotonaldehyde and frans-4-hydroxypentenal are carcinostatic, 
presumably due to the release of the alkylating aldehyde-moiety (Tillian et al., 1976, 1978). The 
GSH conjugate of acrolein, S-(3-oxopropyl)GSH, appeared to be nephrotoxic in male Sprague-
Dawley rats, an effect which could be prevented by acivicin (Horvath et al, 1992). It was shown 
by Hashmi et al. (1992) that S-(3-oxopropyi)-iV-acetylcysteine was toxic in LLCPK, cells and in 
rat renal proximal tubular cells by means of a novel bioactivation meachanism involving 
sulfoxidation of S-(3-oxopropyl)-AT-acetylcysteine and subsequent elimination of acrolein. 

The a,^-unsaturated ketone ethacrynic acid (EA) and its glutathione conjugate strongly inhibit 
glutathione S-transferase (GST) isoenzymes by transferring the ethacrynic acid-moiety to a thiol 
group of GST (Mannervik et al, 1988; Ploemen et al, 1990). EA is also a well-known diuretic. 
It inhibits renal salt reabsorption by inhibiting the uptake of CI" in the thick ascending limb of 
Henle (Koechel and Cafruny, 1975; Koechel, 1981). It has been shown that EA reaches this site 
of action after active proximal tubular secretion via a probenecid-inhibitable transport system 
(Beyer et al., 1965). It seems that EA and EA-L-cysteine, both act on different sites of the Na+-
K+-2C1" -cotransporter. EA inhibits cotransport by alkylating -SH residues whereas EA-L-
cysteine affects cotransport due to some stereospecific effect which is a property of the entire 
molecule (Palfrey and Leung, 1993). 

GSH conjugates as precursors of toxic metabolites 

The conjugation of quinones with GSH results in the formation of potent nephrotoxicants. The 
nephrotoxicity of bromobenzene and 1,4-benzoquinone in rats is probably mediated via its 
metabolism to 2-bromo-(di-glutafhione-S-yl)hydroquinone (2-Br(diGSyl)HQ) and 2,3,5-(tri-
glutathion-5-yl)hydroquinone (2,3,5-(triGSyl)HQ) respectively (Monks et al., 1985, 1988b; Lau 
et al, 1988a). Administration of only 10-20 jumol/kg of these GSH conjugates to rats is 
sufficient to cause enzymuria, glucosuria, elevations in blood urea nitrogen (BUN) and renal 
proximal tubular cell necrosis. The identification of 2,3,5-(triGSyl)HQ as an in vivo metabolite of 
hydroquinone (Hill et al., 1993), which induces renal adenomas in male rats (Shibata et al., 
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1991), points to a role of this GSH conjugate in hydroquinone-mediated nephrocarcinogenicity. 
Similarly, several glutathione conjugates of 2-terr-butylhydroquinone (TBHQ) have been 
implicated in the (nephro)carcinogenic potency of the phenolic food antioxidant 3-terf-butyl-4-
hydroxyanisole (BHA) (Tsuda et al, 1984; Lau et al, 1994; Peters et al., 1996). 

The toxicity of GSH conjugates of hydroquinones is thought to result from oxidation of the 
hydroquinone to an alkylating quinone moiety which subsequently may covalently bind to non-
sulfur nucleophiles and protein thiols (Monks and Lau, 1992). A direct correlation exists between 
the extent of covalent binding of 2-Br-[14C]-HQ to renal macromolecules and elevations in BUN 
levels of rats treated with 2-Br-[14C]-HQ (Lau and Monks, 1990). Another mechanism involved 
in the toxicity of quinone-thioether conjugates constitutes redox-cycling or autoxidation of 
(hydro)quinones which may lead to the production of reactive oxygen species (Wefers and Sies, 
1983). In view of the nephrocarcinogenic potency of hydroquinones it is interesting to note that 
hydroxyl radicals seem to play a role in 2-Br-(di-glutathion-S-yl)hydroquinone induced 
cytotoxicity (Mertens et al., 19993) and in hydroquinone-induced DNA damage (Leanderson and 
Tagesson, 1992). 

yGT dependent toxicity of GSH conjugated hydroquinones 

The tissue selectivity of 2-Br-(diGSyl)HQ and 2,3,5-(triGSyl)HQ appears to be the result of their 
targetting to renal proximal tubular cells by brush border -yGT (Monks et al., 1985; Lau et al., 

1988a). The subsequent action of yGT and dipeptidases converts the GSH conjugate into a 
cysteine conjugate which can be taken up by the proximal tubular cell. Inhibition of renal yGT 
by acivicin protected rats against 2-Br-(diGSyl)HQ and 2,3,5-(triGSyl)HQ mediated renal 
toxicity. As a result of acivicin treatment, the uptake of presumably 2-Br-(di-cystein-S-yl)HQ in 
tubular epithelial cells is inhibited (Lau et al, 1988b) and the urinary excretion of the parent 
GSH-conjugate is increased (Lau and Monks, 1990). Since 2-Br-(di-cystein-5-yl)HQ and 2,3,5-
(tri-cystein-S-yl)HQ are more readily oxidized to their corresponding quinones than the analogous 
GSH conjugates (Monks et al, 1994; Hill et al, 1994), yGT serves to deliver a more readily 
oxidizable and thus more reactive metabolite to renal epithelial cells. 

yGT dependent detoxification of GSH conjugated hydroquinones 
In contrast to the results obtained with 2-Br-(diGSyl)HQ and 2,3,5-(triGSyl)HQ were the 
observations that acivicin potentiated 2,5-dichloro-3-(glutathione-S-yl)hydroquinone and 2,5,6-
trichloro-3-(glutathion-5-yl)hydroquinone induced nephrotoxicity (Mertens et al., 1991). In other 
words, acivicin prevented yGT-mediated detoxification of these GSH conjugates and thus 
prevented the cellular uptake of the corresponding cysteine-conjugate. The observed effect is 
suggestive for an extracellular mode of toxicity. To explain this effect, it has been hypothesized 
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by Monks (1995) that acivicin prevents the formation of an 1,4-benzothiazine product via 
cyclization of the cysteinylglycine and/or cysteine conjugate (Fig. 5). Since this reaction 
eliminates the reactive quinone function from the molecule, it can be considered as a 
detoxification reaction (Monks et al., 1990). The presence of the N-acetyl group in the 
mercapturate prohibits condensation of the cysteine amino group with the quinone carbonyl 
group. As a result, 7V-acetyl cysteine conjugates cannot undergo the cyclization reaction and thus 
retain the ability to redox cycle. In agreement with this, only the Af-acetyl-cysteine conjugate of 
menadione (2-methyl-l,4-naphtoquinone) and not the GSH conjugate was nephrotoxic both in 

vitro (Brown et al, 1991) and in vivo (Lau et al, 1990). 

In conclusion, whether yGT catalyzes the activation or detoxification of quinol-GSH 
conjugates depends upon their relative ease to undergo oxidation, macromolecular arylation and 
intramolecular cyclization. 

Evidence against the role of p-lyase in quinone-thioether mediated nephrotoxicity 

The nephrotoxicity of thioether conjugated halogenated alkenes depends on their metabolism by 
cysteine conjugate /J-lyase. As a result, thiol compounds are formed which may be very reactive 
themselves or which may rearrange to form highly reactive intermediates like thioketenes or 
thionoacylhalides (Dekant et al., 1987; Commandeur et al., 1989). 

However, j3-lyase does not appear to play a major role in quinol-GSH mediated 
nephrotoxicity. Pretreatment of rats with aminooxyacetic acid, an inhibitor of /3-lyase, dit not 
protect animals from 2-Br-(diGSyl)HQ mediated nephrotoxicity (Monks et al., 1988b). In 
addition, the renal toxicity of 6-bromo-2,5-dihydroxy-thiophenol, a putative 0-lyase catalyzed 
metabolite of 2-Br-3-(GSyl)HQ, depended upon the quinone function rather than the thiol 
function (Monks et al., 1988a). Both 2-Br-(di-cystein-5-yl)HQ and 2-Br-(di-A?-acetylcystein-S-
yl)HQ induced proximal tubular toxicity in rats (Monks et al, 1991). 0-lyase does not play a 
role in the development of toxicity when 2-Br-(di-cystein-5-yl)HQ is delivered to proximal 

Figure 5. Disposition of GSH-conjugated hydroquinones. After metabolism of the GSH-conjugated 
hydroquinone by yGT (1), a cysteinylglycine conjugate arises which after dipeptidase mediated cleavage 
(2) of the glycine-moiety results in a cysteine conjugate. The cysteine conjugate is either N-acetylated into 
the corresponding N-acetylcysteine conjugate (3) or deacetylated to yield the cysteine conjugate (4). 
However, data suggest that oxidation of cysteinylglycine and/or cysteine conjugated hydroquinones into 
their corresponding quinones is the major route of metabolism (5). Condensation of the cysteine amino 
group with the adjacent quinone carbonyl group constitutes an intramolecular cyclization and leads to 1,4-
benzothiazine formation (6). 
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tubular cells either via direct administration to rats or via -yGT mediated metabolism of 2-Br-
(diGSyl)HQ. However, when 2-Br-(di-cystein-5-yl)HQ is delivered to proximal tubular cells 
intracellularly via deacetylation of 2-Br-(di-A^-acetylcystein-S'-yl)HQ, /3-lyase does play a role in 
the observed nephrotoxicity (Monks et al., 1991). Since neither cysteine nor Af-acetylcysteine 
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conjugates could be identified as major in vivo metabolites of 2-BrHQ (Lau and Monks, 1990), 

possibly due to oxidative cyclization of the corresponding cysteinglycine and/or cysteine 

conjugate, /3-lyase seems to play a minor role in quinol-GSH conjugate induced nephrotoxicity. 

Renal proximal tubular cells as in vitro models for studying nephrotoxicity 

In the past decades various experimental models have been developed to study the mechanisms 
involved in chemical-induced nephrotoxicity. These models range from intact animals to in vitro 

models like the in situ perfused kidney, renal slices, suspensions of renal proximal tubules, renal 
proximal tubular cells either in suspension or in culture and various cell lines of proximal tubular 
origin. In using these models for studying chemical-induced nephrotoxicity, one has to be aware 
of their advantages and limitations. Therefore, it largely depends on the question to be answered 
which is the most appropriate system to be used. 

In this section, the in vitro models will be discussed in terms of their usefullness for studying 
nephrotoxicity with special emphasis on the use of rat renal proximal tubular cells as primary 
cultures and rat renal cortical slices, since these in vitro systems have been used in this thesis. 

The isolated perfused kidney 

The isolated perfused kidney (IPK) is the only in vitro model in which chemical-induced 
nephrotoxicity can be assessed in the presence of an intact vascular supply and normal anatomical 
connections between the nephrons (reviewed in Maack, 1986). Since the IPK is an intact organ, 
it can reproduce the toxicity seen in vitro for very acute toxicants (Brezis et al., 1984). The IPK 
can provide valuable data on renal transport (Hori et al, 1988; Tanigawara et al., 1990; Mihara 
etal., 1993) and biotransformation (Schrenk etal., 1988; Davison et al., 1990; Hill et al., 1994) 
of xenobiotics, but it still remains in many respects a black box. Interactions between several cell 
types makes it difficult to study the role of one particular cell type. Because renal 
biotransformation capacity of the IPK deteriorates rapidly, the IPK can only be used for about 
4h. For this reason, the IPK is not an appropriate model to study the dose-relationship or the 
time-course of an effect of a chemical on a specific IPK function. In addition, perfusion pressure 
and perfusate composition has a major effect on the performance of the IPK (Brezis et al., 1986). 
Since one animal is needed for each IPK preparation, this in vitro model does not contribute to a 
reduction in the use of laboratory animals. 
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Renal cortical slices 

This tissue preparation has proven to be a succesfull in vitro system in assessing chemical-
induced renal toxicity. Slices can be prepared from many areas of the kidney (Gandolfi and 
Brendel, 1990), however, slices from the cortical region have gained the greatest interest since 
this region is the most common target for renal toxicants (Wolfgang et al., 1989a). 

Slices are in particular suitable to study direct effects of chemicals without the confounding 
variables such as alterations in renal blood flow, renal anoxia and the contribution of metabolites 
originating from the liver. Similar to the IPK, renal cortical slices retain the multicellular 
composition and histological architecture of the tissue as well as intact membrane transporters 
and receptors. In contrast to the IPK, slices can be easily prepared from one kidney in significant 
amounts, thereby reducing the amount of laboratory animals needed. 

The nephrotoxic potential of chemicals in renal cortical slices can be evaluated using 
parameters such as accumulation of/J-aminohippuric acid and tetraethylammonium, intracellular 
K+ levels and lactate dehydrogenase release (Smith et al., 1981; Bach and Lock, 1982; Ruegg et 

al, 1989; Trevisan et al., 1992). 

Slices can be used to evaluate in vivo effects when taken from animals sacrificed after 
exposure to a xenobiotic compound. In addition, the in vitro effects of chemicals can be tested by 
taking slices from untreated animals. In this respect, the in vitro nephrotoxicity of a number of 
renal toxicants in renal cortical slices, correlates well with their in vivo nephrotoxicity. In other 
words, renal cortical slices have proven to be a valuable tool for predicting in vivo effects of 
acute nephrotoxicants (Smith, 1988; Wolfgang et al. 1989b). 

In the last decade, tissue slice preparation and culture conditions have been improved. This 
resulted in the preparation of ultrathin slices which can be maintained in culture for 72h under 
optimum oxygenation conditions (Ruegg et al., 1987; Wright and Paine, 1992; Leeman et al, 

1995). In addition, these slices can be examined by light microscopy leading to a qualitative 
assessment of nephrotoxic injury of several cortical cell types in one slice simultaneously (Phelps 
et al., 1987; Wolfgang et al, 1989b). The improved culture conditions makes tissue slices, next 
to their role as screening tool for predicting (acute) toxicity, particularly valuable for studying 
mechanisms underlying toxicity at low concentrations of xenobiotics upon prolonged exposure. 

Renal proximal tubules 
Perfused isolated proximal tubules have proven to be a succesfull model to study 
electrophysiological and transport phenomena in this part of the kidney (for review, see Pritchard 
and Miller, 1993). Its laborious isolation and preparation yielding minute amounts of tubules 
(Barfuss et al., 1979), precluded perfused renal tubules from in nephrotoxicity studies. In 
contrast, suspensions of renal tubules are widely used for evaluating effects of nephrotoxicants on 
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respiration, biotransformation and transport processes (Schali and Roch-Ramel, 1981; Zhang and 
Stevens, 1989; Schnellman, 1989; Miller and Schnellmann, 1995). Tubules isolated via 
mechanical disruption generally exhibit better preserved cell membranes and transport function 
than collagenase-isolated renal tubules (Brendel et al., 1993). In contrast, renal proximal tubules 
isolated with collagenase appear to be maintained in culture for longer periods than mechanically-
derived systems (Gandolfi and Brendel, 1990). A disadvantage of tubules in suspension is the fact 
that the apical membrane may not always be completely accessible to the incubation medium due 
to a collapse of the tubule (Green et al, 1989). 

Renal proximal tubular cells in suspension 

In general, isolated RPT cells can be obtained by preparative fractionation of the renal tissue. In 
this respect, two major procedures can be distinguished based either on mechanical disruption of 
the renal cortex (Toutain et al, 1989) or on enzymatic digestion and subsequent purification of 
the cell suspension by isopycnic centrifugation (Boogaard et al, 1989). Suspensions of isolated 
RPT cells have been succesfully used to study biochemical properties of these cells and their 
susceptability to xenobiotics (Lash and Tokarz, 1989; Boogaard et al., 1990; Vamvakas et al., 

1992). 

However, the limited life span of RPT cells in suspension constitutes a major drawback. Even 
under optimum conditions, viability of RPT cells in suspension declines after 3-4h of incubation 
(Boogaard et al., 1989). Therefore, to elicit a rapid response, these cells may be exposed to 
artificially high concentrations of xenobiotics. Since artifacts can be induced by this protocol, the 
results obtained could be of limited relevance for the in vivo situation. In addition, the absence of 
cell-cell contacts and cellular polarity of cells in suspension constitutes another limition of this 
system. The apical and basolateral membranes of RPT cells, which are exclusively in contact 
with the primary urine and the blood, respectively, contain polarized transport systems. Since 
RPT cells in suspension lack this functional polarity, suspensions of RPT cells cannot be used for 
studying PT transport phenomena which are of paramount importance in renal handling and 
accumulation of xenobiotics. In contrast, RPT cells in culture exhibit cellular polarity which 
makes this system of particular interest to study RPT uptake of xenobiotics. The characteristics 
of cultured RPT cells as primary or as established cell lines will be described below. 

Renal proximal tubular cells in culture 
primary cell cultures 
Primary cultures of RPT cells have been obtained from isolated proximal tubules or cells by 
microdissection and immunodissection techniques (Toutain et al., 1992). Primary cultures have 
been initiated from both convoluted and straight proximal tubules after microdissection of rabbit 
and human renal slices (Wilson et al., 1985, 1987). Because rat kidneys have smaller nephrons 
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and contain a large amount of connective tissue, microdissection of the rat kidney is apparently 
impossible without prior proteolytic treatment (Jung et ah, 1989). Although microdissection is 
the most effective method to obtain pure cultures of proximal tubule segments, the fact that this 
method yields only a limited number of cells explains why this method is not widely used in 
xenobiotic-induced RPT toxicity. The immunodissection technique, however, provides larger 
amounts of renal cells (Smith and Garcia-Perez, 1985). With this method, Stanton et al. (1986) 
cultured rat RPT cells by using a monoclonal antibody against microvillus membrane proteins of 
rat renal cortical cells. The relatively large amount of monoclonal antibody needed in this 
procedure prevented its application on a larger scale. 

The most widely used technique to obtain primary cultures of RPT cells involves preparative 
fractionation of renal cortex. Primary cultures obtained in this way retain many of the 
biochemical properties characteristic for proximal tubules. For instance, confluent monolayers of 
proximal tubular cells in primary culture exhibit a typical cobblestone morphology and 
multicellular dome formation indicating the presence of transepithelial solute and water transport. 
In addition, RPT cell cultures exhibit brush-border membrane-associated 7GT activity and Na+-
dependent transport of glucose and phosphate (Boogaard et al., 1990; Toutain et al., 1991). In 
addition, these cells exhibit probenecid-inhibitable PAH transport (Boogaard et al., 1990) and 
parathyroid hormone-sensitive cAMP production (Toutain et al., 1991). 

In primary cultures, cellular differentiation and survival depends on the presence of various 
growth factors in the culture medium. Rabbit and human RPT cells form confluent monolayers 
and express differentiated functions when cultured in hormonally defined serum free medium 
(Detrisac et al, 1984; Toutain et al, 1991; Courjault-Gautier et al, 1995). Rat and dog RPT 
cells never reached confluency and showed rapid dedifferentiation when cultured in these media 
(Rao et al, 1989; Boogaard et al., 1990). However, RPT cells isolated from rat, dog and pig 
kidneys can be successfully grown in serum-supplemented media (Stanton et al., 1986; Rao et 

al, 1989; Boogaard et al., 1990; Kruidering et al, 1993). Obviously, these RPT cells depend on 
unidentified growth factors present in (fetal) serum for optimal attachment and growth. 

However, serum containing media might also stimulate growth of fibroblasts. This can largely 
be overcome by replacing L-valine and L-arginine in the medium by D-valine and L-ornithine, 
respectively, since fibroblasts cannot convert the former two amino acids (Leffert and Paul, 
1973; Gilbert and Migeon, 1975). 

As a consequence of their prolonged life span, cultured cells can be used to study the effects 
of xenobiotics at low concentrations relevant for the in vivo situation. The usefulness of RPT cell 
cultures in this context depends largely on the preservation of biotransformation capacity. During 
culture, the cytochrome P-450 activity in both rabbit and rat RPT cell cultures declines rapidly. 
In contrast, total glutathione content in RPT cell cultures remains stable. RPT cells in culture 
retain significant activities of enzymes playing a role in the mercapturic acid pathway like 
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glutathione S-transferase, -yGT, dipeptidase, acylase and 0-lyase essential for the expression of 
toxicity in the proximal tubule (Bruggeman et al., 1989; Aleo et al., 1990; Boogaard et al.., 

1990b; Toutain et al, 1991). 

In addition to the culture medium, composition of the substratum also determines phenotype 
expression of cultured RPT cells. In vivo, renal tubular epithelia lie on a basement membrane of 
specific composition containing collagen type IV, laminin and fibronectin. Human kidney tubular 
cells maintained a highly differentiated state when cultured on a basement membrane substrate 
(Yang et al, 1987). Rabbit proximal tubules purified by Percoll gradient centrifugation attach 
only on plastic coated with collagen. Rabbit RPT cells cultured in this way are more polarized 
and have abundant microvilli (Bello-Reuss and Weber, 1986). 

The development of porous-bottom dishes for culture of polarized cells made it possible to 
study both vectorial transport of compounds and effects of xenobiotics on either the apical or 
basolateral surface of the cell. In addition, many epithelia including RPT cells differentiate more 
on porous surfaces than on plastic tissue culture dishes (Steele et al, 1986; Courjault-Gautier, 
1995). Therefore, RPT cells cultured on porous supports to confluent, polarized and 
differentiated monolayers seem to constitute an in vitro model closely resembling the in vivo 

sitation. 

Cultured cell lines 

Several cell lines of renal proximal tubular origin have been established (Gstraunthaler, 1990). 
Their rather quick disposal without laborious isolation and their virtual eternal life constitutes an 
advantage over primary cell cultures. One of the best characterized cell lines of proximal tubular 
origin is the LLCPK! cell line. LLCPKi cells closely resemble proximal tubular cells in many 
aspects and as a result, they have been of great importance in understanding renal physiology. 
Although continuous epithelial cell lines retain a number of differentiated properties of their 
ancestor cells (Gstraunthaler, 1988), cultured epithelia have lost some of their in vivo 

characteristics during adaptation to tissue culture. For instance, LLCPKj cells have lost 
functional basolateral organic anion transport (Rabito, 1986), which explains the lack of toxicity 
by mercapturic acids of halogenated alkenes (Stevens et al., 1986; Mertens et al., 1988) which 
are toxic in vivo (Lock and Ishmael, 1985). In addition, the LLCPK! cell line is not a 
homogeneous cell population. 

Scope of the thesis 

From the foregoing it is clear that transport systems play an essential role in nephrotoxicity. To 
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understand the nephrotoxicity of xenobiotics and their metabolites an in vitro model is required in 
which proximal tubular transport and metabolism of these compounds closely resembles the in 

vivo situation. Therefore, the main objective of this study was to develop such an in vitro system. 
We initially used confluent monolayers of proximal tubular cells cultured on porous supports of 
tissue culture inserts. Using this model, the apical and basolateral toxicity of thioether conjugates 
of two model (hydro)quinone compounds is studied (Chapters 2 and 3). Proximal tubular 
transport and metabolism of a glutathione conjugated nitrobenzene compound by this model was 
investigated in Chapter 4. Transport and metabolism of glutathione conjugated menadione is 
compared with the reversible conjugate of ethacrynic acid and glutathione (Chapter 5). Since 
several crucial metabolic and transport steps seem to disappear during culture, AT-acetylation and 
the transport of organic acids, in Chapter 6 also freshly isolated and cryopreserved rat renal 
cortical slices were evaluated as an in vitro tool for renal metabolism. 
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